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� Titania nanofibers with Pd catalyst 
particles were fabricated by
electrospinning.
� The titania fibers with catalyst were 

used to react NO and CO gas.
� The NO and CO were completely 

reacted at 300 �C.
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a b s t r a c t

Titania nanofibers were fabricated via electrospinning for use as a catalyst support structure for the 
reduction of NO and CO gases. Palladium nanoparticles were incorporated into the titania electrospun 
fibers by adding PdCl 2 salt particles to the electrospinning solution. The comp osition and properties of
the fibers were characterized by SEM, XEDS, TEM, XRD, and BET. These fibers were fabricated into a
disk-shaped nonwoven porous medium. Experiments were conducted to measure the outlet gas compo- 
sition after the NO and CO gases passed through the porous medium as a function of reaction tempera- 
ture. The test results showed significant conversion of NO and CO to N2 and CO2 due to the presence of Pd
nanoparticl es in the fibers. Higher catalyst loading resulted in higher conversion efficiency at lower 
temperat ures.

� 2013 Elsevier B.V. All rights reserved.

1. Introductio n

NOx and CO gases are known to contribute to the greenhouse ef- 
fect and to acid rain and smog. The major man-made sources of
these gases are internal combustion engines in automobiles, boats,
and equipment with small engines such as lawn mowers. Regula- 
tory agencies require catalytic converters on automobiles to reduce 
the greenhouse gas emissions. Emissions of nitric oxide (NO) are a
serious concern to environm ent. 50–85% removal of NO and CO is
ensured through current technologie s [1]. Most common technolo- 
gies for reducing NOx to single digit concentratio ns are modified
combustion methods and techniqu es known as dry or wet process- 

ing. Examples of modified combusti on processes are gas reburning,
flue gas recirculation, diluents injection, and specially designed 
low NOx burners [2–9]. The selective catalytic or non-cata lytic 
reduction (SCR/SNCR) of NO with ammonia, urea and hydrocar- 
bons, known as dry processing [10] has the disadvantag e that these 
compound s are themselves hazardous.

NOx oxidation technologie s with O3 and H2O2 or electron beam 
are capable of nitrogen fixation but require significant energy [11].
The direct decompositi on of NO over Cu-based catalysts suffers 
from the water vapor deactivation of the catalyst [12]. NO can be
converte d with CO and noble metal based catalysts such as Rh,
Pt and Pd in monolithic automotive catalytic converte rs but at a
relatively high materials cost. The bulky monolithic automotive 
catalytic converte rs are undesirable for smaller engines. To reduce 
the catalytic converter size and mass, other support structures 
need to be explored.
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Nanotech nology provides a means for more effective use of
material [13–17]. The electrospinning process can provide submi- 
cron fibers in a simple and feasible process [18–22]. In electrospin- 
ning a precursor polymer solution is pumped to an electrically 
charged nozzle. The electrical potential of the nozzle is elevated 
to make the electrical forces exceed the surface tension force of
the liquid droplet at the nozzle and to cause a jet to launch from 
the liquid droplet. The solvent in the jet evaporates as the jet 
moves towards a grounded collector surface and the jet dries to a
solid fiber that is collected on the grounded surface. The polymeric 
fibers are calcined to form the ceramic fibers. The calcination tem- 
perature depends on the temperature needed to oxidize the carbon 
and hydrogen atoms of the polymer to ensure the complete degra- 
dation of polymeric fiber. Submicro n fibers have a high aspect ratio 
that is favorable for a catalyst support structure. Porous structures 
of microfibers and nanofibers have been successfully applied in
gas-flow processes such as filtration [23–25].

Alumina ceramic submicron fibers have been studied as catalyst 
support for high temperature applications to decompose NO and CO
gases [12,26]. Catalyst particles were incorporated into the fibers by
adding the noble metal salts to the electrospinni ng solutions. The 
noble metal salts were dissolved in the polymeric precursor and 
mixed with precursor polymer solution to prepare the homoge- 
neous solution for electrospi nning. Park et al. [12] added Palladium ,
Platinum, and rhodium chloride salts to the polymeric precursor 
mixed with alumina precursor to produce PdO/PtO/Rh 2O3 sup-
ported in or on the Al2O3 submicron fibers. The PdO/PtO/Rh 2O3 par-
ticles were chemically reduced to convert the metal oxides to noble 
metal particles to enhance the catalytic activity.

These submicron fibers were mixed with chopped alumina 
microfibers (about 5 lm in diameter) and with an alumina rigidiz- 
er binder to form high permeabilit y fiber structures (fiber media)
through which gases could easily pass. In the composite fiber med- 
ia the submicron fibers provided the support for the catalyst parti- 
cles while the microfibers provided structural support for the 
submicron fibers and gave the fiber media their structural shape 
and strength.

In this work some of the same techniques were applied with 
titania submicron fibers. Titania has chemical and thermal stabil- 
ity, photo catalytic activity and optical properties that may be use- 
ful in a catalyst support material [27–31]. Titania nanoparticles 
have been used to convert NO gas with UV irradiation, but titania 
nanofibers as a catalyst support is largely unexplored [30,32–34].
Titania has three different crystal phases, depending on synthesis 
temperature . In general the photocatalyti c activity of Titania is
strongest with the anatase phase [29,40–43]. Titania fibers as a
support structure has potential for increased overall catalyst reac- 
tivity of the medium due to the inherent reactivity of the titania it- 
self to complemen t the reactivity of the Pd nanoparticles.

Polymeric submicron fibers with titania precursor (titanium
isopropo xide) and PdCl 2 nanoparti cles were fabricated by the elec- 
trospinni ng process. The composite fibers were calcined in air to
form the ceramic fibers with PdO catalyst particles . The material 
propertie s of the fibers were characterized through the SEM, XEDS,
TEM, XRD and BET measurements . The ceramic nanofibers were 
combined with titania microfibers to form porous fiber media.
The titania fiber media were tested for reaction of NO and CO gases 
at different temperat ures. This work did not consider UV irradia- 
tion (the effects of UV irradiation are planned as part of future 
work).

2. Experim ental description 

To apply the approach described above for forming a fiber med- 
ium, titania microfibers were needed for the overall medium struc- 
ture and submicron titania fibers for the catalyst support. The 
procedures for making titania microfibers and titania submicron fi-
bers, characterization of the fibers, formation of the fiber media,
and experime ntal setup for testing the reactivity of the fiber media 
are described here.

2.1. Titania microfiber synthesis 

Polyvinylpyrol idone (PVP, Molecular weight = 1.3 � 106 g/mol;
Aldrich) was dissolved in ethanol (200 proof; Decon Laborato ries,
Inc.) at 15 wt.% concentratio n. Titanium isopropoxid e was mixed 
with ethanol and acetic acid in 1:2:2 volume ratio [35]. Equal vol- 
umes of the PVP solution and titania precursor solution were 
mixed for 5 h in a shaker at 30 �C. This solution was electrospun 
using a Nanospid er™ (Elmarco) electrospinni ng station to produce 
1–2 lm titania microfibers. The applied voltage on the Nanospid -
er™ was 61 kV and the distance from the electrode to grounded 
collector was 190 mm. The electrospun polymeric fibers were 
heated in a furnace at 600 �C for 6 h in air to calcine the polymer.

2.2. PdO doped titania fiber synthesis 

Much smaller quantities of titania submicron fibers are required 
compare d to the microfibers. Hence, a simple syringe-need le elec- 
trospinni ng setup was used to produce the titania submicron fibers
(Fig. 1).

1.72 g PVP were dissolved in a solvent blend of 5 ml of N,
N-dimeth ylformamide, 5 ml of acetone and 5 ml of ethanol to form 
a of 12 wt.% PVP solution. 0.03 g palladium chloride (99.999%, Sig- 
maAldrich) were dissolved in 15 ml of the PVP solution to form a
PVP + PdCl 2 solution. A titanium isopropoxide solution was pre- 
pared as described previously and mixed in equal volumes with 

Fig. 1. Single needle electrospinning setup.
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the PVP + PdCl 2 solution to form the electrospinni ng solution con- 
taining 0.21 wt.% PdCl 2 with respect to titanium isopropo xide.

The electrospinning solution was spun in the single syringe- 
needle set up (Fig. 1). The solution was pumped by a syringe pump 
at a rate of 0.45 ml/min, just fast enough to maintain a small drop- 
let of solution at the tip of the needle. The 21 gauge steel needle 
was charged to 22 kV with the gap distance set at 22 cm from 
the needle to the grounded aluminum foil collector. The spun fi-
bers were heated in air at 600 �C for 5 h to form 100–300 nm diam- 
eter submicron Titania fibers with PdO nanoparticl es. The PdCl 2
salt concentrations were varied as 0.03, 0.05 and 0.07 g per 15 ml
of 12 wt.% PVP solutions to vary the metal nanoparti cle loadings 
on the submicron fibers as 0.5, 1.7, and 2.7 wt.% Pd in the final tita- 
nia fibers.

2.3. Characterizatio n of materials 

2.3.1. Scanning electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS)

The SEM images of the composite PdO–TiO2 composite nanofi-
bers calcined at 600 �C were acquired using the Hitachi S-2460N 
SEM. The images were taken with 6000 magnification and the volt- 
age of 15 kV. The thickness of the nanofibers was measured di- 
rectly from the SEM images using Quartz PCI – Image 
Management System, and was displayed as the diameter histo- 
gram figure. Each histogram was generate d out of 100 measure- 
ments. For elemental analysis an SEM (Hitachi TM3000) was 
used with an attached EDS (Brunker Quantax 70).

2.3.2. X-ray energy-dispers ive spectroscopy (XEDS)
Surface morphologies of TiO 2 submicron fibers containing PdO 

nanoparticl e at different weight percentages were measured using 
a HITACHI TM-3000 XEDS at 15 kV accelerating voltage. The sur- 
face morphologies were obtained in stereoscopic detail with image 
contrasts resulting from variances in the atomic number composi- 
tion of the samples. The atomic concentr ations of the elements at
the surface were obtained through variable mapping of the sur- 
faces which confirmed the integrity of the measurements .

2.3.3. Transmission electron microscopy (TEM)
A Hitachi (H – 7000) transmission electron microscop e was 

used to acquire higher magnification images. All images were ac- 
quired at a magnification of 100,000 � with the accelerating volt- 
age of 100 kV. The submicron fibers were directly dispersed on a
TEM grid without using any solvents. The TEM system was not 
equipped with an electron diffraction unit so the structural 
changes were analyzed using X-ray diffraction measurements .

2.3.4. X-ray diffraction (XRD)
X-ray diffraction measureme nts of calcined PdO–TiO2 submi-

cron fibers were performed using a Rigaku X-ray diffractometer 

and Cu anode (Ka1 = 0.154056 nm). The voltage and current were 
40 kV and 40 mA, respectively. Step size was 0.05 deg and scan 
speed was 0.2 deg/min.

2.3.5. BET characterizati on (BET)
Specific surface area (SSA) and pore size distribut ion of the cal- 

cined submicron fibers were determined using BET (Brunauer–Em-
mett–Teller) and BJH (Barrett–Joyner–Halenda) methods,
respectivel y. The samples were first degassed at 300 �C for 2 h
and subsequent ly analyzed using NOVA 4200e Surface Area & Pore 
Size Analyzer (Quantachrome Instruments ). The measureme nts 
were carried out using N2 adsorptio n at 77 K. The BET experime nts 
were performed three times on each sample with excellent 
reproduci bility.

2.4. Calcination 

The electrospun fiber was composed of organic polymer and 
ceramic sol precursor compounds . To obtain pure ceramic fibers,
the as-spun fibers were calcined. The calcination temperat ure 
was determined accordin g to the thermal gravimetric analysis 
(TGA) of the polymer being used in precursor solution for electros- 
pinning. The PVP along with all volatiles were degraded completely 
above 450 �C. TGA analysis showed a significant loss of weight up
to 450 �C but mass was constant above 450 �C [26]. Hence the 
PdO–TiO2 fibers were formed when the PVP/titanium isopropyl es- 
ter [36] composite fibers were calcined at 600 �C for 5 h. The as- 
spun fibers were collected on the aluminum foil and the foil was 
heated in a furnace in the presence of enough air so that the cera- 
mic precursor converted to their respective oxides and the carrying 
polymer was completely degraded. The heating rate was 10 �C per 
minute. The temperature was held for 5–6 h depending on the 
amount of fiber and then cooled down slowly at room 
temperat ure.

2.5. Fiber medium preparati on

The fiber medium was constructed of 100–300 nm titania sub- 
micron fibers with catalyst (synthesized in our lab), 1–2 lm titania 
microfibers (synthesized in our lab), 5 lm B-glass fibers (Hollings-
worth and Vose), and 5 lm alumina chopped fibers (Saffil HA bulk 
fibers, Thermal Ceramics). The variation in fiber size was selected 
to create an open porous structure with low pressure drop but with 
sufficient structura l support for the submicron fibers.

Ideally, the fiber medium should consist only of titania fibers to
maximiz e the influence of titania on the reaction, but some com- 
promises were necessary. Titania microfibers of 5 lm were not 
available and could not easily be fabricated with resource s in our 
lab, so alumina fibers were selected as a substitute because alu- 
mina fibers had been used in prior work [21–23]. The B-glass fibers
were included in the mixture because starch adheres well to glass 

Fig. 2. Fiber media (a) before calcination (b) after calcination (c) after reduction. The disk shaped media samples are approximately 2.2 cm in diameter and 1 cm in depth.
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and aided in holding the medium structure together prior to heat- 
ing. During the heating step the starch degraded along with the 
polymer, but the B-glass fibers melted at about 700 �C and acted 
as the binder for the calcined fiber medium.

In future work the titania submicron fibers and microfibers in
the presence of UV light will be tested for their effect on the cata- 
lytic performanc e, but in the present work they only contribute to
the structural support of the nanofibers.

To form the fiber medium the micron fibers and submicron fi-
bers were mixed into aqueous slurry and stirred overnight to dis- 
perse. The well dispersed slurry was vacuum filtered into a mold 

to form a 2.2 cm diameter and 1 cm length cylindrical fiber med- 
ium for testing the catalyst performance. 0.1 g of titania microfiber
and 0.05 g catalytic submicron fibers along with 0.1 g of B-glass 
chopped microfibers, and 0.4 g of alumina chopped microfibers
were mixed into 4 l of pre-filtered water to form the fiber slurry.
The slurry pH was adjusted to six by adding dilute sulfuric acid.
About 0.005 g of starch was added to the solution. The slurry was 
filtered into the mold with a gentle vacuum pressure of about 
10–20 kPa through a Whatman 113 filter paper to capture the 
fibers.

The fiber medium was heated in an oven at 105 �C for an hour to
remove moisture. The dried medium was subsequent ly calcined as
described previously. At the end of the calcination the temperature 
was raised to 700 �C for 1 h to melt the glass fibers. Fig. 2 shows
photos of the fiber medium before and after calcination and after 
reduction .

2.6. Reduction 

The PdCl 2 particles on or within the submicron fibers were oxi- 
dized to PdO when the fibers were calcined. To reduce the PdO to
the base metal Pd nanoparticles, the PdO was reduced using hydra- 
zine according to the reaction [37].

N2H4ðlÞ þ 2PdCl2 ! N2ðgÞ þ 2Pd0ðsÞ½grayish black � þ 4HCl ð1Þ

2 ml of hydrazine was added drop by drop to the medium until 
the entire media was reduced. During the reduction with hydra- 
zine the fibers were visually observed to glow red, indicating the 
reduction reaction was taking place. When the glow faded it was 

Fig. 3. Schematic of reaction experiment setup. The gases flowed from the gas 
cylinders through mass flow controllers (MFCs) and into the reactor. Part of the 
reaction gas was sampled by the gas chromatograph and the rest was exhausted. A
temperature controller (TC) supplied power to the heating tape wrapped around 
the reactor to control the reaction temperature.

Fig. 4. SEM images of PdO–TiO2 fiber mats with different loadings of Pd in % by mass: (a) 0.5% Pd, (b) 1.7% Pd, (c) 2.7% Pd and (d) 0% Pd.
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assumed that the reaction was complete and the entire medium 
was reduced. Fig. 2c shows the reduced fiber medium had a gray- 
ish-black appearan ce of the metallic Pd nanoparti cles.

2.7. Reaction set up for NO decompositio n

The reduced fiber medium was tested for performanc e in react- 
ing the NO and CO gases. The fiber medium was placed inside a
cylindrical metal reactor wrapped with heating tape to provide 
an isothermal test condition. The outside of the reactor was insu- 
lated to reduce heat loss. A temperature controller was used to
control the reactor temperat ure. The NO and CO gases were mixed 
with helium as a carrier gas at planned reactor inlet concentrations 
by controlling the flow rates of 0.4 cc/min NO, 1 cc/min CO, and 
30 cc/min of helium. All experiments were run with the same inlet 
flow rates and composition. The product gases exited the reactor 
and entered a gas chromatograp h to measure outlet gas composi- 
tions. Experiments were run at steady temperature s to obtain reac- 
tion data. The reactor temperat ure was varied from room 
temperature to 450 �C. A schematic for the reaction test is shown 
in Fig. 3.

3. Results and discussion 

3.1. Scanning electron microscopy (SEM)

The SEM images in Fig. 4 show the submicron fiber webs of
samples after calcination and reduction. The images show similar 
morphology of the fibers for PdO–TiO2 (0.5 wt.% Pd) and 
(1.7 wt.% Pd). The sample for 2.7% loading of Pd showed the fibers
formed beads during electrospi nning. The beads were formed be- 
cause the added PdCl 2 salt altered the spinning solution properties 
[38,39]. Fig. 5 shows the correspond ing fiber diameter 

distribut ions determined from the SEM images. The fiber diame- 
ters predomin ately fell in a range of 100–300 nm.

Fig. 6 shows an SEM image of a sample fibers from the compos- 
ite fiber medium. An EDS analysis was conducte d of the fibers in
Fig. 6 in the circled areas marked ‘‘1’’, for the large fiber, and ‘‘2’’,
for the small fibers. The elemental analysis of the circled area 
marked ‘‘1’’ in Fig. 6 is summari zed in Table 1. Based on the atomic 
percentages the analysis indicates the large fiber is an alumina fi-
ber. Table 1 indicates less than 2% of the atoms were titanium,
which could be due to a small titania fiber also being detected by
the sensor pointed at circled area ‘‘1’’, but this is a strong indication 
that the large fiber is alumina.

Fig. 5. Fiber diameter distributions of TiO 2 fiber mats with different loadings of Pd in % by mass corresponding to Fig. 4: (a) 0% Pd (b) 0.5% Pd (c) 1.7% Pd, (d) 2.7% Pd.

Fig. 6. Titania nanofiber with alumina and titania microfiber in catalytic fiber
media.
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A similar EDS analysis of the circled area ‘‘2’’ in Fig. 6 is summa- 
rized in Table 2. This analysis shows more Titanium than than Alu- 
minum which suggests these fibers are titania. Because the fiber
structure being imaged is a blend of fibers it is difficult to com- 
pletely isolate one material from another and it is possible that 
an alumina microfiber is behind the group of small fibers, hidden 
from view in the SEM image but detectable by the EDS, which 
could account for the presence of 5.62 atomic% aluminum.

Some carbon was present in the samples but was not measured 
in the EDS data. The excess oxygen indicated in Tables 1 and 2
could be attached to the carbon as absorbed carbon dioxide. The 
Palladium and Silicon atoms in the analysis are from the Pd nano- 
particles and the silica microfibers respectivel y in the fiber mat.

3.2. X-ray energy-dispersi ve spectroscopy (XEDS)

Through energy dispersion spectroscopy the elemental compo- 
sition of the TiO 2 submicron fibers were analyzed for different 
loadings of PdO and the data listed in Tables 3–5. The approximat e
1:2 atomic ratio of titanium and oxygen is consistent with the ex- 
pected proportional ity for the molecula r structure of TiO 2.

3.3. Transmission electron microscopy (TEM)

The TEM images in Fig. 7 shows the surface of the fibers are 
rough (irregularities approximately 5–10% of the fiber diameter)

with PdO particles dispersio n within and near the surface. The 
PdO particles had an average size of about 15 nm.

3.4. X-ray diffraction analysis (XRD)

The XRD spectra plotted in Fig. 8 show the fibers were com- 
posed of a mixture of the anatase and rutile crystal phases of
TiO2. The XRD measure ments also detected the PdO particles .
There was no evidence of formation of PdTiO 3, Ti4Pd2O nor Ti3PdO
structure s. The increased Pd content appeared to stabilize the ana- 
tase titania phase that is desirable due to its stronger photocat a-
lytic activity. The stabilizati on of the anatase phase is evident 
from significantly reduced intensity of rutile features in the sample 
with 1.7 wt.% of Pd. Since the XRD of the nanofibers showed the 
evidence of the mixture of anatase and rutile titania phases, it is
possible to calculate the mass fraction of the rutile structure [40]
Mf (rutile), as

Mf ðrutileÞ ¼ Ir=ð0:886 Ia þ IrÞ ð2Þ

where Ir and Ia are the integrated intensities of the rutile (110) and 
anatase (101) peaks, respectivel y.

The average crystallite size was estimated using the Scherrer 
equation which relates the angle of incidence h, to the full width 
at half maxima (FWHM), W, of the most intense peak via 

S ¼ ck=W cos h ð3Þ

where S is the crystallite size, c is the Scherrer constant whose value 
depends on the shape of the particles and takes values betwee n 0.9 
and 1.2, and k is the wavelength of the incident X-rays. In our esti- 
mates the spherical shape was assumed (c = 1). For pure TiO 2 sub-
micron fibers, Mf (rutile) = 0.47 and Mf (anatase) = 0.53. For 
0.5 wt.% Pd fibers the values were Mf (rutile) = 0.42 and Mf (ana-
tase) = 0.58, whereas for 1.7 wt.% fibers they were Mf (rutile) = 0.13 
and Mf (anatase) = 0.87. For 2.7 wt.% fibers Mf (rutile) = 0.23 and Mf

(anatase) = 0.77. The data show the percentage of anatase phase in- 
creased with the addition of Pd particles up to 1.7 wt.% Pd loaded 
fiber and then it decreased with 2.7 wt.% Pd loaded fiber. The reason 
for the apparen t dependenc e on Pd loading is a topic for further 
investi gation. A similar effect has been observed in Nb doped TiO 2
nanopartic les. The main reason reported for this was the stress in- 
duced by Nb ion on the anatase crystal struct ure [41].

The crystallite sizes were calculated from the XRD data. For TiO 2
nanofibers: S (anatase) = 12 nm, and S (rutile) = 14 nm. For the TiO 2
fibers with 0.5 wt.% Pd nanofibers the values were: S (ana-
tase) = 12 nm, S (rutile) = 13 nm, and S (PdO) = 12 nm. For the TiO 2
fibers with 1.7 wt.% Pd nanofibers the values were: S (ana-
tase) = 10 nm, S (rutile) = 13 nm, and S (PdO) = 13 nm. For TiO 2 fi-
bers with 2.7 wt.% Pd nanofibers the values were: S
(anatase) = 10 nm, S (rutile) = 11 nm, and S (PdO) = 16 nm. Regard- 
less of the phases, all crystallites sizes fell in the very narrow range 
of 10–13 nm.

3.5. BET characteri zation 

The specific surface area (SSA) calculated by the BET measure- 
ments of the PdO–TiO2 nanofibers with 0.5 wt.% of Pd had the 
SSA value of 49 m2/g whereas the fibers with 1.7 wt.% of Pd had 

Table 1
Elemental composition of the circled area marked ‘‘1’’ in Fig. 6.

Element Atomic number and series Weight (%) Atomic (%)

Oxygen 8 K-series 52.88 66.47 
Aluminum 13 K-series 41.26 30.75 
Titanium 22 K-series 3.98 1.67 
Palladium 14 K-series 1.41 1.01 
Silicon 46 L-series 0.47 0.09 

Table 2
Elemental composition of the circled area marked ‘‘2’’ in Fig. 6.

Element Atomic number and series Weight (%) Atomic (%)

Oxygen 8 K-series 49.72 73.28 
Aluminum 13 K-series 6.43 5.62 
Titanium 22 K-series 41.79 20.58 
Palladium 14 K-series 1.95 0.43 
Silicon 46 L-series 0.11 0.09 

Table 3
Elemental composition for PdO–TiO2 submicron fibers with 0.5% Pd loading.

Element Atomic number and series Weight (%) Atomic (%)

Titanium 22 K-series 55.27 29.44 
Oxygen 8 K-series 44.17 70.42 
Palladium 46 L-series 0.57 0.14 

Table 4
Elemental composition for PdO–TiO2 submicron fibers with 1.7% Pd loading.

Element Atomic number and series Weight (%) Atomic (%)

Titanium 22 K-series 55.93 30.64 
Oxygen 8 K-series 42.32 68.93 
Palladium 46 L-series 1.75 0.43 

Table 5
Elemental composition for PdO–TiO2 submicron fibers with 2.7% Pd loading.

Element Atomic number and series Weight (%) Atomic (%)

Titanium 22 K-series 58.57 33.37 
Oxygen 8 K-series 38.66 65.92 
Palladium 46 L-series 2.77 0.71 
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the SSA of 56 m2/g. The increased SSA was the result of increased 
Pd load within the nanofibers. The pore size distribution s of the 
PdO–TiO2 nanofibers are displayed in Fig. 9a and b. The values 
are summarized in Table 6.

The pure TiO 2 fibers (0% Pd loading) had a surface area of 53 m2

per gram. The pore radius was bi or tri modal, with modes at 2, 3.5,
and 5 nm. The mean pore radius was about 5–6 nm. The titania fi-
bers with Pd particles had a similar surface area of 48 m2/g. These 
fibers were also multimod al in pore radius. Pore radius modes oc- 
cur at 2, 3 (slight inflection in the slope), 4.5 and 8.5 nm. The 
8.5 nm pore radius did not occur with the TiO 2 fibers without the 
Pd particles; hence the 8.5 nm radius pores were probably due to
the presence of the Pd particles .

3.6. Reaction results 

As the submicron fibers containe d the Pd particles, variation in
the metal salt concentratio n changed the conversio n efficiency and 
light-off temperatures. In a conventional catalytic converter the Pd,
Pt and Rh are used to eradicate NO and CO gases. The fiber media 
containing PdO/TiO 2 nanofiber had different amount of catalyst.
During the submicron fiber fabrication the amount of noble metal 
salt was varied to observe the effect of catalyst amount on reaction 
performanc e with temperature . The amount of Pd on the surface of
TiO2 was determined with energy dispersion spectroscopy (EDS).
The fiber media were tested at temperatures of 25 �C, 100 �C,
200 �C, 300 �C, 350 �C, 400 �C, and 450 �C. The light-off 

Fig. 7. Transmission electron microscopic images of TiO 2 submicron fibers of (a) 0.5 wt.% and (b) 1.7 wt.% loading of PdO nanoparticles.

Fig. 8. X-ray diffraction images of PdO–TiO2 submicron fibers: (a) 0.5% Pd loading (b) 1.7% Pd loading, (c) 2.7% Pd loading and (d) 0% Pd loading. The peaks corresponding to
titania Anatase and Rutile crystal structures and the PdO particles are indicated.
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temperature s at which the NO and CO were converted to N2 and
CO2 were observed. A lower light-off temperat ure corresponded 
to a more reactive and effective catalyst.

Fig. 10 shows the experimental results from the reaction tests.
The results show that the percentage of catalyst particle had a
strong effect on the decomposition temperature (the operating 
temperature at which the NO and CO concentratio ns become zero).
Fiber media made with TiO 2 nanofiber without Pd particles (0%
loading) showed no significant conversion at lower temperature.
As the Pd loading increased in the fiber medium with the amount 
of TiO 2 submicron fiber, the temperature at which all of the NO
was reacted decreased. This showed the amount of catalyst has 
an effect on complete conversion of NO and CO gases to N2 and
CO2 gases.

The 0.5%, 1.7% and 2.7% Pd loaded media showed a decrease in
the decompositi on temperat ure at 450 �C, 400 �C and 300 �C
respectively . In the experiments the concentratio ns of NO2 and
N2O gases, if present, were below the detection limits of the gas 
chromatograp h. Fig. 10d shows an increase in CO2 concentratio n
after 300 �C which could be due to the presence of carbon impurity 
in the samples or in the reactor or it could be due to a calibration 
error for CO2. We did not observe similar increases in CO2 concen-
trations in the other experime nts hence we suspect it is a result of
calibration. As we are mainly intereste d in the decompo sition tem- 
perature, and since a calibration error in CO2 concentration does 
not affect the observed decomposition temperature , the increase 
in the CO2 concentration after 300 �C is ignored in the present 
work.

At room temperature the noble metal catalyst Pd was not ac- 
tive. As the temperat ure increased the activity of Pd increased 
and at around 250–300 �C, the conversio n of NO and CO gases 
are noticeab le. For every fiber medium the decompositi on started 
at about 200 �C though complete conversion was achieved at dif- 
ferent decomposition temperatures.

It is known from literature that the reactions of NO and CO are 
strongly dependent upon the Pd particle concentration. The plot in
Fig. 11 shows the strong dependence of the decompositi on temper- 
ature on the Pd loading in the fibers. By coincidence the Anatase 
concentr ations from the XRD data also vary with the Pd loading 
and are also plotted in Fig. 11. One interpretation of the latter plot 
is the decomposition temperature depends on the Anatase phase 
concentr ation. The Anatase phase may contribute synergistica lly 
in some mechanistic way, yet to be determined, to the Pd reaction 
performanc e. However , blank tests of titania fibers with no Pd par- 
ticles and no UV radiation show the titania fibers do not affect the 
decompo sition temperature, hence the Anatase phase concentr a-
tion by itself does not affect the reaction. Future work will give 

Fig. 9. Specific surface area and pore size distribution measurement through BET analysis of PdO–TiO2 submicron fibers: (a) 0.5% Pd loading (b) 1.7% Pd loading, (c) 2.7% Pd
loading and (d) 0% Pd loading.

Table 6
Comparison of the SSA, average pore radius, and total pore volume of the two Pd–TiO2

submicron fibers calcined at 650 �C.

Sample SSA (m2/g) A Average pore radius (nm) Volume (cm3/g)

0.5 wt.% Pd 49 1.8 0.068 
1.7 wt.% Pd 56 1.8 0.070 
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consideration to this question when experiments are conducted 
with UV radiation.

4. Conclusion s

Titania submicron fibers were fabricated for support of catalytic 
Pd nanoparti cles in microfiber media. The material composition of
the fibers and fiber morphology were determined using XRD, BET,
SEM, XEDS and TEM. The catalytic performanc e of the fibers to re- 
act NO and CO gases was measured in a reactor as a function of

temperat ure. The media reactivity increased with amount of cata- 
lyst and with temperature . Higher loadings of catalyst resulted in
lower temperatures at which all of the NO and CO are reacted.
The results of this work will be used in future work to compare 
the performanc e of the titania fibers with catalyst when the fiber
media is exposed to UV light to enhance the catalytic activity of
the titania.
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