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e chemical state of palladium
during the direct NO decomposition – influence of
pretreatment environment and reaction
temperature†

Gunugunuri K. Reddy, * Chen Ling,* Torin C. Peck and Hongfei Jia

Direct decomposition of NO into N2 and O2 offers an ideal solution to the abatement of NO from

automotive and various combustion processes. Although its decomposition is thermodynamically

favorable (DG ¼ �86.6 kJ mol�1 at 25 �C), yet kinetically hindered due to a high activation barrier of 335

kJ mol�1, making use of catalyst indispensable. Supported Pd catalysts have been investigated recently

for the reaction ranging from 300 �C to 1000 �C. However, the function of palladium during the reaction

at various reaction temperatures is still unclear. SiO2 supported palladium was studied as a model

catalyst system for direct NO decomposition over temperatures ranging from 100 to 800 �C both in

dynamic and steady state mode to understand the changes in the palladium chemical state with respect

to the reaction temperature. Three different types of catalyst compositions of palladium namely Pd, PdO

and mixture of Pd–PdO, were created on silica surface by controlling pretreatment environments for

systematic comparison. Combining characterization and catalytic performance, it has been revealed that

the reaction in the lower temperature region (<500 �C), is not catalytic and NO chemically reacts with

metallic Pd and forms PdO. The oxidation ability of metallic Pd is sensitive to the particle size of the

metallic Pd. The catalyst pretreated in helium yields Pd–PdO composite structure and higher active

metallic surface area compared to the hydrogen pretreated catalyst and exhibited higher NO conversion

at lower reaction temperatures (<500 �C). At temperatures higher than 500 �C the PdO converts to

metallic Pd by releasing oxygen, resulting in stable direct NO activity. Our results suggest retarding

metallic Pd oxidation is key factor to develop a sustainable catalyst for direct NO decomposition at lower

temperatures.
1. Introduction

The increase of the worldwide population has led to an increase
of the energy demand and an increase of environmental
pollution. Among the various pollutant gases, nitrogen oxides
are considered as one of the primary pollutants of the atmo-
sphere, since they are responsible for environmental problems
like photochemical smog, acid rain, tropospheric ozone, ozone
layer depletion and global warming.1,2 The laws on NO emis-
sions are increasingly strict and the research of NO abatement
remains a hot topic.3 The current techniques used for the
abatement of NO such as selective catalytic reduction (SCR) and
non-selective catalytic reduction (NSCR) and NO storage-
reduction (NSR) all rely on introducing reducing agents such
as ammonia, diesel soot, carbon monoxide or hydrocarbons4–8
rch Institute of North America, Ann arbor
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tion (ESI) available. See DOI:
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to drive the reduction of NO into N2.9,10 An alternative solution
for NO removal is the direct NO decomposition into harmless
N2 and O2, which in principle is ideal method for the solution of
NO problem.

NO is a thermodynamically unstable molecule and its
decomposition into elements is favored at temperatures below
1000 �C,11 however, the direct decomposition is kinetically
hindered due to a high activation barrier of 335 kJ mol�1.11

Consequently, catalysts that help lower the kinetic barrier is
essential to achieve efficient direct NO decomposition. Catalysts
that have been reported to be active in the decomposition of NO
can be divided into three major groups: metal oxides, zeolites,
and supported metals.12 Among various direct NO catalysts,
perovskites exhibit very good activity at temperatures higher
than 600 �C.13 Recent development of rare earth and Y–Zr solid
solutions and C-type rare earth oxides has marked the activity in
the appropriate range for high temperature applications.14

Although, at lower temperatures zeolites such as Cu/ZSM-5
shows the attractive activity, however, the activity is seriously
inhibited by the presence of oxygen and SO2.15
RSC Adv., 2017, 7, 19645–19655 | 19645
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Despite the achievements made for direct NO decomposition
at high temperatures, the development of a catalyst that works
at low temperatures, which is particularly attractive for auto-
mobile emission control, has received less attention. For
instance, the performance of supported noble metal catalyst,
which is the commercialized component of three-way catalyst,
was only addressed in a few reports for direct NO decomposi-
tion.16–30 Pt based catalysts were investigated in early 20th

century and found out that the catalysts deactivates quickly at
lower temperatures.16–19 Recently, studies have been focused on
investigating palladium based catalysts for direct NO decom-
position because of its better thermal stability and low cost
compared to Pt based catalysts.20–30 Most of the reports
concentrated on the performance of supported palladium
catalyst in direct NO decomposition at various reaction
temperatures (from 300 �C to 900 �C).20–30 However, a very deep
understanding about the function and chemical state of the
palladium during direct NO decomposition at different reaction
temperatures has not been attained. For example, Baibich
group26–29 evaluated several supported and bimetallic Pd cata-
lysts for direct NO decomposition and reported that metallic Pd
catalysts deactivate with time irrespective of support and
foreign metal. On the other hand, Naito et al.30 reported that
metallic Pd supported on SiO2 catalyst exhibits a stable NO
conversion aer forming few oxygen layers on the surface.
However, no effort has been made on investigating chemical
state of palladium during and aer the direct NO decomposi-
tion in both cases. The lack of such fundamental knowledge
consequently prevents any further development or optimiza-
tion. As we already know that, in three-way catalysis (TWC) the
performance of the catalyst depends on the chemical state of
the Pd during the reaction.31 There are several possibilities
which need to be considered. Either metallic Pd or PdO is the
active species or both are active species for direct NO decom-
position. There may be possibility that PdO reduced to Pd metal
and re-oxidizes to PdO in the cyclic manner. The active species
may also be different at different reaction temperatures.

In the current report we present the systematic study about
the mechanism of Pd catalyzed direct NO decomposition.
Through analyzing the several palladium compositions, we
show unambiguous evidence that the only active species for
direct NO decomposition is metallic Pd. It is in sharp contrast
with three-way catalyst where both metallic Pd and PdO are
considered to be active. In addition, our study provides the rst
mechanistic understanding about direct NO decomposition at
low temperatures, hence paving the road towards the develop-
ment of more efficient catalyst in future.

2. Experimental
2.1. Catalyst preparation

Palladium-based catalyst supported on silica was synthesized
using wet impregnation method. Before the synthesis, the silica
(Cab-O-Sil EH-5 fumed silica) was treated with water at 100 �C to
generate hydroxyl groups on the surface. In a typical synthesis
procedure, 5 g of silica was mixed with 50 mL of water. Then the
required quantity of palladium nitrate was dissolved separately
19646 | RSC Adv., 2017, 7, 19645–19655
in deionized water and combined with the SiO2 suspension. The
mixture was heated to 80 �C with continuous stirring. The
powder obtained was then dried in an oven at 120 �C for 12 h
under air. Finally, the catalyst was calcined at 450 �C for 3 h with
a 1 �C min�1 ramp.
2.2. Catalyst characterization

2.2.1. X-ray diffraction. X-ray powder diffraction (XRD)
patterns were obtained using Rigaku Smartlab X-ray diffrac-
tometer using Cu Ka radiation (l¼ 1.5405 Å). A glass holder was
used to support the sample. The scanning range was from 10� to
80� (2q) with a step size of 0.02�and a step time of 1 s. The XRD
phases present in the samples were identied with the help of
ICDD-JCPDS32 data les and the crystallite sizes of Pd and PdO
were determined using Debye–Scherrer equation.33

2.2.2. X-ray photo electron spectroscopy. The XPS
measurements were performed using PHI 5000 Versa Probe II X-
ray photoelectron spectrometer using an Al Ka source. Charging
of the catalyst samples was corrected by setting the binding
energy of the adventitious carbon (C 1s) to 284.6 eV.34 The XPS
analysis was performed at ambient temperature and at pres-
sures typically on the order of 10�7 Torr. Prior to the analysis,
the samples were outgassed under vacuum for 30 min.

2.2.3. CO chemisorption measurements. The active
metallic surface area and particle diameter of the Pd over silica
support was measured using pulse CO chemisorption method.
The CO pulse chemisorption was performed by 3 ex chemi
station from micromeritics. A slightly different procedure was
adopted in this study compared to the conventional chemi-
sorption procedure. The PdO completely reduce to metallic Pd
initially and pulse with CO in the conventional pulse chemi-
sorption procedure. In this study, the active metallic surface
area and particle diameter was measured aer the different
pretreatments used in the direct NO decomposition (the
pretreatment temperature for O2 is 450 �C, helium is 800 �C and
for hydrogen is 800 �C) instead of completely reducing the PdO.
In a typical measurement, the sample, placed in a U-shaped
quartz reactor with an inner diameter of 0.5 cm, was pre-
treated to required temperatures under different pretreatment
environments. Then, catalysts were cooled down to 300 �C
under helium ow of 50 mL min�1, and maintain at this
temperature for 1 h before further cooling to the desired
temperature for chemisorption in order to clean the Pd surface
and to avoid the presence of residual adsorbed gas. Pulse
chemisorption was performed at 35 �C. The volume of the
injection loop was 0.5 cm3 and the pulses CO was injected in the
catalytic reactor corresponding to 0.16 mmol of CO. The carrier
gas was helium for CO injection (10% CO in He, AIR LIQUIDE,
99.99% purity). The CO consumptions were measured using
TCD and the data was processed using micro active soware.

2.2.4. Transmission electron microscopy (TEM) measure-
ments. The morphology and particle size were analyzed by
transmission electron microscopy (TEM) with a microscope
model JEOLFEG-STEM 2010 at the acceleration voltage of 200
kV. The samples were pretreated in the presence of oxygen, or
helium or hydrogen to the required temperatures before the
This journal is © The Royal Society of Chemistry 2017
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measurements. (The pretreatment temperature for O2 is 450 �C,
helium is 800 �C and for hydrogen is 800 �C). Aer the
pretreatment, the samples were dispersed in ethanol and
sonicated for several hours before the measurements.
Fig. 1 X-ray diffraction of the PdO/SiO2 catalyst after the calcination
and after various pretreatments (O2 – 450, He – 800, H2 – 800 �C).
2.3. Direct NO decomposition measurements

The direct NO decomposition measurements were performed at
atmospheric pressure in a continuous ow xed bed quartz
reactor. The 300 mg of as-synthesized catalyst was placed in the
reactor in between two glass wool plugs. All the gas ows were
measured and calibrated using a digital ow meter. The reactor
was heated externally via a tubular furnace regulated by
a temperature controller, with a thermocouple inserted into the
catalyst bed. Themeasurements were performed using�1%NO
balance helium with a gas hourly space velocity of 2100 h�1 and
in the temperature region of 100 �C–800 �C. Prior to the reac-
tion, catalysts were pretreated in different environments (O2 –

450 �C, He – 800 �C, H2 – 800 �C) to investigate the effect of
pretreatment environment on the activity. Aer the pretreat-
ment, the bed temperature was decreased to 100 �C and direct
NO decomposition measurements were collected. The reactant
and product concentrations were measured using Cirrus 2
quadrupole mass spectrometer. The Ar present in the reactant
stream acted as tracer of constant concentration and the Ar
signal at m/z ¼ 40 was used to normalize each of the mass
spectrum traces. The 100% and 0% conversion of NO was
dened as the normalized mass spectrum intensity at m/z ¼ 30
under inert ow only, and in the presence of the NO bypassing
the reactor, respectively.
Fig. 2 Pd 3d XPS profiles of the PdO/SiO2 catalyst after the calcination
and after various pretreatments (O2 – 450, He – 800, H2 – 800 �C).
3. Results and discussion
3.1. Characterization

5 wt% Pd on SiO2 support was synthesized using wet impreg-
nation method. Aer the synthesis, the catalyst was pretreated
in various environments in order to create different chemical
states of palladium. As expected, the catalyst pretreated with
oxygen was primarily composed of oxidized phase (PdO) while
the hydrogen pretreatment generated metallic Pd, as evidenced
by XRD and XPS measurements (Fig. 1 and 2). Interestingly,
catalyst pretreated in inert He environment exhibited XRD
peaks corresponding to both PdO and Pd, while XPS only
showed peaks due to PdO.35 The discrepancy between XRD and
XPS can be attributed to the different penetration depth of light
source employed in these two techniques. While XRD is able to
detect the information of the bulk phase, XPS is usually regar-
ded as a surface technique and provides information only
related to surface species. To get the bulk information using
XPS, the catalyst was pre-sputtered aer the hydrogen and
helium pretreatment in the XPS chamber and Pd 3d spectra was
measured. The Pd 3d XPS proles aer the sputtering are pre-
sented in Fig. 3. There is not much change in the Pd 3d spectra
aer the sputtering for the hydrogen pretreated catalyst. The
catalyst exhibits peaks mainly due to Pd metal. On the other
hand, the Pd 3d XPS prole of the helium pretreated catalyst is
different aer the sputtering. The catalyst aer the sputtering
This journal is © The Royal Society of Chemistry 2017
exhibits peaks due to both PdO and Pd. Hence, both XRD and
Pd 3d XPS results show that there is a formation of PdO–Pd
composite aer the helium pretreatment where PdO is likely
distributed primarily on the surface layer.
3.2. Dynamic direct NO decomposition

The direct NO decomposition was rst performed in a dynamic
reaction mode by ramping the temperature from 100–800 �C to
evaluate the catalyst performance in the broad temperature
region. A blank experiment was performed initially with quartz
wool and silica sand in the temperature region 100 to 800 �C. No
activity was observed during the blank experiment. The
dynamic direct NO decomposition proles of the various pre-
treated PdO/SiO2 catalysts with respect to the temperature are
RSC Adv., 2017, 7, 19645–19655 | 19647
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Fig. 3 Pd 3d X-ray photo electron profiles of the He – 800 �C, and H2

– 800 �C pretreated PdO/SiO2 catalysts after pre sputtering.
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presented in Fig. 4. The product distribution proles are pre-
sented in Fig. 5. As shown in Fig. 4, the oxygen pretreated
catalyst exhibited NO conversion only aer 700 �C and the
conversion increased with reaction temperature aerwards. The
Fig. 4 NO conversion profiles of PdO/SiO2 catalyst after the
pretreatment in different environments in the temperature region
100–800 �C (H2 pretreatment at 800 �C, O2 pretreatment at 450 �C,
He pretreatment at 800 �C) GHSV – 2100 h�1, 1% NO in helium.

Fig. 5 N2, O2 and N2O distribution profiles of PdO/SiO2 catalyst after
the pretreatment in different environments in the temperature region
100–800 �C (H2 pretreatment at 800 �C, O2 pretreatment at 450 �C,
He pretreatment at 800 �C) GHSV – 2100 h�1, 1% NO in helium.

19648 | RSC Adv., 2017, 7, 19645–19655
product distribution proles show that the catalyst rst released
oxygen in the temperature region 580 �C–700 �C without
detecting the formation of N2 or N2O. Aer oxygen signal
dropped to base line, the NO conversion started and exhibited
N2 and O2 as products. In addition, small amount of N2O
formation was observed at 700 �C and terminated at 720 �C. The
N2 formation started from 725 �C and increased with increasing
reaction temperature.
This journal is © The Royal Society of Chemistry 2017
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The NO conversion proles of helium and hydrogen pre-
treated catalysts are different compared to the oxygen pre-
treated catalyst. As we can see from Fig. 4, the NO conversion
started at 250 �C for hydrogen pretreated sample and increases
with increasing reaction temperature until 380 �C. Similarly, the
NO conversion for helium pretreated sample started at 300 �C
and increased with increasing reaction temperature until
420 �C. Then both samples exhibited a decrease in the NO
conversion with reaction temperature up to 520 �C. Aer 520 �C,
both catalysts exhibited a slight increase in the NO conversion
followed by a slight decrease in the NO conversion up to 670 �C.
Aer 670 �C, the NO conversion increases with reaction
temperature for both catalysts. The helium pretreated catalyst
exhibit higher NO conversion at lower reaction temperatures
(<500 �C) and hydrogen pretreated catalyst exhibit higher NO
conversion at higher reaction temperatures (>500 �C).

Fig. 4 shows the N2, N2O and O2 product distribution proles
during the dynamic NO decomposition with respect to reaction
temperature. No NO2 formation was observed in the entire
temperature region for any of the pretreated catalyst. As shown
in Fig. 4, the products were different at lower (<500 �C) and
higher reaction temperatures (>500 �C) for both helium and
hydrogen pretreated catalysts. N2 and N2O were observed as
products at lower temperatures, and formation of N2 and O2

were observed at higher temperatures. The N2O formation was
started at 260 �C for hydrogen pretreated catalyst and reached
maximum at 360 �C then terminated at 460 �C. Similarly,
helium pretreated catalyst releases N2O from 300 �C reached
maximum at 400 �C and terminated at 500 �C. The N2 formation
was observed followed by the N2O formation and increases with
increasing the reaction temperature for both the catalysts. O2

formation started at 500 �C, reached maximum at around
680 �C and went down with further increase in the temperature
until 690 �C for both catalysts. Aer 690 �C, the oxygen signal
increased with increasing reaction temperature up to 800 �C for
hydrogen pretreated catalyst. However, for the helium pre-
treated catalyst, the oxygen signal increased slightly with
increasing reaction temperature from 690 �C to 705 �C and
decreased with further increase in the reaction temperature
until 735 �C. Aer 735 �C the oxygen signal increased steadily
with increasing reaction temperature up to 800 �C.

Based on the NO conversion and product distribution proles
of hydrogen and helium pretreated catalysts, the reaction was
divided into three temperature regions i.e. low temperature
(300–500 �C), medium temperature (500–700 �C), and high
temperature (above 700 �C). Steady state catalytic measurements
were performed at 400 �C, 650 �C and 800 �C over these catalysts
to understand the catalyst behavior in the broad temperature
region. The spent catalysts aer the steady state measurements
were analyzed using XRD and XPS to understand the function
and chemical state of palladium during the direct NO decom-
position at different reaction temperatures.
Fig. 6 Steady state activity measurements over He – 800 �C, H2 –
800 �C pretreated PdO/SiO2 catalysts at 400 �C, 650 �C, and 800 �C
(black: helium pretreated, red: hydrogen pretreated).
3.3. Steady state NO decomposition measurements

3.3.1. Steady state measurement at 400 �C. Steady state NO
decomposition measurements were performed at 400 �C for 2
This journal is © The Royal Society of Chemistry 2017
hours to understand the catalyst role below 500 �C. To keep the
consistency with dynamic conversion prole, rst we ramped
the temperature from 100 �C to 400 �C and then performed
steady state at 400 �C. The NO conversion and product distri-
bution proles are presented in Fig. 6 and 7, respectively.
Interestingly, the NO conversion reached 0% within rst 30 min
of the reaction irrespective of pretreatment. Both N2 and N2O
were observed as products during the steady state measure-
ment. In accordance with the dynamic reaction prole, no O2

formation was observed during the steady state at 400 �C. Fig. 8
and 9 shows the XRD and Pd 3d XPS proles of the spent
catalysts aer the steady state at 400 �C. Both hydrogen and
helium pretreated catalysts exhibited reections due to both
PdO and metallic Pd aer the steady state at 400 �C.32 The
intensities of PdO reections increased and metallic Pd reec-
tions decreased aer the steady state at 400 �C for helium pre-
treated catalyst compared to the catalyst aer the pretreatment
in helium. The Pd 3d XPS proles exhibit mainly peaks due to
PdO aer the steady state at 400 �C.34 Both XRD and XPS
measurements show that surface metallic Pd converted PdO
during the steady state at 400 �C for both hydrogen and helium
pretreated catalysts.

3.3.2. Steady state measurement at 650 �C. As shown in
Fig. 4, the second increase in the NO conversion started at
500 �C and reached maximum at 630 �C followed by a slight
RSC Adv., 2017, 7, 19645–19655 | 19649
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Fig. 7 Product distribution profiles of N2, N2O and O2 during the steady state activity measurements at 400 �C, 650 �C, and 800 �C over He –
800 �C, H2 – 800 �C pretreated PdO/SiO2 catalysts (black: N2, red: O2, blue: N2O) (left: H2 pretreated catalyst, right: helium pretreated catalyst).
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decrease from 630 �C to 680 �C for both helium and hydrogen
pretreated catalysts. The product distribution measurements
show that (Fig. 5), N2O formation terminated in this region and
O2 formation started. Steady state measurements were per-
formed at 650 �C to understand the oxygen release phenomena
in the medium reaction temperature region. Fig. 6 and 7 shows
the NO conversion and product distribution proles at 650 �C
for both hydrogen and helium pretreated catalysts. First we
ramped the temperature from 100 �C to 650 �C and then per-
formed steady state at 650 �C for 2 hours to keep consistency
with the dynamic NO conversion prole. Interestingly, both
helium and hydrogen pretreated catalysts exhibit a stable NO
conversion for 2 hours of time on stream and N2 and O2 were
observed as products (Fig. 8). The XRD and Pd 3d XPS proles of
the spent catalysts aer the steady state at 650 �C are presented
in Fig. 8 and 9. The hydrogen pretreated catalysts aer the
19650 | RSC Adv., 2017, 7, 19645–19655
steady state reaction at 650 �C, exhibits peak due to metallic Pd
and PdO in the X-ray diffraction pattern and Pd 3d XPS prole.
However, the PdO peaks intensity decreased compared to the
spent catalyst at 400 �C steady state. Similarly, the helium pre-
treated catalyst also exhibits peaks due to the metallic Pd and
PdO.

3.3.3. Steady state measurement at 800 �C. Steady state
measurements were also conducted at 800 �C, to understand
the catalyst involvement in the high temperature region (>700
�C) and spent catalyst characterization was done using XRD and
XPS techniques. The proles are presented in Fig. 6–9. As ex-
pected both helium and hydrogen pretreated catalysts exhibit
a stable NO conversion for two hours with N2, and O2 as prod-
ucts. Both XRD and Pd 3d XPS proles exhibit peaks due to only
metallic Pd aer the steady state at 800 �C.32,34
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 X-ray diffraction profiles of the He – 800 �C, H2 – 800 �C
pretreated PdO/SiO2 catalysts after steady state activity measurements
at 400 �C, 650 �C, and 800 �C (top: hydrogen pretreated catalyst,
bottom: helium pretreated catalyst).

Fig. 9 Pd 3d XPS profiles of the He – 800 �C, H2 – 800 �C pretreated
PdO/SiO2 catalysts after steady state activity measurements at 400 �C,
650 �C, and 800 �C (left: hydrogen pretreated catalyst, right: helium
pretreated catalyst).
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3.4. Chemical state–activity relationship

The chemical state of Pd during the reaction was well dened in
three-way catalysis (TWC) and the performance of the catalyst
strongly depends on the chemical state of Pd in TWC.31
This journal is © The Royal Society of Chemistry 2017
Different active Pd species like PdO, metallic Pd, pseudo
metallic Pd (Pd(I)) were reported by different groups for three-
way catalysis. Fernández-Garćıa et al.36 reported that presence
of hydrocarbon and the support stabilizes the Pd species with
average oxidation state as Pd(I) which retains a certain metallic-
like character due to the existence of Pd–Pd bonds. Liu et al.37

described that the fresh catalyst with fully oxidized Pd is quickly
reduced to the metallic Pd, and this Pd(0) species remains
within the whole temperature range regardless of the air/fuel
ratio. Iglesias-Juez et al.38 performed reaction under cycling
conditions with 5% CO and 5% (NO + O2; 1 : 4.5) gas mixtures
and found that both Pd(0) and Pd(I) can be present upon the CO
reducing step of the CO/(NO + O2) cycle, but it is strongly
dependent on the loading and particle size of the Pd. In the
review article by wang et al. stated that “Although the fully
oxidized Pd can be the active phase for a fresh catalyst, the
continuous existence of reduced Pd should be considered
during the real working conditions because of the presence of
CO and hydrocarbons in the three-way catalysis”.31

The reaction conditions are different in the direct NO
decomposition compared to the three-way catalysis. Here we
have only one reactant NO without any reducing agent. The
catalyst pretreated in O2 at 450 �C which has only PdO over the
silica surface did not exhibit any activity until 700 �C. Also, the
catalyst releases oxygen in the temperature region 580 �C to
720 �C rst and then started to exhibit NO conversion. The PdO/
SiO2 (O2 at 450 �C) spent catalyst aer the dynamic direct NO
decomposition contains mixture of PdO and Pd on silica
surface. These results showed that during the oxygen release in
the temperature region 580 �C to 720 �C, the PdO converted to
metallic Pd and the direct NO decomposition activity observed
aer the 700 �C was mainly due to the metallic Pd. These
observations show that only metallic Pd is the active component
for direct NO decomposition and PdO is not active unlike TWC
where both oxidized and metallic Pd are active components.31

The situation is different for helium and hydrogen pre-
treated catalysts where palladium composition is different
before the reaction. The catalyst exhibits PdO–Pd composite
structure aer the helium pretreatment and metallic Pd parti-
cles aer the hydrogen pretreatment. The dynamic NO conver-
sion measurements show that both helium and hydrogen
pretreated catalysts started to exhibit NO conversion around
250 �C–300 �C and the NO conversion increases with increasing
reaction temperature up to 400 �C. The further increase in the
reaction temperature up to 500 �C leads to a decrease in the NO
conversion. The product distribution proles show only N2 and
N2O as products in this temperature region and no oxygen
release was observed. The steady state time on stream
measurements at 400 �C show that the NO conversion reaches
to zero with in the rst 20 min of the reaction irrespective of the
pretreatment. X-ray diffraction patterns of the spent catalysts
aer the steady state at 400 �C show reections due to the
mixture of oxidized and metallic Pd. The Pd 3d XPS proles
show peaks mainly due to the oxidized Pd for both helium and
hydrogen pretreated spent catalysts aer the steady state at
400 �C. Hence, the activity and characterization measurements
suggest that most of the surface metallic Pd oxidized to PdO
RSC Adv., 2017, 7, 19645–19655 | 19651
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during the steady state at 400 �C. The decrease in the NO
conversion aer some time, no oxygen release below 500 �C and
formation of PdO aer the steady state at 400 �C suggest that
the NO decomposition in the lower temperature region (<500
�C) is a chemical reaction between metallic Pd and NO instead
of catalytic decomposition on the surface of Pd/SiO2.

The characterization measurements show the 100%metallic
Pd formation aer the hydrogen pretreatment and PdO–Pd
composite formation aer the helium pretreatment. The above
observation conforms that most of the NO conversion in the
lower temperature region is due to the oxidation of metallic Pd
to the PdO. However, helium pretreated catalyst exhibit higher
NO conversion (40%) compared to the hydrogen pretreated
catalyst (20%) in the lower temperature region. Additional
characterization measurements were performed to understand
the interesting behavior of helium pretreated catalyst. The
morphology of the palladium particles was measured using
transmission electron microscope (TEM) aer the various
Fig. 10 TEM images of the fresh and various pretreated PdO/SiO2 catalys
800 �C pretreatment (d) after H2 – 800 �C pretreatment.

19652 | RSC Adv., 2017, 7, 19645–19655
pretreatments. The TEM images of the fresh and various pre-
treated PdO/SiO2 catalysts are presented in Fig. 10. As expected,
the fresh catalyst aer the calcination exhibit small spherical
PdO particles (10–20 nm) over the silica surface. There is not
much change in the morphology and particle size of PdO aer
the pretreatment in oxygen at 450 �C. On the other hand,
agglomeration of Pd metal particles was observed aer the
hydrogen pretreatment and the Pd metal particles are more
than 1 mm in size. Interestingly, the catalyst exhibit particle
sizes between 50–150 nm aer the helium pretreatment. The
crystallite sizes of PdO and metallic Pd aer various pretreat-
ment were also measured using Debye–Scherrer equation33

from the X-ray diffraction patterns and presented in Table 1. In
accordance with the TEM measurements, the crystallite size of
metallic Pd is much higher aer the hydrogen pretreatment
compared to the helium pretreatment.

To complement the particle size measurements, active
particle diameter and active metallic surface of metallic Pd
ts (a) after calcination (b) after O2 – 450 �C pretreatment (c) after He –

This journal is © The Royal Society of Chemistry 2017
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Table 1 Particle size, crystallite size, active metallic surface area, active particle diameter of the PdO/SiO2 catalyst after the calcination and after
various pretreatments (O2 – 450, He – 800, H2 – 800 �C)

Treatment

Crystallite sizea (nm)

Particle sizeb
Active metallic surface
areac (m2 g�1 metal)

Active particle
diameterc (nm)PdO Pd

Fresh 8.9 — 0 0
O2 – 450 �C 9.2 — 0 0
He – 800 �C 13.5 34 50–150 nm 6.84 78 nm
H2 – 800 �C — 50 �1 mm 2.3 216 nm

a Determined from Debye–Scherrer equation. b Determined from TEM images. c Determined from CO pulse chemisorption.
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particles were measured using CO pulse chemisorption exper-
iment (Table 1). As explained in experimental section, slightly
different method was adopted in the present study. The pulse
CO chemisorption experiments were performed aer the
various pretreatments. As expected, both fresh and oxygen
pretreated catalysts did not consume any CO during the pulse
experiment. As shown in Table 1, the catalyst aer the helium
pretreatment exhibits three times higher metallic surface area
compared to the hydrogen pretreated catalyst. Both particle size
and pulse chemisorption experiments show that formation of
PdO–Pd composite resist the sintering of metallic Pd particles
during the helium pretreatment and yield higher active metallic
surface area compared to the hydrogen pretreated catalyst and
exhibit higher NO conversion in the lower reaction temperature
region (>500 �C).

To further conrm the sintering phenomena, the PdO/SiO2

was pretreated at 300 �C in the presence of hydrogen and per-
formed direct NO decomposition. The dynamic NO decompo-
sition proles of the He – 800 �C, H2 – 800 �C and H2 – 300 �C
catalysts are presented in Fig. 11. The catalysts pretreated at
300 �C exhibits higher NO conversion compared to the catalyst
pretreated at 800 �C in the lower temperature region (<500 �C).
TEM measurements suggest that the catalyst pretreated at
300 �C exhibit lesser metallic Pd particle size compared to the
catalyst pretreated at 800 �C (not shown). On the whole activity
Fig. 11 NO conversion profiles of PdO/SiO2 catalyst after He –
800 �C, H2 – 300 �C, H2 – 800 �C pretreatments in the temperature
region 100–800 �C (GHSV – 2100 h�1, 2% NO in helium).

This journal is © The Royal Society of Chemistry 2017
and characterization measurements show that the NO decom-
position activity over PdO/SiO2 catalyst at lower reaction
temperature (<500 �C) is mainly due to the oxidation of metallic
Pd to PdO and the activity is sensitive to the metallic Pd particle
size.

As explained above, most of the surface metallic Pd oxidized
to PdO during NO decomposition at low temperature (<500 �C)
for both helium and hydrogen pretreated catalysts. The
dynamic product distribution measurements show that both
helium and hydrogen pretreated catalysts releases oxygen
between 500 �C and 700 �C like oxygen pretreated catalyst. The
oxygen release is due to the formation of metallic Pd from PdO
formed during the low temperature reaction. The reduction of
PdO to metallic Pd occurred in one stage for hydrogen pre-
treated catalyst and two stages for helium pretreated catalyst.
This may be due to the presence of two types PdO in the helium
pretreated catalyst (PdO in the PdO–Pd composite structure and
PdO formed from oxidation of metallic Pd to PdO during the
low temperature direct NO decomposition).

The steady state activity measurements at 650 �C show that
both helium and hydrogen pretreated catalysts exhibit stable
NO conversion for 2 hours with both N2 and O2 as products. The
XRD and Pd 3d X-ray photo electron spectra of exhibit peaks due
to both PdO and metallic Pd aer the steady state at 650 �C.
These results show PdO releases oxygen and convert to metallic
Pd aer 500 �C and the NO conversion in this temperature
region is mainly due to the Pd–PdO oxidation–reduction cycle.
The Pd metal reacts with NO and forms PdO and then PdO
release oxygen and convert to Pd metal.

The dynamic NO conversion proles show that all the PdO
converted to metallic Pd by 700 �C for the hydrogen pretreated
catalyst, whereas it extended to 750 �C for the helium pretreated
catalyst. Steady state measurements at 800 �C exhibit a stable
NO conversion with N2 and O2 as products. The XRD and Pd 3d
XPS proles exhibit presence of only metallic Pd aer the steady
state at 800 �C. These results show that NO directly decomposes
into N2 and O2 onmetallic Pd surface in this temperature region
without any oxidation. The complete reaction mechanism in
a broad temperature region (100–800 �C) over both helium and
hydrogen pretreated catalyst in presented in Scheme 1.

Iglesias-Juez et al.38 reported that the performance and
chemical state of Pd strongly depends on the Pd loading in
TWC. They observed different chemical states for different
RSC Adv., 2017, 7, 19645–19655 | 19653
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Scheme 1 Mechanism of the direct NO decomposition over PdO/
SiO2 catalysts in low, medium and high temperature regions over
hydrogen and helium pretreated catalysts.
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loading of Pd on alumina support. The inuence of Pd loading
on the oxygen release temperature of PdO/SiO2 has been
investigated. For this purpose, 0.5, 1 and 3 wt% of palladium
was deposited over silica support and compared with 5 wt%
PdO/SiO2 catalyst. The oxygen product distribution proles of
the various Pd loaded SiO2 catalysts are presented in Fig. 12.
The samples were pretreated in the presence of hydrogen at
300 �C before the reaction. All the samples exhibit oxidation of
metallic Pd to PdO irrespective of Pd loading in the lower
reaction temperature region. Interestingly, there is not much
change in the PdO to metallic Pd reduction temperature with
changing Pd loading (Fig. 12). The oxygen signal intensity
increases with increasing Pd loading. This is due to higher
Fig. 12 O2 product release profiles of the PdO/SiO2 catalysts with
different PdO loadings during direct NO decomposition.

19654 | RSC Adv., 2017, 7, 19645–19655
amount of metallic Pd oxidation to PdO in the lower reaction
temperature region.

Our study shows that the mechanism of the direct NO
decomposition is different than the three-way catalysis. In
three-way catalysis both PdO and metallic Pd are active
components for the reaction. Only metallic Pd is active for the
direct NO decomposition. In three-way catalysis the chemical
state of palladium (Pd(II) or Pd(I) or metallic Pd) depends on the
several factors like support, Pd loading, particle size, synthesis
method, promoter etc. In direct NO decomposition the chemical
state of palladium strongly depends on the reaction tempera-
ture. Irrespective of pretreatment, and palladium loading most
of the metallic Pd oxidized to PdO during the direct NO
decomposition in the lower reaction temperature region (<500
�C). The oxidized Pd releases oxygen aer 500 �C and converted
to metallic Pd. These results show that the techniques devel-
oped for three-way catalysis not necessarily work for direct NO
decomposition and completely different approach needed to
develop a Pd-based catalyst for direct NO decomposition in the
lower reaction temperature region (<500 �C).
4. Conclusions

Inuence of pretreatment and reaction temperature on the
mechanism of the direct NO decomposition has been investi-
gated over PdO/SiO2 model system. Our activity and character-
ization measurements suggest that the mechanism of the NO
decomposition is completely different at lower, medium and
higher reaction temperatures. At lower reaction temperatures
(<500 �C) the activity is mainly due to the oxidation of the Pd
metal to PdO and the oxidation ability of Pd metal depends on
the particle size and active metallic surface area. The Pd–PdO
composite formation occurs during the helium pretreatment
and resists the sintering of Pd metal and leads to the higher NO
conversion at lower reaction temperatures compared to the
hydrogen pretreated catalyst. Irrespective of pretreatment and
loading, supported palladium catalysts release oxygen aer
500 �C due to the reduction of the PdO to Pd metal. Then, the
simultaneous oxidation–reduction cycle occurs in the medium
temperature region (500–680 �C) and mainly responsible for the
NO conversion in this region. PdO completely reduces to Pd
metal aer 700 �C for hydrogen pretreated catalyst and aer
750 �C for helium pretreated catalyst and NO directly decom-
poses into N2 and O2 on the Pd metal surface and no further
oxidation of Pd metal occurs.
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