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Abstract 

Palladium subnano-clusters (~ 0.5 nm) on TiO2 nanoparticles are prepared in one step by scalable flame 

aerosol technology. The photocatalytic NOx removal of these materials under solar light irradiation is 3 

or 7 times faster than that of commercial TiO2 (P25, Evonik) with or without photodeposited Pd on it. X-

ray photoelectron spectroscopy (XPS) reveals that such photodeposited Pd on TiO2 consist mainly of 

metallic Pd along with several Pd oxidation states while flame-deposited Pd subnano-clusters on TiO2 

dominantly consist of an intermediate Pd oxidation state between metallic Pd and PdO. In that 

intermediate state, the Pd subnano-clusters are stable up to, at least, 600 
o
C for 2 hours in air. However, a 

fraction of them is reduced into relatively large (> 1 nm) metallic Pd nanoparticles by annealing in N2 at 

400 
o
C for 2 hours, as elucidated by XPS and scanning transmission electron microscopy. The Pd 

subnano-clusters interact with oxygen defects on the TiO2 surface as shown by Raman spectroscopy. This 

interaction suppresses CO adsorption on Pd as observed by diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS), analogous to strong metal support interactions (SMSI) in nano-sized noble 

metals on TiO2. 
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Nitrogen oxides, NOx (NO and NO2), are major 
pollutants generated by combustion. Several NOx 
removal processes have been developed using noble 
metals such as the three-way catalyst, before exhausting 
combustion gases. These processes require high 
temperature (~ 300 

o
C) and reducing agents making 

difficult the NOx reduction to sub-ppm level at room 
temperature. So solar photocatalytic NOx removal that 
requires only sunlight is most promising.  

Titanium oxide is the most widely used photocatalyst 
for air cleaning including environmental NOx removal.
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Under light excitation, TiO2 converts NOx into nitrate 
but some NO is converted also into unfavorable NO2. So 
high conversion and selectivity for nitrate formation are 
essential. The activity under sunlight can be enhanced 
by narrowing the TiO2 band gap by S/N-doping.

2
 For the 

selectivity, TiO2 composition and preparation are 
crucial: Pure anatase TiO2 and flame-made anatase-
rutile TiO2 composites exhibit high selectivity. 
Furthermore, selectivity can be improved by metal co-
catalysts.
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Sub-nanometer sized metal clusters on metal oxide 
supports induce high conversion and high selectivity 
minimizing the use of expensive noble metals on such 
catalysts.

4
 At small cluster sizes on metal oxide supports, 

the surface free energy increases by the quantum size 
effect and low coordination number, enhancing 
performance as well as metal-support interactions that 
prevent subnano-cluster sintering. During strong metal-
support interaction (SMSI), chemisorption of H2 and CO 
on noble metals decreases because either the surface of 
noble metal is covered by reduced support (e.g. Ti-



  
 

suboxides) or the noble metal oxidation state is 
modified.
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 In SMSI, formation of oxygen vacancies in 

the support is the key process and, analogously, 
subnano-sized noble metals are often anchored at such 
surface defects.  

Here pure TiO2 and Pd subnano-clusters on TiO2 
referred as f-TiO2 and f-Pd/TiO2, respectively, were 
prepared in one step by flame spray pyrolysis (FSP)
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which can be scaled up to yield production rates of 
several kg/h. Also, 1 wt.% of Pd was photodeposited on 
commercial TiO2 (c-TiO2, P25 Evonik) and f-TiO2 that 
will be referred to as w-Pd/c-TiO2 and w-Pd/f-TiO2, 
respectively. The characteristics of these Pd clusters 
were investigated by scanning transmission electron 
microscopy (STEM) and X-ray photoelectron (XPS) and 
Raman spectroscopies. The photocatalytic NO (1 ppm) 
removal efficiency of these Pd/TiO2 under solar light 
(100 mW/cm

2
) was evaluated based on ISO 22197-

1:2007. The average NOx removal (ηNOx) for 5 h is 
defined as follow: 
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Results and discussion 
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Figure 1 STEM images of as-prepared (a) w-Pd/c-TiO2, 

(b) w-Pd/f-TiO2, f-Pd/TiO2, (c,d) at two magnifications, 

and annealed for 2 h in (e) air at 600 
o
C and (f) N2 at 400 

o
C. 

As shown in Fig. 1, the size of photodeposited Pd (1-10 
nm) on c-TiO2 (a) is larger than that (1-5 nm) on f-TiO2 (b) 

probably due to smaller SSA of c-TiO2 but this difference 
does not affect the catalyst activity (Table 1). In f-Pd/TiO2 
(c), however, there are no distinguishable Pd particles (> 1 
nm) because of the extremely small size (~ 0.5 nm) of Pd 
clusters that can be only observed (circles) at higher 
magnification (d). Such Pd subnano-clusters are interacting 
strongly with oxygen defects on the TiO2 surface creating 
an intermediate oxidation state of Pd as proven by XPS.
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 Most interestingly, after annealing in air at 600 
o
C for 

2 hours (e), the Pd size in the f-Pd/TiO2 powder is still in 
the subnano range. On the other hand, annealing that 
powder under N2 at 400 

o
C for 2 hours (f) converts most of 

the as-prepared Pd subnano-clusters on TiO2 into Pd 
nanoparticles (1-5 nm).  

 As shown in Table 1, the ηNOx of f-Pd/TiO2 is 7 times 
greater than that of c-TiO2 and this activity is higher than 
that of N-doped TiO2 that had achieved about 1.4 and 2 
times improvement compared to c-TiO2 in UV and visible 
light, respectively. More importantly, the ηNOx of f-Pd/TiO2 
is about 3 times greater than that of w-Pd/c-TiO2 and w-
Pd/f-TiO2 indicating that its remarkable activity is 
attributed to the presence of Pd subnano-clusters. 

 

Conclusions  

Here, solar-light photocatalysts consisting of Pd 

subnano-clusters (~ 0.5 nm) on nanostructured TiO2 were 

prepared by flame aerosol technology. The superior 

activity of NOx removal under solar-light is attributed to 

the intermediate oxidation state of subnano-clustered Pd, 

analogous to atomically dispersed metals on metal oxides. 
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Table 1 SSA of commercial TiO2 (c-TiO2), FSP-made (f-

TiO2 and f-Pd/TiO2) and wet-photodeposited Pd (w-Pd/c-

TiO2 and w-Pd/f-TiO2) on TiO2 and their average 

efficiencies of NOx removal after 5 h under solar-light.  

Powders SSA m
2
/g ηNOx, % 

f-Pd/TiO2 138.7 31.8 

c-TiO2 51.1 4.6 

f-TiO2 131.4 12.9 

w-Pd/c-TiO2 49.5 9.6 

w-Pd/f-TiO2 144.1 11.9 


