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Photo and Electronic Excitation for Low Temperature
Catalysis over Metal Nanoparticles via Organic Semiconductor

Weiran Zheng™®, Simon Jones®, Xinlin Hong®, Shik Chi Edman Tsang®"

Simple supported metal catalysts are active for the destruction of a wide range of
hazardous chemicals of environmental concerns including CO, N,O and volatile
organic compounds (VOCs) in air at elevated temperature but severely restricted
due to unfavourable enthalpy, intrinsic low activity at ambient conditions,
particularly the inapplicability of using high temperature in confined space. Here, we
report that a simple but significant mean of electron promotion to metal
nanoparticle by the use of organic polythiophene polymer as support or support
supplement, which gives rise to active modified metal surface for selective catalysis
at low temperature with light or electromotive excitations. It is shown that the finite
size of electronic structure of dispersed metal nanoparticles can be influenced by the
conjugative bands of the polymer, which lead to modification of its adsorptive
properties. This renders the composite material active for a number of oxidation and
decomposition reactions to be taken place at ambient conditions, which outclasses
the performance of conventional catalysts. As a result, the present study forms a
basis for further developments in the design and engineering of a new class of
Greener plastic nanocatalysts with facilitated electron promotion to metal catalysts
for environmental relevant chemical transformations.

compounds from air, soil, and water. Development of advanced
materials for low (ambient) temperature but selective catalysis

The pollution problems associated with industrialization in
many developing countries have become stringent over the past
few years. The release of industrial toxic and hazardous
chemical substances to air, soil and water in some regions has
caused a catastrophic change to environment.' For example, the
recent severe smog problems in Chinese cities due to a poor
control in emissions have triggered alarms to local governments
regarding health and safety in their living environment.
Additionally, the sudden built-up of a local high concentration
of unwelcome gases such as CO and VOCs in confined
buildings (generally known as 'building sickness'), living
rooms, toilets and vehicles due to cigarettes, poor means of
heating and contaminations in furniture may also induce health
concerns. In order to address these problems, extensive research
is currently underway to develop advanced analytical,
biochemical, and physicochemical methods for the

characterization and elimination of hazardous chemical

This journal is © The Royal Society of Chemistry 2013

is regarded to be more superior to conventional approaches
such as absorption or high temperature incineration process due
to more favourable enthalpy, ease of processing and
regeneration and in some cases, the inapplicability of using
high temperature in confined space. The versatile employment
of metal nanoparticles as catalysts for destruction of hazardous
chemicals is a well-accepted method as small metal phase
shows high activity in catalytic oxidation at -elevated
temperature.” For example, catalytic combustion of CO and
destruction of volatile organic compounds (VOCs) in air over
supported metal nanoparticles have been extensively studied.
However, conventional supported metal catalysts are generally
not active at ambient conditions unless heat or additional means
of activation such as use of magnetic, electromotive or optical
force to promote catalysis is applied.> The use of solar energy

for pollution control has also been recently explored. Placing
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metal nanoparticles on  inorganic transition  metal
semiconductor oxides such as TiO, and ZnO is perhaps the
most common way to harness the solar energy to enable
electronic promotion to the metal particles. But characteristic
the

ultraviolet radiation with generally lower absorptivity of the

bandgap of typical transition metal oxide matches
materials to the solar region. In addition, electronic promotion
of metal nanoparticles using electromotive force would require
highly conductive material to reduce ohmic loss of energy
hence most commonly used transition metal oxides are not
ideal in these respects.

We have recently observed a significant degree of electronic
perturbation to small Pd nanoparticle by the partial adsorption
of pendant NH, or OH groups (contributing their lone pair
electrons to enhance electron density of metal for molecular
adsorption) of rigid polymer support in a close proximity under
ambient conditions due to high surface coverage and also with a
finite number of metallic electrons involved.* This may suggest
could be
promoted by organic moiety groups for low temperature

catalysis by metal nanoparticles significantly
applications but there is very limited work in this area. On the
other hand, recent research on the use of organic polymer
semiconductors such as polypyrrole, polyparaphenylene and
polythiophene (PTh) to give useful electronic, optical and
magnetic properties is rapidly increasing.’® Conjugated systems
formed by p, orbitals of polymer semiconductors plays a key
role in altering the band structures of the materials, while the n-
m* transitions lie typically between 1.5 and 3 eV resulting in
visible light absorption or emission.” Comparing to inorganic
semiconductors, the band structures of polymer semiconductors
are significantly narrower but with effective overlapping of
orbitals in symmetry, which generally lead to a higher
efficiency of capturing solar energy.” In addition, the bandgap
and conductivity are also temperature sensitive and can be
engineered by morphology and function groups of the
polymers.® As a result, the use of polymer semiconductors has
been widely studied as a key component in photocatalysts, such
as photoevolution of H,”'°, photocatalytic fixation of CO,'" and
numerous degradation reactions'’. As similar to inorganic
TiO,
nanoparticles such as Au, Ag, Pd is commonly used to modify

semiconductors such as incorporation of metal
the properties of these conjugated polymers hence further
extending their potential usages as electronic devices, sensor,
catalyst and solar cells, etc., the hydrogenation of unsaturated
organic molecules were one of the most referred examples.'*"
By

semiconductors, charge transfer from/to polymer were observed

forming hybrid materials of inorganic/polymer
along with enhancement of carrier lifetime and interface
properties.?’ Theoretical study of metal/organic semiconductor

These hybrid

22,2324

interface was also extensively studied.?!
materials have been briefly studied as electrocatalysts and
catalysts for organic hydrogenation reactions'®?. Despite the
above studies on the modification of conductive polymer by the
metal particles, the reverse scenario: the use of polymer
semiconductors as support to modify metal nanoparticles, its

usage in energy and hazard gas destruction, particularly as
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photocatalytic decomposition at low temperature is still not yet
systematically explored, especially in gas phase reactions®.

In this paper, we report a simple but significant mean for
electronic promotion to Pd nanoparticles by using
polythiophene polymer as a support. Notice that the term
‘electronic promotion refers to the -electronic interaction
between metal and conducting polymer, which promotes photo
and electro-catalysis at low temperature (not the electron flow
direction in any specific electrochemical reactions).

It is hereby demonstrated that the new composite material can
catalyse combustion and decomposition of toxic gases and
VOCs of environmental concerns significantly at room
temperature in the presence of light or electromotive force. As a
result, catalytic decomposition of formic acid (HCOOH),
destruction of toxic nitrous oxide (N,O) in hydrogen as well as
selective carbon monoxide (CO) oxidation in air can be
effectively promoted at ambient conditions. It is also clearly
evident from CO-stripping voltammetry, X-ray photoelectron
spectroscopy and infrared spectroscopy that a strong charge
transfer between metal nanoparticles and polymer
semiconductor can take place at their interface through the thio-
metal surface interaction. This preliminary work clearly
supports the fact that organic semiconductor polymeric
materials could be employed as substituent or additive to
conventional inorganic support to host metal nanoparticles for
low temperature catalytic destruction of toxic gases with the
energy input from light or electrical means. Thus, this may
open up a possibility of developing a new technology of using
flexible metal supported plastic nanocatalysts for pollution

treatment.

Experimental

Chemicals

Thiophene, Palladium(II) nitrate, Silver nitrate, chloroform,
ethanol, Polyvinylpyrrolidone (PVP, M,=33,000), Iron(III)
and 65 wt% hydrazine (N,H,)
purchased from Sigma-Aldrich and wused as

chloride, in water were
received.
Amorphous carbon powder (Type 87L) was supplied by

Johnson Matthey.
Synthesis of polythiophene (PTh)

Thiophene (2.68 g) was dissolved in a solution of chloroform
(100 mL) in a 500mL reaction vessel and kept at 0 °C in ice
bath. FeCl; (20.67 g) was dissolved in 100 mL of chloroform
and was added dropwise into previous solution. The mixture
was kept at 0 °C for 16 h and consistently stirred at 600 rpm.
The solution colour changed from orange to dark green after 10
min. Then the mixture was centrifuged and washed with
ethanol and Distilled (DI) water for 5 times, the colour changed
to dark red once mixed with ethanol because of reduction of
oxidized PTh. The solid was further collected and dried in air at
60 °C for 24 h. 1.46 g PTh was obtained afterward, with a yield
of 54.5%.

This journal is © The Royal Society of Chemistry 2012
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Synthesis of Pd/PTh-C, Ag/PTh and Ag-Pd/PTh-C

For the synthesis of 10 wt% Pd/PTh-C, certain ratio of
amorphous carbon powder and polythiophene were mixed in 50
mL ethanol, followed by ultrasonic dispersion at 30 °C for 1 h,
and then cooled down to 5 °C. 50 mg of Pd(NOs),°2H,0 was
dissolved in the solution, then the solution was refluxed at 80
°C for 1h for the complete reduction of Pd** to Pd° by ethanol.
The suspension was filtered and the solid was further washed
by DI water, then collected and dry under 60 °C for 24 h before
use. The preparation of Ag/PTh was done by mixing 28.7 mg of
AgNOj; with polythiophene in water, followed by adding 50.48
pL of 65 wt% N,H,*H,O solution dropwisely. The mixture was
stirred in room temperature (RT) for 30 min. The suspension
was filtered and washed with ethanol and DI water, then dried
under 60 °C for 24 h. Ag-Pd/PTh-C was prepared as follows:
300 mg Pd/C or Pd/PTh-C catalyst was weighted and mixed
with 200 mL of DI water. The solution was bubbled H, for 30
min. 28.7 mg of AgNO; was dissolved in water and the solution
was added into above mixture and kept stirring for 30 min
under RT. Then, 50.48 pL of 65wt% N,H,*H,O solution was
added dropwise and stirred at RT for 30 min. The mixture was
filtered and further washed by DI water, then collected and dry
under 60 °C for 24 h before use.

Characterization

Powder X-Ray Diffraction (XRD): XRD analysis was
performed using a PANalytical X’Pert Pro diffractometer,
operating in Bragg-Brentano focusing geometry and using Cuy,
radiation (A = 1.5418 A) from a generator operating at 40 kV
and 40 mA.

CO pulse chemisorption: The test was carried out on a
ChemBET Pulsar TPR/TPD Automated Chemisorption
Analyser by Quantachrome instruments. 30 mg of catalyst was
used and well filled into a quartz tube. Carrier gas was N, (20
mL/min). H, was flowed over the catalyst for 1 h at 40 °C to
reduce remaining PdO and remove physically adsorbed
molecules before CO pulse. Once the sample was cooled down
to RT and TCD detector remained stable for 10 min under N,
CO pulse was started. Analysis was stopped when no
significant difference was observed in neighbour 3 peaks.

CO stripping voltammetry: Compactstat electrochemical
interface provided by IVIUM technologies was used. Before
experiment, glassy carbon (GC) electrode surface was polished
with 0.3 mm alumina slurry, and then rinsed with doubly
distilled water in ultrasonic bath. Then 400uL DI water was
mixed with 10 mg of catalyst, followed by adding 30 pL of 5
wt% Perfluorosulfonic acid-Polytetrafluoroethylene (PTFE)
copolymer solution. The mixture was ultrasonic dispersed for 1
h. Then 10 pL of prepared ink was dropped on to the GC
surface and dry under vacuum for 1 h. the GC electrode was
exposed to saturated CO at 0.2 V and followed by washing with
0.5 M H,SO, with pre-treatment of N,. The test was carried out
in 0.5 M H,SO, saturated with N,. First two cycles were
recorded at a scan rate of 10mV/s with saturated calomel

This journal is © The Royal Society of Chemistry 2012
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electrode (SCE) as reference electrode, and the whole system
was kept at RT and dark.

Thermogravimetric analysis: The analysis was done on Q50
TA thermogravimetric analysis system. Certain amount of
catalyst was used, then the analysis was carried out in air. The
heating rate was 5 °C/min.

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy: ATR-IR was done on NICOLET 6700
instrument from Thermo Scientific. PVP stabilized Pd was
synthesized in ethylene glycol under 180 °C wusing
Pd(NO;),*2H,0 as precursor. The colloidal Pd
nanoparticle was divided into two parts and dispersed in

metal

ethanol. One was mixed with 3 wt% of polythiophene and
further ultrasonic disperse for 2 h under 50 °C. Then H, was
passed through both solution for 1 h to fully reduce the
nanoparticles. After that, CO was bubbled for 1h. Then, the
resulting ink solution was dropped on ATR crystal and left dry
in N, for 1 h before the sample spectra were collected. When
light was used, the sample spectra were collected 1 h after light
was on.

Hydrogen Evolution Reaction (HER) activity test: The
curves were measured on Compactstat electrochemical
interface provided by IVIUM technologies. 400 pL. DI water
was mixed with 10 mg of catalyst and 30 pL of 5 wt%
Perfluorosulfonic acid-PTFE copolymer solution. The mixture
was ultrasonic dispersed for 1 h. Then 10 pL of prepared ink
was dropped on to the GC surface and dried under vacuum for
1 h. The GC electrode was further cleaned by 20 cycles of
voltammetry scanning between -0.2 V and 1.0 V. Then the
hydrogen evolution reaction was performed from 0.1 V to -0.6
V at a rate of 10 mV/s with saturated calomel electrode (SCE)
as the reference electrode. All tests were carried out under RT.
Ultraviolet—visible reflectance spectroscopy: The reflectance
Lambda 750S.
Resolution was set at 1 nm. KBr was mixed with the sample
with a weight ratio of 500:1.

Raman spectroscopy: Raman characterization was done on

spectra were achieved on PerkinElmer

PerkinElmer RamanStation 400F. The intensity of laser was set
at 5% to avoid destroy of polymer structure. Total scan time
was 60 s.

Gas chromatography: Gas chromatography was used to
analyse the gas produced by catalytic reactions. Two TCD
detectors was involved one using N, as carrier gas to detect H,
another one using helium (He) as carrier gas to detect CO, O,
CO, and N,O.

Catalytic test condition

Formic acid decomposition: The tests were evaluated in a
quartz reactor and kept at target temperature. Gas outlet was
connected to gas measurer and recorded once 10 mL of 50
vol% formic acid solution was mixed with 50 mg of catalyst.

CO oxidation: CO oxidation reactions were evaluated in a
quartz reactor of 50 mL at 0.3 bar using 50 mg of catalyst with
a mixture gas of 2.60% CO and 5.0% O, in He. The reactor was
sealed and pressure was maintained at 0.3 bar. With and
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without irradiation, the concentration of CO,, CO and O, was
analysed by gas chromatograph using He as carrier gas.

N,O decomposition: N,O decomposition reactions were
performed in a quartz reactor of 50 mL with 50 mg of Pd/C and
Pd/2 wt%PTh/C with and without irradiation. The reactor was
kept at 0.3 bar, with 2500 ppm N,O and 4.75% Ar in 95% H,.
Whole set was kept at RT.

Transmission electron microscopy (TEM) and Scanning
electron microscope (SEM): TEM was done on JEOL
2000FX, a drop of diluted water solution with catalyst was
dried on carbon copper grid to prepare the sample. SEM was
done on Hitachi S-4300 scanning electron microscope, with Au
coating samples.

X-ray Photoelectron Spectroscopy (XPS): XPS was
performed in a VG Microtec ion pumped XPS system equipped
with a nine channel CLAM4 electron energy analyzer. 200 watt
Mg X-ray excitation was used. The samples were analysed with
reference to adventitious C;; peak.

Results and discussion

Structure and properties

Polythiophene (PTh) was synthesized using FeCl; as catalyst to
induce polymerization of thiophene monomers according to
literature process®’ with modification, then palladium nitrate
dehydrate was dissolved in a mixed suspension of PTh and
amorphous carbon followed by reduction with ethanol at low
temperature. As a result, 10 wt% of Pd nanoparticle was loaded
on the support which contained PTh ranged from 0.5 to 100
wt%. Although Pd-PTh on amorphous carbon was mainly
studied as catalyst, the high proportion of the amorphous
carbon can obscure the structural aspects of Pd-PTh. Thus,
XRD and TEM of Pd-PTh without support were characterized.
The XRD and TEM (Fig. S1 to S3) showed the crystalline size
of Pd nanoparticles on all mixed supports was 4.5+£0.9 nm,
while the mean size of Pd nanoparticles supporting on 100%
PTh was 6.03 nm. The particle size increased gradually with the
addition of PTh (Table 1). The morphology of polymer
appeared to be in laminated sheet-like structure (Fig. 1a, 1b),
and there was no significant change in morphology upon the
addition of Pd(Fig. 1e). The apparent metal area of Pd derived
from CO chemisorption decreased progressively with
increasing PTh content. It was because the increasing amount
of sulfur atoms from thiophene blocked the access of Pd
surface, leading to poisoning of the exposed metal sites. Unlike
flexible polymer like polyvinylpyrrolidone (PVP) studied,
polythiophene was a rigid polymer (sheet like) due to the =-
conjugate systems across the polymer backbone. Thus, even
when the weight ratio of PTh was risen to 20 wt% with the
molar ratio of Pd to sulphur at 1: 2.53, the metal surface area
was only dropped from 5.36 to 1.09 m*/g. On the other hand, no
chemisorption of CO was observed indicating that the Pd
surface was entirely covered by the polythiophene when 100%
PTh was used. Noticeably, the Pd surface area slightly
increased from 5.36 to 6.99 m*/g when 0.5 wt% PTh was added

4| J. Name., 2012, 00, 1-3

into carbon support. This could be caused by the change of the
morphology of Pd nanoparticles on the carbon internal surface
such that the polymer with higher affinity for metal surface may
have freed some surface of Pd particles from deep burying
inside the amorphous carbon. The crystalline structures of PTh
nanoparticles and Pd/PTh materials were also studied (Fig. 2a),
two broad peaks were clearly observed at 20 ~ 21.1° and 25.3°,
both corresponding to chain-to-chain stacking®®. The d-spacing
calculated based on the observed peaks was approximately
0.351-0.402 nm, which was in good agreement with TEM
images, as shown in Fig. 2b. A few weak peaks were also
shown in XRD pattern, indicating the existence of
intermolecular ordered stacking structures. After the addition of
Pd nanoparticles, the peaks of Pd nanoparticles were also
observed. But the peak intensity at 20 ~ 25.3° was attenuated
suggesting that a degree of the chain-to-chain stacking of
polymer sheets was disrupted due to the deposited Pd
nanoparticles. The peak was also slightly shifted to lower angle
indicative of a longer equilibrium distance of stacked chains
due to the presence of Pd nanoparticles.

PTh P f: Mean P
Pd/PTh d sur a;ci (laan d
percentage / . area/ m°g particle size
Molar ratio
% catalyst /nm
0 1:0 5.36 4.16
0.5 1:0.06 6.99 4.21
1 1:0.13 4.46 4.07
1:0.25 4.37 4.32
5 1:0.63 3.58 5.18
10 1:1.27 2.59 5.58
20 1:2.53 1.09 6.21
100 1:12.7 0.01 6.03

Table 1 Pd surface areas of 10wt% Pd on PTh-C support with different
contents. Pd surface area was measured by CO pulse chemisorption
and mean Pd particle size was characterized by TEM images.

Fig. 1 (a) & (b) SEM images, (c) TEM image of layered structure of
polythiophene; (d) SEM image of Ag/polythiophene; (e) SEM image of
Pd/polythiophene; the inserts of (d) and (e) are corresponding TEM images
of metal particles); (f) a pictorial illustration of metal-polythiophene hybrid
structure.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (a) XRD pattern of PTh powder and 10 wt% Pd/PTh catalyst. (b) TEM
images of 10 wt% Pd/5 wt% PTh-C catalyst.
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Fig. 3 (a) UV/Vis diffuse reflectance spectra of PTh particles and 10wt%
Pd/PTh; (b) Kubelka-Munk equation plots of corresponding UV/Vis spectra,
see Sl for equation.

It is well accepted that polythiophene is an organic
semiconductor with a narrow bandgap.’ As seen from the Fig. 3
that the calculated bandgap from its UV/Vis diffuse reflectance
spectrum of our synthetic polythiophene is shown to be 1.95 +
0.01 eV (this band structure has been extensively studied and
presented in literature as 1.96 eV*) using Kubelka-Munk
equation. This corresponds to the energy of a visible photon
with wavelength of 636 nm. Three local absorption peaks are
clearly shown in the UV/Vis spectra of PTh: the first peak at
276 nm is attributed to n- ©* of thiophene rings; the second
peak at 379 nm to m-mn* of thiophene rings and the third
strongest broad peak from 455 nm to 635 nm to m-n* of
conjugated polymer backbone. The position of the broadened
adsorption edge is known to reflect the extent of electron
conjugation and the coexistence of different chain lengths of
conjugation system within the PTh sheets’’. After in-situ
reduction, Pd nanoparticles were formed on the surface of PTh
polymer, the three peaks were remained unchanged but there
was a clear extension of the absorption edge towards a shorter
wavelength compared to the sample without Pd from the
UV/Vis spectra. This suggests that the conjugated structure of
PTh was perturbed by the Pd. The calculation indicated that the
bandgap of PTh was significantly shifted when Pd
nanoparticles were introduced: from 1.95 + 0.01 eV to 1.98 +
0.01 eV. Thus, the typical Schottky junction with electronic
interaction between polymer chains and Pd nanoparticles is
apparent, which appears to enlarge the bandgap value of
polymer by removing excited electrons from the polymer to the
Pd metal. However, when Ag nanoparticles were doped to the
polymer, the bandgap this time was substantially reduced to
1.83+ 0.01 eV indicating that excited electron injection from
Ag nanoparticles (plasmonic effect) to the polymer (also
induced peak shifts in the UV-Vis spectrum). In addition, two

This journal is © The Royal Society of Chemistry 2012
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new peaks in the UV/Vis spectrum were shown at 220 nm and
450 nm, corresponding to the adsorption edge of Ag
nanoparticles and surface plasmon resonance (SPR) peak of Ag
nanoparticles, respectively. Thus, there is a clear electron
interaction between the metal and the PTh. Further probing of
electronic interaction between Pd and neighbour atoms of the
PTh by synchrotron XPS could be useful. Notice that there was
no apparent change in the peak number and peak shape of
fundamental Raman vibration spectra with and without the
incorporation of metal (either Pd or Ag) indicative of the good
stability of the polymer (see Fig. S4 and Table. S1).

— O stiping
107 — Anorsupping

——FPTh
== =Pd/PTh 05
»»»»» AglPTh

10wt% PdIC

—cosumi
—— At sppin

s iping

] N -

05 10wt% PAMWt%PTh-C
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Weight residue / %

10wt% Pd/5wt%PTh-C
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T T T T T
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Fig 4 (a) TGA curves of PTh and 10 wt% metal loaded PTh samples: 10 wt%
Ag/PTh and 10 wt% Pd/PTh, in air atmosphere; (b) CO.q4 stripping
voltammograms at 10 wt% Pd with different supports in 0.5 M H,SO,
solution after exposed to saturated CO at 0.2 V: Pd/C catalyst; Pd/1 wt%
PTh-C catalyst and Pd/5 wt% PTh-C catalyst. First cycle shown in dark line,
and second cycle in red line to illustrate the total oxidation of adsorbed CO
during stripping.

Considering the employment of polymer as catalyst support its
thermal stability is of a main concern. Thermogravimetric analysis
(TGA) shown in Fig. 4a depicts that PTh remains stable until 300°C,
followed by its gradually decomposition in air with the completion
of the process at 480°C. The doping of Pd nanoparticles clearly
reduces the decomposition temperature by about 40°C suggesting a
catalytic effect. In contrast, for the Ag doped PTh, the
decomposition temperature apparently increases. It is clear that Pd
nanoparticles can accept excited electrons from polymer from the
positive charge transfer hence attenuating the stability of
polythiophene. This facilitates to a stronger surface adsorption of the
polymer, which leads to catalytic cleavage of the organic structure
on the Pd metal surface.” On the other hand, we observe that Ag with
a higher band energy than Pd, can donate electrons to the
polythiophene, (negative charge transfer) rendering the conjugated
structure more stable. Thus, it is concluded that metal nanoparticles
can exert a strong electronic interaction with the polymer as shown
above. In this paper, further studies on Pd were carried out since
most catalytic oxidation and decomposition reactions at low
temperature would require electronic contribution from the catalytic
metal surface to the adsorbate(s) for their consequential activation.
Electrochemical characterization of the Pd doped sample was
therefore studied. CO-stripping voltammetry in 0.5 M H,SO, was
performed to evaluate CO tolerance and electro-oxidation of the Pd
nanoparticles supported on the conductive polymer. Pure PTh
showed no activity in the CO stripping and it can be seen from Fig.
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4b that when CO stripping is performed over typical Pd/C material,
hydrogen adsorption/desorption are taken place at the region from —
0.1 V to 0 V. From the upper oxidation curve, preadsorbed CO on
Pd is oxidized electrochemically by water at around 0.6 V to 1.0 V
(max. at 0.9V) with corresponding reduction of Pd-O at about 0.4 V
in the lower reduction curve. Fig. 4b also clearly shows that in the
presence of 1 wt% conducting polymer PTh, a new CO oxidation
peak at lower onset potential of about 0.7 V arises. This new peak is
attributed to the oxidation of CO on Pd but electronically modified
directly from the underneath PTh polymer in parallel with the typical
0.9 V peak of Pd on carbon. The lower potential for the CO stripping
indicates that Pd on PTh/C is electron richer than Pd/C. This
information is consistent with the results obtained from the UV-vis
reflectance and TGA. Noticeable, the relative size of lower potential
peak of CO on Pd/PTh/C increases at the expense of high potential
peak of CO on Pd/C when PTh reaches 5 wt%. Thus this suggests,
with the addition of PTh the CO adsorption peak on Pd can be
stripped off easier using lower potential, hence the composite
material clearly shows a higher CO tolerance than unmodified one.
On the other hand, Fig. S5 also show that the electrochemically
active surface gradually decreases at increasing PTh content (total
peak size), which is in agreement with the CO chemisorption result.
Apparently, the thiophene moieties of PTh can block the Pd sites
strongly from CO adsorption.

——Pd/0.5% PTh-C
4 Pd/1% PTh-C
Vs ——Pd/2% PTh-C
PA/5%PTh-C

——Pd/10% PTh-C

PVP-Pd light

Current density / mA/cm?

VP-RTh-Pd dark

PVP-PTh-Pd Tight

04 03 02 01 00 2100 2050 2000 1950 1900 1850 1800
Potential / V vs SCE Wavenumber / cm™

Fig. 5 (a) Hydrogen evolution reaction (HER) activities of 10 wt% Pd
supported on PTh-C mixture in 0.1M HCIO, solution under 10 mV/s; (b) ATR-
IR spectra of CO adsorption on polymer-stabilized colloidal Pd nanoparticles
with and without exposure to light, PVP and PTh were used as stabilizers.

A comparison of polarization curves for the catalytic hydrogen
evolution reaction (HER) from water for Pd/C with Pd/PTh/C at
various compositions is shown in Fig. 5a. It was found that no
hydrogen was produced on PTh/C or PTh. The addition of
polythiophene dramatically increases the activity of Pd for the
hydrogen production, giving higher hydrogen evolution rates. At a
fixed potential of -0.4 V, the current density measured is 20.47
mA/cm? for Pd/10 wt% PTh/C compared to 3.48 mA/cm® for Pd/C.
Bearing in mind that some active sites on Pd/PTh-C were blocked by
the addition of PTh, the superior catalytic activity for hydrogen
production of PTh modified Pd is prominent. We attribute to the
higher intrinsic activity of PTh modified metal site and enhanced
electron transfer using the conductive polymer. This clearly suggests
that electrochemical catalytic activity can be promoted by using the
PTh as a modifier.

ATR-FTIR using CO as surface probe was used to characterize the
samples. Fig. 5b shows that two CO adsorption modes are identified:
linear adsorption at 2054 cm’ and bridge mode at 1938 cm™,

6 | J. Name., 2012, 00, 1-3

respectively. Comparing to Pd on electrochemically inert
polyvinylpyrrolidone polymer, the addition of 3 wt% of PTh to PVP
stabilized Pd nanoparticles can induce a strong electron promotion to
Pd. There are distinctive red shifts for both peaks with the CO bridge
peak moving towards lower wavenumber of 1927 cm™ upon the
addition of PTh (a shift of 11cm™). The degree of metal surface
coverage of CO was reported to affect the peak position of the bridge
form due to different extent of dipole-dipole coupling®'. After adding
PTh to PVP-Pd colloid, we have found that the metal surface sites
were reduced to 76% according to integrated peaks of the bridge
form before and after the addition. As a result, a *CO/'*CO co-
adsorption experiment was performed to appreciate the coverage
effect and the actual shift caused by the electronic change due to PTh
(Fig. S6). At the equivalent surface coverage the '2CO bridge peak
(76%) of PVP-Pd was actually shifted from 1938 cm™ to 1934 cm™
(the position of *CO bridge peak (24%) lied in the expected regime
as previously reported®®), which is much smaller than those observed
in the PVP-PTh-Pd sample. This clearly suggests that the majority of
the CO shift is caused by the electronic donation of PTh to Pd where
the contribution from CO dipole-dipole interaction is of less
significance. Further red shift of this peak to 1918 cm™ can be seen
from the figure when intense light is applied. In contrast, there is no
equivalent peak shift for the PVP-Pd nanoparticles. This result yet
again demonstrates that PTh can enhance electron density of Pd
causing the red-shift of adsorbed CO modes (promote electron back
donation to the CO). This could account for the facilitated CO
oxidation at lower potential when PTh is used as support in the CO
stripping voltammetry. In addition to the electrochemical promotion,
radiation (The UV light source details is given in the supporting
information) is no doubt to be another mean to excite the electron
transfer from the semiconductor polymer to the Pd nanoparticle for
catalysis. Sample characterizations by X-ray photoelectron
spectroscopy were carried out and are shown in Figure S8. The
spectra of polythiophene were also collected and used as a standard
for comparison (Fig. S7-1). With the introduction of Pd, two pairs of
spin-orbital coupling peaks of Pd could be clearly seen. The binding
energy peaks of Pd"3ds, and Pd"3d;, (338.13eV and 343.33 eV)
were attributed to the Pd(I) directly bonded to S atom of
polythiophene. The lower binding energy peaks of Pd°3ds, and
Pd’3d;, (336.12eV and 341.32¢V) corresponded to Pd nanoparticles
without the direct contact of polythiophene presumably the particles
were buried deep in the porous carbon structure (refer to CO
stripping experiments). Also, it was found that there were two Cj;
signals shown according to XPS spectrum, one could be attributed to
amorphous carbon (285.10 eV) and the other to the C atoms from
polythiophene (286.85 eV). The value of S2p;, peak was in a good
agreement with literature value of thiophene compound with
reference to the Cys. In the case of Ag/PTh, only one pair of spin-
orbital coupling peaks of Ag were observed due to the fact that the
synthesised Ag particles, 30~50 nm from TEM (Fig. S3) and SEM,
were considerably larger than Pd, without much ultrafine Ag
nanoparticles within the porous carbon.

Catalytic Performance
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Fig. 6 (a) Formic acid decomposition over 10wt% Pd on different supports in
dark: carbon support; 0.5wt% PTh in carbon; 1wt% PTh in carbon; 2wt% PTh
in carbon; 5wt% PTh in carbon; 10wt% PTh in carbon; 20wt% PTh in carbon.
(b) A plot of initial rate (measured at 3 min) vs PTh content in dark and light;
30 mg catalyst, 10 mL 50 vol% formic acid, 25 °C, 100 min.
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Fig. 7 (a) lllustration of Pd nanoparticle and PTh composite, (b) Electronic
promotion effect of PTh on Pd in formic acid decomposition reaction when
light is introduced to excite the semiconductor polymer.

Formic acid decomposition was employed to probe the catalytic
activity of Pd nanoparticles on polythiophene. The catalytic activity
of Pd was also measured with light illumination. Control
experiments showed that pure PTh and PTh/C contributed no
catalytic activity over formic acid decomposition, CO oxidation and
N,O decomposition with or without light illumination. It is known
that higher electron density of promoted Pd can enhance the rate of
formic acid decomposition due to stronger adsorption of the
molecule by the electron back donation of the metal.* Fig. 6a indeed
shows that the initial rate of formic acid oxidation in dark condition
increases from 2.59 mmolgash'lm'zpd to 8.48 mmolgash'lm'zpd when 2
wt% PTh is added to the Pd/C, suggesting a strong electronic
promotion from polythiophene to Pd nanoparticles. Despite the fact
that the rate is normalized per metal site exposed to discount the
effect of metal site blocking by the support, further increase in PTh
content can substantially reduce the rate indicative of electron
withdrawing from excessive S atoms adsorption (Fig. 6b). Upon
light illumination as an energy input, it is clearly observed that the
catalytic rates of PTh containing samples are dramatically enhanced
but not for the Pd/C sample without PTh. The optimal rate is found
to be 17.5 mmolgash'lm'zpd with the 2 wt% PTh sample when light is
applied, which is more than double than the rate of the same catalyst
in the dark. According to the model proposed by Kazuhiko Seki*
(Fig. 7), the Fermi level of PTh is higher than that of Pd. Thus
polythiophene with bandgap of 1.99 eV is clearly capable of
adsorbing photon energy and promoting its n-electrons of the PTh to
metal via the sulphur adsorption. More detailed reaction data and
metal surface areas measured are compiled in supporting information

This journal is © The Royal Society of Chemistry 2012
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(Table S2). It has been reported®® that the electron rich Ag could
render Pd more active for formic acid decomposition. Thus, AgPd
with and without modification of polythiophene were tested. Table
S2 clearly shows that the bimetallic catalyst is indeed more active
than Pd. The increase in temperature also results in a higher apparent
reaction rate. Thus, the combination of using Ag-Pd bimetallic
nanoparticles, blending 2 wt% PTh to carbon support, light
illumination and at a slight elevated temperature (40°C), more
superior initial activity of 122.3 mmolgash‘lm‘zpd (TOF=2927 h')
than most reported values in the literature. This clearly suggests that
the catalytic decomposition of VOCs including this organic acid can
be promoted to take place at mild conditions. Notice that formic acid
may not be an important VOC but it represents a class of volatile
organic molecules that can be easily quantified over this novel
highly active catalyst for its catalytic destruction under the light
activation.

As mentioned, a small amount of carbon monoxide in air is of great
concern in confined space. However, catalytic CO oxidation at room
temperature is challenging since CO and O, co-adsorption on metal
surface are generally highly activated processes. It is interesting to
note from the Fig. S5 that CO can be oxidised to CO, over Pd/PTh/C
catalyst at room temperature by electromotive force. Fig. 8a also
shows the significant promotion effect on the rate of CO oxidation to
CO, in dilute O, over supported Pd on carbon with the addition of
PTh with and without light illumination at much milder temperature
range of 25-80°C. Thus, this represents an initial result
demonstrating the enhancement of CO oxidation on the conductive
polymer as a support. The reactor and conditions are yet to be
optimised for such a conversion in order to produce a more practical
device for the indoor pollution treatment.
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Fig. 8 (a) CO conversions over 50 mg of Pd/C and Pd/2 wt%PTh/C with and
without illumination at different temperatures; 0.3 bar. with 2.60 % of CO
and 5.0% O, in He; reaction time is 2 hours. (b) N,O decomposition over 50
mg of Pd/C and Pd/2 wt%PTh/C with and without illumination at different
times; 0.3 bar, with 2500 ppm N,0, 4.75% Ar in 95% H, at RT.

The catalytic removal of trace N,O is another challenging gas of
environmental concern. A small amount of this gas can be produced
from combustion engines or electrical discharge contaminating the
quality of air. N,O is known to dissociate on metal surface readily to
N, and O, at room temperature but the strong O,4, could poison the
metal surface instantly. It has been also reported that a small amount
of H, co-feeded to the metal catalyst can regenerate metal surface®,
which could be blended to the gas mixture or produced in-situ by
electrochemical activation as similar described in Fig. Sa. As a
result, a mixture of gas with 2500 ppm of N,O in H, was used to
probe the catalytic activity of the new composite material. As seen
from Fig. 8b, Pd/C catalyst takes 57 minutes to achieve 95%
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conversion while it takes 35 minutes for Pd/PTh-C catalyst to reach
comparable conversion. Under light excitation < 25 minutes is
required over the same but PTh promoted catalyst. Repeated testing
of the composite comparing to the catalysis collected in dark
condition was studied and is presented in Fig. S8. As seen from the
figure that the ratio of N,O decomposition activity with and without
illumination reaches the highest at around 15 min at steady state but
drops at further time due to the progressive consumption of N,O in
our batch reactor. In the period of no irradiation, there is no
difference in the rate between two repeated dark experiments and the
third period of irradiation, there is no sign of difference from the first
period. Thus, there is no apparent deactivation for this cyclic testing.
This may also suggest that there is no remained effect due to
photolytic damage to the polythiophene during the irradiation and
reaction.

Conclusions

In conclusion, in this preliminary work, we demonstrate the
incorporation of polythiophene polymer as a support or support
supplement can exert a significant electronic influence to metal
nanoparticles embedded therein. The electronic modified
supported Pd nanoparticles can render catalytic oxidation of
CO, decomposition of N,O and VOCs at much moderate
conditions at higher rates due to the strong perturbation to the
finite quantity of mobile electrons of the dispersed metal
nanoparticles from the added polymer. In addition, the intrinsic
visible light absorbing, highly thermal and electrical
conductivity and mouldable nature of the conducting polymer
can further facilitate selective catalysis at low temperature with
different activation methods over a wide type of reactor
systems. It is envisaged that this simple chemical modification
can be applied directly to existing metal supported catalysts. It
is also shown for the first time that the simple carbon supported
Pd metal catalyst modified with the conductive polymer can
give high activities for some important reactions of
environmental concerns, outperforming those of conventional
catalysts by the alternative means of activations. Apparently,
there are further rooms for improvements for these preliminary
findings in order to enhance the metal-polymer interactions for
optimal catalysis (i.e. higher metal dispersion, dedicated
functionalities for electronic interaction and more vigorous
stability and mechanical strength, etc) With regards to the
growing demands for greener catalysts for environmental
pollutants and the limitations of versatile but
nanocatalysts at milder conditions, the surface modification of
Pd by organic conductive polythiophene polymer via sulphur
adsorption on the metal surface may thus find new uses in
catalytic post-treatment of a wide range of hazardous
chemicals.
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