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CO adsorption and O, activation played important role in CO oxidation on supported Pd catalyst, which
was depended on the chemical state of Pd. A series supported Pd on Al,O; catalysts with different state
were prepared: metal Pd (NCR), PdO (NC), Pd** coordinated with CI" (Pd**-CI", CF), and the mixture of
PdO and Pd*"-CI' (CC), the activity of CO oxidation was in the order of NCR ~ CF > CC >>NC. The
catalysts were characterized by BET, XRD, H,-TPR, XPS and In-situ DRIFTS. The results showed that
the metal Pd (Pd°) could be partially oxidized to Pd" in the presence of O,, which producing the new CO
adsorption sites and decreasing CO adsorption strength simultaneously. The cooperation of enhancement
of CO adsorption amount and decrease of CO adsorption strength led to high activity for CO oxidation on
NCR. For Pd existed in the species with high chemical valence (Pd*"), the chemical environment or
coordinated ligand of Pd species showed great effects on the CO oxidation. The lowest CO oxidation
activity on NC was induced by that PdO hardly adsorbed CO, meanwhile, PdO was difficult to be reduced
by CO. However, the existence of CI significantly promoted the reduction of Pd** to Pd*, which
increasing the CO adsorption amount and resulting in the higher activity for CO oxidation on CF and CC
than PdO. Tuning the CO adsorption by adjusting chemical state of Pd may be a useful approach to

prepare the highly efficient supported Pd catalyst.

1. Introduction

CO oxidation has drawn great attention due to its wide
applications, such as automotive emission control and CO
preferential oxidation for proton exchange membrane fuel cells
(PEMFC)". Supported noble metal catalysts have been proved
to be effective for CO oxidation and have been widely studied *
13, Since the pioneering work by Haruta'®, nano-gold catalyst was
regarded as the catalyst with the highest activity for low
temperature CO oxidation. However, the direct applications of
supported Au catalysts in the commercial processes have been
hampered by several unsolved problems'® 7. Supported Pt and
Pd catalysts are the most active catalysts at the high temperature®
1819 for example used in car exhaust after-treatment, but showed
poor activities for low temperature CO oxidation, which origined
from the competition between CO adsorption and the formation
of active oxygen. For example, too strong CO adsorption on Pt
surface blocked the active sites for oxygen adsorption and
activation, namely CO poison effect, especially at low
temperature™ 2. In order to improve the activities of Pd and Pt, a
method for providing the extra activesites of oxygen activation
on the catalyst was adopted to improve the catalytic activity of
noble metals for CO oxidation. For instance, growing FeO, on Pt
(111) could supply the extra active sites for O, activation for Pt
catalyst with the help of FeO,”, supported Pd on Fe(OH),

70

showed comparable activity of CO oxidation with nano-gold
catalyst™* ™%,

Nerskov et a calculated the Sabatier activity of CO oxidation
on Pd, Pt, Cu, Ag and Au, giving the upper bound of reaction
rate. The results showed that the adsorption energy of CO and
atomic O (scaling linearly with the adsorption energy of O)
decided the Sabatier rate of CO oxidation, providing an idea to
improving CO oxidation activity of Pd by decreasing the
adsorption energy of CO and O, .

The adsorption of CO and the activation of O, are significantly
influenced by the chemical state of Pd***°. For example, metal Pd
could adsorb CO on the hole, bridge and top sites, and O, on the
adjacent adsorption sites’"*2. CO hardly adsorbed on the surface
of PdO*!, and the O, adsorption also obviously declined due to
the Pd surface having positive charge® **. Meanwhile, the
reaction atmosphere, temperature and etc. could induce the
transformation between different Pd states, showing great effects
on CO oxidation. Rupprechter’’ et al. reported the rapid reduction
of PdO,., to Pd upon CO exposure. Goodman®> * further found
the Pd oxide surface with lower exposure of O, formed more
defects, which adsorbed more CO and showed stronger
interaction with CO, exhibited enhanced reactivity for CO
oxidation. Compared with PdOY, our recent results of CO
oxidation on PdCl,-CuCly/Al,O; showed PdCl, was easily
reduced to Pd* by CO®*, which indicated the chemical
environment or the coordinated ligand of Pd could greatly

1.8

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 |1



@

2

2

3

3

4

4

w

0

G

0

a

S

@

S

Catalysis Science & Technology

influence the redox properties of Pd and the existence form of Pd
species in the reaction, playing important role in CO oxidation.

In this work, we prepared the supported Pd catalysts with
different state and investigated the effects of Pd chemical state on
the low temperature CO oxidation. XRD, XPS, H,-TPR and In-
situ DRIFTS were used to gain insight into the roles of Pd
chemical state in CO oxidation.

2. Experimental
2.1 Materials

Absolute ethyl alcohol (CP) was from Sinoharm Chemical
Reagent Co., Ltd.; Pd(NO3),(AR) was from Heraeus Materials
Technology Shanghai Ltd.; Al,O,(BET surface area of 194 m/g)
was from Yang-Zhou Baisheng Catalyst Co., Ltd.

2.2 Catalyst preparation

Supported Pd catalyst was prepared by wetness impregnation
method with aqueous Pd(NOs), solution as Pd precursor. Briefly,
0.216 g PA(NO;), was dissolved in 8ml de-ionized water and 2
ml absolute ethyl alcohol. 5 g Al,O; was impregnated in this
solution. After aging under stirring for 2 h, the catalyst was dried
at 40 °C by reduced pressure distillation through rotary
evaporator, then calcined in 50 vol.% O,/N, gas flow (50 ml/min)
at 550 °C for 3 hours. The obtained catalyst was denoted as NC.
NC was further reduced by pure hydrogen (40 ml/min) at 200 °C
for 3 hours to obtain NCR catalyst. Another supported Pd catalyst
using HCI solution of PdCl, as precursor was prepared in the
same way. The catalysts before and after calcination were
denoted as CF and CC, respectively.

2.3 Catalyst characterization

The specific surface areas of the catalysts were determined by
nitrogen adsorption at 77.4 K using a NOVA 4200¢ instrument.
Prior to each measurement, the samples were vacuumed at 180
°C for 10 h.

Actual Pd loading were measured by an ICP-AES instrument
(Varian 710). The amounts of chlorine or nitrogen in the catalysts
were determined by X-ray fluorescence instrument (XRF-1800)
and elemental analyser (German elementarvario EL III),
respectively.

The powder X-ray diffraction patterns (XRD) of the catalysts
were recorded on a Bruke D8 focus diffraction spectrometer
using a Cu Ka radiation (1.54056 A, 40 Kv and 40mA) over a 20
range from 20° to 80° with a scan rate of 6°/min.

The X-ray photoelectron spectroscopy (XPS) was performed on a
Thermo ESCALAB 250 spectrometer with Al Ka radiation
(1486.6 eV). All of the XPS data were calibrated using the
binding energy of C 1s (284.6 V) as standard.

Temperature programmed reduction by hydrogen (H,-TPR) was
performed on a commercial temperature-programming system
with 100mg catalyst. The samples were heated in 5 vol.% H,/N,
gas flow (45 mL/min) from room temperature to 800 °C with a
heating rate of 10 °C/min.

In-situ diffuse reflectance infrared Fourier transition spectroscopy
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(DRIFTS) was carried out on a Nicolet Nexus 670 spectrometer
equipped with a MCT detector cooled by liquid nitrogen at a
spectral resolution of 4 cm™ (accumulating 64 scans). About 40
mg of fine powder catalyst were placed firmly in the diffuse
reflectance cell fitted with ZnSe window and a heating cartridge.
The catalyst was pretreated in He flow (30ml/min) at 200 °C for
1h and cooled down to 30 °C for 15 min, then the background
spectra were recorded. After pretreatment, the catalyst was
exposed to the corresponding gas mixture, the DRIFTS spectra
were collected. For CO adsorption, the spectra were recorded
after the sample being exposed to 500 ppm CO in Helium (ca.40
mL/min). The mixture of 500 ppm CO and different
concentration O, in a Helium flow (10, 20 and 40 vol%) was
used in the CO oxidation.

2.4 Testing of catalytic activity

The activity of catalyst for CO oxidation was tested in a quartz
U-tube (®@3.5mm) fixed-bed reactor at atmospheric pressure. The
temperature was controlled by using vacuum flask with
ethanol/liquid nitrogen mixture from -80 °C to 10 °C, and by
warm water bath from 10 °C to 100 °C. 200 mg catalyst of 20-40
mesh was used for each run. The feed gas consisted of 200 ppm
CO and 20 % O, balanced with nitrogen passed through the
catalyst bed at a flow rate of 30 ml/min, the space velocity was
9000 ml g ' h™". For kinetic measurements, space velocity was
controlled at a range of 9000-60000 ml g' h™' to limit CO
conversion between 5% and 15%. All the activity tests were
carried out after the reaction was under steady state condition,
CO conversion was measured by an online gas chromatograph.

3. Results

3.1 CO oxidation activity and kinetic measurement on
different catalyst

Fig.1 shows the CO oxidation activity of different catalysts. CO
could be completely oxidized at 92 °C on NC. H, pre-reduction
greatly promoted the activity of NC, and the complete conversion
temperature (T ;o) of CO was 8 °C on NCR, which implied metal
Pd behaved higher activity. However, CF, prepared by the
deposition of PdCl, on AL,O;, showed surprising high activity,
Tgo was 10°C, which was close to that of NCR. After calcination
at 550°C, the activity of CC decreased slightly, Ty of CC was
25 °C, much lower than that of NC. Table.l shows the kinetic
parameters for CO oxidation over Pd catalysts. TOFs normalized
by unit surface Pd atom were compared to gain insight into the
intrinsic activities of Pd catalysts. TOF of pre-reduced NCR
catalyst was 93.09%X10° s' at 0 °C, much higher than NC
catalyst (10.99X 107 s™). Interestingly, TOFs of CF and CC
with high chemical valence of Pd (56.43 X 10" and 44.70 X 107 &
") were also much higher than NC. Combined with the results, it
could be concluded that the chemical state of Pd, including
valence state and coordination environment, showed significant
effects on the activity.

This journal is © The Royal Society of Chemistry [year]
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Table 1. The compositions, surface areas, kinetic paratmeters for CO oxidation and surface compositional of Pd in different catalysts

pd Nl Surf Pd The ratio of different Pd
. (€D a urtace Dispersion®  species %10’ TOF%10° Surface P.d states
Catalyst  loading amount area %) size (molcorg pa'»s™) ) concentration
Wt%) (W% (m%g) (om) e (at.%) P& PO P& Pd
NCR 1.80 <0.3 178.7 6.7 20 5.25 93.09 091 >99 / / /
NC 1.73 <0.3 164.2 6.2 21 0.66 10.99 0.94 / >99 / /
cC 1.66 1.70 155.4 15.9 8 6.30 44.70 0.43 / 74 6.5 19
CF 1.72 3.15 165.7 17.0 7 9.02 56.43 0.39 / / 55 45

N amount was detected by a German elementar vario EL III elementalanalyser, the detection limitation was 0.3%.

®Dispersion of Pd was obtained from CO chemisorption at 30 °C, all catalysts were pre-reduced by H, at 300 °C for 0.5h before CO chemisaorption.

“Reaction rate (r) was obtained at 0 °C.

0 T T T T T T T T
60 -40 -20 0 20 40 60 80 100

5 HCI solution of PdCl,) than PZC of Al,O3, which was available
2s for the dispersion of Pd species with negative charge on the
support surface through electrostatic attraction**. The dominant
1001 Pd species was PACLY anion in HCI solution of PdCl, and
v Pd**cation in Pd(NOs), solution. Therefore, the dispersion of Pd
< 80+ species on Al,O; support were effectively promoted when HCl
OE 30 solution of PACl, was used as precursor.
O 604
&
o
2 7 e P’
c 40
o ° PdO
3 NG NCR .MM m M
] ——
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—»—CF NC ° N °
C

c
Temperature/ °C
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Fig. 1 The catalytic activity of different supported Pd catalysts (200 ppm
CO + 20% O, balanced with N, WHSV 9,000 ml g 'sh™")

20 30 40 50 60 70 80
10 3.2 X-ray diffraction and BET surface area 2theta/°

XRD patterns of different catalysts are shown in Fig. 2. The
characteristic diffraction peaksof PdO were detected at 33.8,
42.2, 54.9 and 71.7° on NC catalyst *'**, which indicated the 3.3 X-ray photoelectron spectroscopy
growth of PdO particles in the process of calcination. After H,
15 reduction, the NCR pattern showed a diffraction peak at 40.12 °,
which was attributed to metallic Pd species*. The particle sizes
of PdO/Pd in NC and NCR calculated based on Debye-Scherrer
formula were about 20 nm, which were close to that derived from
CO chemisorption (Table 1). However, no characteristic peaks of
20 PACI, or PdO were detected on CF and CC catalysts, which
indicated PdCl,/PdO was highly dispersed on the support surface.
It was because that Al,O; surface was positive charged due to the
lower pH value of impregnation solution (Pd(NOs), solution or

Fig. 2. XRD patterns of supported Pd catalysts

Pd 3d XPS spectra and surface composition of the catalysts are
35 shown in Fig.3 and Table.1. The Pd loadings determinated by
ICP-AES were close to 1.7% in all catalysts (Table 1). However,
the surface concentration of Pd on CC or CF was about half of
that on either NC or NCR (Table 1). The XRD results have
confirmed the Pd species were highly dispersed on the surface of
40 CC and CF. Therefore, the lower surface concentration of Pd on
CC and CF was believed to be aroused by the transfer of Pd
species into the inner pore of supports.
Pd 3ds), binding energy (B. E.) of NC is 336.7 eV, corresponding

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00—00 |3
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to PdO species™™. After being reduced to metallic Pd (Pd°) by
H,, the B. E. of Pd 3ds, in NCR shifted to 335.0 eV*> .
However, two states of Pd were observed on CF at B.E. of 337.6
and 335.8 eV, which could be ascribed to Pd*" and Pd",

s respectively’®. Meanwhile, the B. E. of Pd*" in CF was higher
than that of PdO in NC which was induced by the existence of
CI on the CF surface (Table 1). CI" modified the chemical state
of Pd and decreased the electron density around Pd due to the
stronger electronegativity of CI". It was implied that the chemical

10 environment of Pd could be effectively adjusted through the
different coordination environment. After calcinations in the air,
the states of Pd in CC became more complex, PdO was detected
at the B. E. of 336.8¢V except Pd®>" and Pd’, but the surface
contents of Pd*" and Pd" decreased significantly, which indicated

15 that most of Pd** and Pd* (coordinated with CI’) transferred to
PdO during the calcinations.

_Z -

NCR

Intensity/ a.u.

2+
N

332 334 336 338 340 342 344 346 348 350

Binding Energy/ eV

Fig.3 XPS spectra of Pd in different catalysts

3.4 H,-temperature programmed reduction

20 Hy-TPR results showed that two hydrogen consumption peaks
were observed on NC at 48 and 81 °C, the area of former peak
was much bigger than that of latter (Fig. 4). In general, PdO
could be reduced to metallic Pd at the temperature lower than 200
°C *8, and the particle size of PdO and the properties of support

25 had significant effect on the reduction temperature of PdO. The
bigger PdO particles were easier to be reduced by H, than smaller
ones due to the less interaction with the support*'*2. Hence, the

low temperature reduction peak of NC was suggested to be the
reduction of large PdO particles, and the high temperature

30 reduction was the contribution of the small Pd oxide phase
having stronger interactions with support*> .

Intensity/ a.u.

T T T T T T T T T
25 50 75 100 125 150 175 200 225 250
Temperature/ °C

Fig.4 H,-TPR profiles of NC, CF and CC

Compared with NC, CF catalyst showed different reduction
35 performance, the reduction shifted to lower
temperature, and three peaks were detected including two
positive peaks at 39 and 65°C and one negative peak at 51 °C.
The negative peak was the characteristic of decomposition of the
B-PdH phase " ', representing the presence of metallic Pd
40 particles. At the same time, the amount of H, consumed on CF,
corresponding to the total area of two positive peaks, were much
less than that of NC, implying that some Pd species had been
reduced before TPR experiment. Combined with the results of
XPS, it was suggested that the presence of Cl” promoted the
4s reduction of Pd species on the CF.
After calcination, a negative peak and a positive peak were
detected at 66 and 86 °C on CC, respectively, which
corresponded to H, desorption ** *' and the reduction of Pd
species. The desorption peak of H, indicated part of Pd species in
so CC still can be easily reduced below ambient temperature.
Combined with the XPS result, the easily reduced Pd species
could be conjectured as the Pd" or Pd*" species coordinated with
CI'. Compared with NC, the reduction peak area of CC in the
temperature range of 70-150 °C increased significantly, which
ss indicated the more PdO particles with smaller size existed on CC.

temperature

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 In situ DRIFTS spectra of the adsorption of CO and CO/O2 on the catalyst of (a) NCR, (b) NC, (c¢) CF and (d) CC

5 3.5 In-situ diffuse reflectance infrared Fourier transition

spectroscopy (DRIFTS)

In-situ DRIFTS was used to observe CO adsorption on the

catalysts, the results are shown in Fig.
peaks at 2150-2160 cm™ are associ

10 groups in Pd*" complexes (Pd**-CO)** **; the peaks at 1930-1940
em’ are related with bridged carbonyl ligands in Pd* complexes
(Pd*,~CO)**; bands at 2090 cm™', 1990 cm™ and broad peaks at
1810 cm™ can be assigned to CO adsorption bands on metallic

Pd, which corresponding to the linear

1s bonded carbonyl (Pd°-CO) and
complexes(Pd’;-CO), respectively™>
adsorption peaks at 2350 cm™'*!
2170 and 2120em™ *" %,

For CO adsorption on NCR catalyst, as can be seen in Fig. 5a, a

and gaseous CO give peaks at

2 strong peak corresponded to Pd%,-CO (the sharp band at 1985 cm’
") were detected,and the intensity of vibration peak increased

with the increasing of CO adsorption time, which indicated that

5. In these DRIFT spectra,
ated with linear carbonyl

carbonyl (Pd°-CO), bridge-
triply bonded carbonyl
3 Gaseous CO, have

bridge sites are more favored for CO chemisorption than top sites
on Pd, this result is consistent with a DFT study by Hu®*’. After
25 the introduction of O, in the inlet gas, a new strong peak assigned
to Pd,—CO (1930 cm™) and a weak peak of Pd’-CO were
observed, and the intensity of Pd°-CO peak enhanced
significantly, which revealed O, in the flow not only oxidized
part of Pd° to Pd" but also greatly promoted the adsorption of CO
30 on the bridge sites of Pd. At the same time, the blue shift of Pd’-
CO were also observed. It was accepted that high electron density
of metallic Pd helped the strengthening of M—C bond through the
formation of a metal-CO covalent adduct, which transferred

electron into the anti bonding 2u* orbits and weakens the C-O

35 bondsz.

As metallic Pd was partially oxidized, the electron

This journal is © The Royal Society of Chemistry [year]
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density of Pd surface decreased and the transferring electron into
the anti bonding 2u* orbits of C—O bond was suppressed, which
could lead to the blue shift of Pd’%-CO. After removal of CO
from the feed gas, the vibration peaks of Pd",-CO, Pd%-CO and
Pd’-COdisappear, which indicated the adsorbed CO was
consumed by oxygen in the feed gas.

For CO adsorption on NC, as shown in Fig. 5b, a weak and broad
Pd**-CO band could be observed around 2166 cm™, the CO
adsorption amount was much smaller than that on NCR.
Although XPS results in Fig. 3 displayed the surface Pd species
of NC existed as PdO, a linear Pd°-CO band could be clearly
detected at 2090 cm’', and the peak intensity increased slightly
with the CO adsorption time, which implied that part PdO could
be reduced to Pd’ by CO in the CO adsorption. It was different to
the bridge adsorption of CO on NCR (Pd®,-CO), CO was mainly
linearly adsorbed on the Pd sites of NC. It was because that CO
in the feed gas could reduce a little PdO to Pd metal, the initial
long distance between two Pd atoms in partial reduced NC did
not allow CO to adsorb on bridge sites.The presence of 10% O,
did not significantly influence the CO adsorption on NC until O,
content increased to 40%. A broad Pd",-CO was clearly detected
along with the decreasing of Pd’-CO, and Pd**-CO was slightly
strengthened simultaneously, which indicated a little metallic Pd
was re-oxidized to Pd" or Pd*" by O,. After removing CO from
the feed gas, Pd*,-CO and Pd’-CO still could be observed, which
indicated Pd",-CO and Pd’-CO on NC were inactive in room
temperature.

For CO adsorption on CF (Fig.5c), a sharp peak of Pd*,-CO and
weak peaks of Pd°-CO and Pd’-CO were observed at 1939, 1990
and 2093 cm’', respectively. The results of XPS showed the
surface Pd species were ascribed to Pd*" and Pd*, but Pd**-CO
could not be detected here. Following the increase of CO
adsorption time, the Pd",-CO band grew up quickly, meanwhile,
the weak peaks of Pd’,-CO and Pd°-COincreased slightly, which
indicated Pd*" in CF was easily reduced into Pd* by CO at room
temperature. Compared with the CO adsorption on NC, the
reduction degree of Pd species greatly depended on the chemical
enviroment of Pd. the surrounding ligand of CI" could promote
the reduction of Pd*" in CF. The intensities of Pd*,-CO, Pd°,-CO
and Pd’-CO decreased gradually with the increase of O, content
to 40%. After removing CO from the feed gas, most of the CO
adsorption species faded away.

As for CC sample, XPS revealed the surface Pd species were
mainly PdO on CC, the rest of Pd were consisted of a large
amount of Pd* and a little Pd** closely connected by the residual
CIl . As shown in Fig.5d, Pd**-CO was hardly detected in CO
adsorption on CC. A sharp Pd*,-CO and weak Pd’,-CO and Pd"-
CO were observed at 1939 cm™ , 1990 cm™ and 2093 cm’,
respectively. Different from CO adsorption on CF, the intensity
of Pd",-CO didn’t increased with the increasing of adsorption
time, which indicated some Pd*" had been reduced into Pd" by
CO at the beginning of CO adsorption. It is worth mentioning
that the Pd",-CO intensity ratio of CC/CF was 0.38, close to the
XPS result (0.28). After the introduction of O,, all CO adsorption
species, including Pd*-CO, Pd’,-CO and Pd’-CO, decreased
gradually.After removing CO from the feed gas, CO adsorption
species were hardly detected except a small amount of Pd",-CO.

10
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4. Discussion

The oxidation state of Pd played important role in CO oxidation.
In general, the adsorption of CO on metal Pd (Pd°) is relatively
stronger than that of O,, which leads to the CO surface coverage
is higher than O, and results in the low activity of Pd° for CO
oxidation”™ '*. PO also showed lower activity for CO oxidation
due to absence of CO adsorption“‘ 33,34 However, the oxidation
state of Pd could be varied in the reaction process depended on
the reaction conditions and chemical environment of Pd.

@N

PdO

CI" ligand
Cco

Lz
NP

Fig.6 The schematic illustration of catalytic mechanism with different Pd
state

d*/ Cl-Pd* CL-PdO

For NCR catalyst, XPS results showed the Pd species on the
surface was Pd’, the DRIFTS of CO adsorption on NCR also
confirmed it. After introducing of O, in the feed flow, part of Pd’
was easily oxidized to Pd" and the adsorption states of CO
became more complex (as Fig.6 shown). The significant Pd,-CO,
Pd",-CO and Pd’-CO were observed instead of only Pd,-CO in
the absence of O,, which indicated the partial oxidation of pd°
produced new adsorption sites for CO. Meanwhile, CO
adsorption strength on bridge sites of Pd (Pd’,-CO) decreased
which corresponding to the blue shift of Pd%-CO. In general, CO
preferentially adsorbs on hollow and bridge sites on Pd” followed
by the top sites, O, usually adsorbs on the adjacent adsorption
sites on metal Pd*>. When Pd° was partially oxidized by the O,,
the original Pd metal cluster was expanded and the Pd-Pd
distance increased, which promoted the transformation of CO
adsorption on hollow/bridge sites to the adsorption on the
bridge/top sites and resulted in the increase of CO adsorption
sites. The combined effects of the increased CO adsorption
amount and the decreased CO adsorption strength, deriving from
the easily oxidation of Pd°, led to the higher activity of NCR
catalyst for CO oxidation.

It was different from NCR, Pd species existed as PdO on the
surface of NC, which proved by the XPS results in Fig.3. PdO
hardly adsorbed CO, and PdO was difficult to be reduced by CO
to produce new adsorption sites (Fig. 5b), which resulted in the
poor activity of NC for CO oxidation®" **. However, for Pd
species with high valence, the chemical environment or
coordinated ligand of Pd could greatly affect the redox properties
and adsorption performance of Pd species (as Fig.6 shown).

For CF catalyst, the XPS results showed the main species of Pd
were Pd*" and Pd”. But unlike PdO, Pd** coordinated with CI
was easily reduced by CO in the reaction gas, corresponding to
the enhancement of Pd",-CO vibration and the appearance of

This journal is © The Royal Society of Chemistry [year]
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Pd,-CO with the increasing of CO adsorption time. Furthermore,
the Pd" species could be stable in the presence of O, even if O,
content increased to 40%.However, Pd*,-CO vibration shifted to
lower wave number comparing with that on NCR. It indicated the
CO adsorption strength on CF was stronger than that on NCR,
induced by the effects of CI', which could increase the reaction
barrier of CO oxidation®™®, Hence, CF showed higher activity
for CO oxidation than NC, but lower than NCR.

It is interesting that CC behaved comparable CO oxidation
activity with CF and NCR, much higher than NC. XPS results
showed the main Pd species was PdO, which should lead to the
lower activity for CO oxidation due to the poor adsorption of
CO’" 3 However, it should be noted that the obvious CI still
could be detected on CC catalyst, which promoted the reduction
of Pd** by CO. Compared with CF, catalyst calcination decreased
the amount of CI" on CC and decreased the reduction properties
of Pd species, which along with the relative lower activity for CO
oxidation.

In order to further confirm the roles of CI" in the CO oxidation on
the Pd catalyst, we prepared NCI-C catalysts with the same
preparation method of NC catalyst except the adding of
hydrochloricacid into Pd(NO;), solution. As can been seen from
Fig.7, NCI-C showed much higher activity than NC, which
indicated the presence of CI” could affect the chemical state of Pd
and promote CO oxidation.

100
80
=S
= 60 -
Ke]
[
5]
O 40+
c
e}
o
O 204 ——NC
O —v—NCI-C
0 T T T T T T T T
60 -40 -20 O 20 40 60 80 100

Temperature/ °C

Fig.7 CO oxidation activities of NC and NCI-C (200 ppm CO + 20% O,
balanced with N, WHSV 9,000 ml (g*h) ")

Conclusions

The chemical state of Pd played important role in CO oxidation.
We prepared supported Pd catalyst in four different states: metal
Pd (NCR), PdO (NC), Pd*" coordinated with CI" (Pd*'-Cl, CF),
and the mixture of PdO and Pd**-Cl (CC), and the activity of CO
oxidation was in the order of NCR ~ CF > CC >>NC. For metal
Pd (Pd’), partial Pd® could be oxidized to Pd ion (Pd") by the O,
in the feed flow, which producing new adsorption sits and
increasing CO adsorption amount. Meanwhile, the partial
oxidation of Pd decreased CO adsorption strength on Pd surface.
The cooperation of enhancement of CO adsorption amount and
decrease of CO adsorption strength led to high activity for CO
oxidation on NCR. For the Pd with high chemical valence (Pd*"),
the chemical environment or coordinated ligand of Pd species
showed great effects on the CO oxidation. When Pd*" species

4

o

70

I

S

95

100

105

existed in the form of PdO, CO was hardly adsorbed on the
catalyst surface. Meanwhile, the stable PdO was difficult to be
reduced by CO, which indicated the new CO adsorption sites
weren't produced in the reaction. The combined effects of these
factors led to the poor activity of NC for CO oxidation. However,
when Pd?" coordinated with chlorine, Pd>" was much easier to be
reduced into Pd” by CO than PdO, which greatly promoted CO
adsorption and resulted in the good activity for CO oxidation.
Furthermore, tuning the CO adsorption by controlling the
chemical state of Pd may be a useful approach to prepare the
supported Pd catalyst with low temperature CO oxidation
activity.
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