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Abstract Pd-Cu/APT catalysts were prepared by an
impregnation method (PC-IM) and an evaporation ammo-
nia method (PC-AE), respectively. Their catalytic activities
for low-temperature CO oxidation were studied. It is found
that PC-AE shows much higher catalytic activity. Char-

Cu,(OH);Cl phase with nanoplatelet morphology in PC-
AE. In addition, PC-AE possesses high specific surface
area and enhanced reducibility, which may contribute to
the excellent catalytic ability.
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1 Introduction

The low-temperature CO catalytic oxidation is of great
significance owing to its practical application such as air

purification, CO gas sensors, gas mask, lowering
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automotive emission and purification of hydrogen for
proton exchange membrane fuel cells (PEMFCs), etc. [1-
51

Among various catalysts, the hopcalite catalyst (a mixed
manganese and copper oxides) and Co3;0, have high cat-
alytic activity at room temperature, especially Co;0,4 cat-
alyst that is active even at —77 °C, however, both of them
severely deactivate in the presence of trace amount of
moisture due to the blocking of active sites by water ad-
sorption [6-8]. Also, noble metal catalysts (Pt, Pd and Au)
show excellent catalytic performance for CO oxidation at
low temperature [9-11]. In particular, Au-based catalysts
could be superior to Pd and Pt catalysts. But Au-based
catalysts also have several unsolved problems, for example,
they are sensitive to halogen-including compounds and in-
door light (light from fluorescent lamps), resulting in de-
activation during reaction or storage [12, 13]. The supported
Wacker catalyst, in which an aqueous solution of PdCl,—
CuCl, is loaded into the pores of the high surface area
supports, is known to accelerate the oxidation of CO near
room temperature and is stable even in the presence of or-
ganic halogen compounds and large amounts of moisture in
the feed gas [3, 14, 15]. The catalytic performance of sup-
ported Wacker catalyst is highly dependent on several pa-
rameters, such as support, addition agent, preparation
method and reaction conditions. In order to improve the
catalytic activity, previous works mainly focused on
searching for a proper support or adding different addition
agents. Lee et al. [16]. investigated the effect of supports on
the catalytic performance of supported Pd—Cu catalysts, and
found that the catalytic activity decreased approximately in
the order of active carbon > (active carbon + ZSM-
5) > ZSM-5 > molecular sieve-13X > molecular sieve-
5A > alumina. They thought that the poor activity for
zeolite-based catalyst is largely due to the pore-filling with
water, which decreased the gas-liquid interfacial surface
area. Wang et al. [17] claimed that Pd—Cu catalyst sup-
ported on Al,O; possessed better catalytic performance
than that on TiO,, because the higher BET surface of Al,03
support facilitates the dispersion of Pd*" species and the
presence of Cu,ClI(OH); over Pd—Cu/Al,Oj5 catalyst accel-
erates the re-oxidation of Pd°~Pd>*. Park et al. [18]. tested
other Cu precursors as an addition agent for CuCl,, such as
Cu(OH),, Cu(CH;COQO), and Cu(NOs),, and found that
Cu(NOs), was the best Cu addition agent precursor, be-
cause Cu(NOs3), can promote the formation of Cu,(OH);Cl
in catalysts. In recent years, some researchers paid attention
to developing a suitable preparation method to promote the
catalytic performance [3, 19, 20]. Shen et al. reported the
Pd-Cu-Cl,/Al,O5 catalyst prepared by a NH; coordination-
impregnation method, which exhibited an excellent activity
for low-temperature CO oxidation due to the higher
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dispersion of active copper species and the excellent low-
temperature reduction characteristic [3].

The Pd—Cu/attapulgite clay (Pd—Cu/APT) catalyst pre-
pared by an evaporation ammonia method has not been
reported. In this paper, the evaporation ammonia method
was employed to prepare an APT supported PdCI,—CuCl,
catalyst (PC-AE), which exhibits excellent catalytic per-
formance for CO oxidation at low temperature in the
presence of large amounts of moisture. For comparison, the
Pd—Cuw/APT catalyst was also prepared by using a tradi-
tional wet impregnation method (PC-IM). Herein, PC-AE
and PC-IM were characterized by XRD, N,-physisorption,
FTIR, TEM and TPR, and the relationships between the
preparation method and the structure, catalytic perfor-
mance were also discussed in detail.

2 Experimental
2.1 Preparation of Catalysts

Pd-Cu/APT catalyst was prepared by an evaporation
ammonia method as follows: 0.02 g of PdCI, and 1.82 g
of CuCl,-2H,0O were dissolved in 10 ml of H,O, and
20 ml of 28 % ammonia aqueous solution was added and
stirred for 30 min. Then 5 g of APT was added into the
above solution and the initial pH of the suspension was
11.5. The suspension was stirred for another 4 h. All the
above operations were performed at room temperature.
The suspension was transferred to an water bath pre-
heated at 60 °C to allow for ammonia evaporation. When
the pH value of the suspension decreased to 6.5, the
suspension was removed from the water bath, and the
evaporation process was terminated. After being filtered,
the residue was dried in air at 80 °C for 3 h and at
120 °C for other 3 h, then calcined at 300 °C for 3 h in
air. The sample prepared was designated as PC-AE. The
average contents determined by ICP-AES were 0.34 wt%
and 11.92 wt% for Pd and Cu, respectively, which were
a little lower than the theoretical values (Pd 0.35 wt%,
Cu 12 wt%).

Pd—Cu/APT catalyst was prepared by a wet impregna-
tion method as follows: 0.02 g of PdCl, and 1.82 g of
CuCl,-2H,0O were dissolved in 10 ml of H,0, and then 5 g
of APT was added into the above solution. After being
aged at room temperature for 3 h, the solid was dried in air
at 80 °C for 3 h and at 120 °C for other 3 h, and then
calcined at 300 °C for 3 h in air. The sample prepared was
designated as PC-IM. The average contents determined by
ICP-AES were 0.35 wt% and 11.98 wt% for Pd and Cu,
respectively, which were almost the same as the theoretical
values.
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2.2 Characterization of Catalysts

The contents of Cu and Pd in the catalysts were determined
by a Varian 710ES inductively coupled plasma-atomic
emission spectroscopy (ICP-AES). All determinations were
conducted at least in triplicate. Powder X-ray diffraction
(XRD) pattern was performed on a Bruker D8 Advance
diffraction  spectrometer = with  CuKo  radiation
(A = 0.154 nm) at a scanning rate of 2.4°/min in the 26
range of 5-50°. N,-physisorption analysis was measured on
a Micromeritics ASAP-2020 apparatus. Sample was de-
gassed at 150 °C for 5 h before analysis. Specific surface
area (Sggr) was calculated following the multi-point BET
procedure. Hydrogen temperature programmed reduction
(H,-TPR) was performed with a Micromeritics AutoChemII
2920 instrument. 30 mg of sample was loaded. 5 vol% H,/
N, (30 mL/min) mixture was introduced and the tem-
perature was raised from room temperature to 700 °C at a
rate of 10 °C/min. FT-IR spectrum was recorded on a
Bruker Tensor 27 Fourier transform infrared spectrometer
at room temperature. One milligram of each powder sam-
ple was diluted with 100 mg of vacuum-dried IR-grade
KBr. 16 scans were collected for each sample at a
resolution of 4 cm™'. Transmission electron microscopy
(TEM) measurement was carried out using JEM-2100
model TEM with accelerating voltage of 200 kV. Sample
for TEM was dispersed by sonicator in ethanol followed by
deposition of the suspension onto a standard Cu grid cov-
ered with a holey carbon film.

2.3 Catalytic Activity Test

The measurements of catalytic performance for low-tem-
perature CO oxidation were carried out in a flow-through
laboratory microreactor under atmospheric pressure. The
microreactor was a 8 mm i.d. quartz u-tube, and a ther-
mocouple was set into the catalyst bed to measure the
temperature. The samples were sieved to 40-60 mesh so
that temperature gradients and pressure drop over the cat-
alyst bed were negligible. 300 mg of catalyst was used for
each test. The feed gas adjusted by mass flow controllers
consisted of 0.5 vol% CO, 3.3 vol% H,O and balance of
air, passed through the catalyst bed with a total flow rate of
30 mL/min. No pretreatment was applied before catalytic
activity test. The quantitative analysis of CO was per-
formed with an on-line gas chromatograph equipped with a
3 m column packed with carbon molecular sieve, a
methanator and a flame ionization detector (FID). In order
to enhance the sensitivity of the detection, CO and CO,
were converted to CH, by the methanator at 360 °C before
entering into the FID. The activity was expressed by CO
conversion, which was calculated according to:

X (%) = (Coinlet_ Cooutlel)/ Coinlet X 100>

where X is the CO conversion, COj, presents the initial
CO concentration in the inlet, and CO,ye, presents the CO
concentration in the outlet.

3 Results and Discussion

3.1 Catalytic Performance for Low-Temperature
CO Oxidation

CO catalytic oxidation performances of APT, PC-IM and
PC-AE as a function of reaction time are compared and
given in Fig. 1. As shown in Fig. 1, both of the catalysts
show catalytic activity for CO oxidation at room tem-
perature except the support (APT). PC-AE exhibits much
higher catalytic activity for CO oxidation than PC-IM. The
initial CO conversion over PC-AE can reach 100 %, and
has almost no change with continuously increased reaction
time. However, the initial CO conversion over PC-IM is
less than 10 %, but the CO conversion obviously increases
with the extension of reaction time. Then, the CO con-
version could reach a maximum of 60 % after 120 min. It
needs further study whether the PC-IM catalyst has chan-
ged in this process.

The inset shows the effect of reaction temperature on the
CO conversion over the two catalysts. From the inset it can
be seen that PC-AE also shows higher catalytic activity for
CO oxidation than PC-IM not only below room tem-
perature, but also above room temperature. In order to
readily compare with the literatures, the specific reaction
rate for CO oxidation over PC-AE has been calculated. In
general, the Pd*" is regard as the active site of the sup-
ported Wacker catalyst [3, 14, 18], so the specific reaction
rate is calculated based on the number of moles of con-
verted CO on per gram of Pd per hour. PC-AE gives a
specific reaction rate of 0.20 molco/gpg/h at 0 °C, which is
much higher than for 4.4 % Au/Fe,;05 (0.091 molco/gan/h)
at 30 °C [21], and also higher than for Pd—Cu—Cl,/Al,O3
(0.18 molco/gpg/h) at 0 °C [3].

3.2 Characterization of Catalysts
3.2.1 XRD Analysis

X-ray diffraction patterns of support (APT) and the cata-
lysts are shown in Fig. 2. The typical peak at 26 = 8.4°
(dy10 = 1.045 nm) corresponds to (110) of APT, which is
attributed to the basal plane of the APT structure. The
intensity of the peak at 20 = 8.4° indicates the degree of
crystallinity of APT. Peaks at 26 = 19.7° and 20.7° rep-
resent the Si—O-Si crystalline layers in APT. Additionally,
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Fig. 1 Catalytic performance of support (APT) and catalysts pre-
pared by the impregnation method (PC-IM) and evaporation ammonia
method (PC-AE) Reaction Conditions: 0.5 vol% CO, GHSV
6000 h_l, 3.3 vol% H,0, room temperature Inset: The inset shows
the effect of reaction temperature on the catalytic activity of PC-AE

the peak scanned at 26 = 26.7° is attributed to quartz
impurities.

Compared with the diffraction pattern of APT, the weak
diffraction peaks at 20 = 16.2°, 17.6°, 31.0°, 32.2° and
39.5°, characterization of Cu,(OH);Cl structure, were ob-
served in the pattern of PC-AE. However, CuCl,-2H,O
(28 = 16.2°, 21.9° and 33.9°) is a dominant solid copper
phase in PC-IM. In addition, the XRD pattern of PC-IM
after reaction showed that the CuCl,-2H,O species trans-
formed to CuzCl4(OH),-H,O with time on stream (see
supplementary material, Figure S1). The diffraction peak of
Pd species cannot be observed in both of the catalysts, which
indicates Pd species exist as a high dispersed state or below
the detection limit of XRD. Furthermore, it can be seen that
the intensity of diffraction peak (20 = 8.4°) in the catalysts
are less than that of APT support, and the intensity order is:
APT(793) > PC-IM(675) > PC-AE(579), which indicates
the decrease of the degree of crystallinity of APT in cata-
lysts. It has been reported that when CuO is loaded on the
surface of APT, the fine dispersal of CuO particles and the
strong interaction between the CuO and APT support could
result in the decreased diffraction intensity of APT. In the
present Pd—Cu/APT catalyst system, the decreased diffrac-
tion intensity of APT might also derive from the high dis-
persion of Cu, Pd species and the interaction between them
and APT support. In addition, the position of the peak
20 = 8.4° shifts to 20 = 8.3° in PC-AE, indicating the basal
plane distance of APT interlayers slightly increase to
dyo = 1.057 nm. This might suggest that the changes of
APT structure in PC-AE result from not only the more
strong interaction between Cu, Pd species and APT, but also
the effect of evaporation ammonia process.
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Fig. 2 XRD patterns of support (APT) and catalysts prepared by the
impregnation method (PC-IM) and evaporation ammonia method
(PC-AE) Inset: The inset shows a magnification of the XRD patterns
from 7° to 10° for a clear comparison

3.3 N,-Physisorption Analysis

Figure 3 shows N,-physisorption isotherms of APT and
PC-IM, PC-AE catalysts, and their texture properties are
listed in Table 1. On the basis of the IUPAC classification,
the isotherms of APT, PC-IM and PC-AE exhibit a typical
type III class, with a H3-type hysteresis loop characteristic.
All samples show a very strong increase of N,-adsorbed
volume at a relative pressure higher than 0.85, which is the
characteristic of the presence of an appreciable amount of
macropores [22]. The H3-type hysteresis loop indicates the
materials comprised of aggregates (loose assemblages) of
platelike particles, which is the nature of APT. Specific
surface area of APT is 137 m® gfl, which decreases to
62 m> g~' when APT is used as the support of PdCl,—
CuCl, catalyst prepared by the wet impregnation method.
This is mainly resulting from the distribution of copper and
palladium species on the surface or in the channel of APT.
Sger and pore volume of PC-AE are 107 m’ g_l and
0.34 mL g~ ', respectively, which are much larger than that
of PC-IM. This suggests that catalyst prepared by the
evaporation ammonia method possesses higher specific
surface area and larger pore volumes, which are the ad-
vantage for the catalytic CO oxidation.

3.4 FT-IR Analysis

The samples were characterized by FT-IR to understand
the structure and the interaction between Cu, Pd species
and APT. Figure 4 gives the FT-IR spectra between 4000
and 400 cm ™! of the PC-IM, PC-AE and the support APT.
FT-IR spectrum of APT shows two bands at 3631 and
3552 cm™', corresponding to the stretching vibrations of
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Fig. 3 N,-physisorption isotherm of support (APT) and catalysts
prepared by the impregnation method (PC-IM) and evaporation
ammonia method (PC-AE)

Table 1 Texture properties of support (APT) and catalysts prepared
by the impregnation method (PC-IM) and evaporation ammonia
method (PC-AE)

Sample SBET Average pore Pore volume
(m? gfl) size (nm) (mL gfl)

APT 137 10.9 0.37

PC-IM 62 13.0 0.20

PC-AE 107 12.6 0.34

—OH units in the coordinated water and the bond water,
respectively. A broad band between 3500 and 3200 cm ™"
is observed in APT that possibly involved stretching vi-
brations of —OH in the zeolitic water and surface adsorbed
water in APT. The band at 1639 cm™' is ascribed to the
—OH bending mode of all kinds of water. Two bands at
approximately 1026 and 989 cm™' are present in APT and
they have been described as the Si—O vibrations and the in-
layer Si—O bands. However, the two bands change into a
broad band in catalysts, probably originating from the
structure change of APT and the interaction between APT
and copper, palladium species. The band at 798 cm™'
confirms the presence of quartz and the band at 473 cm™
is assigned to the Si—O-Si deformation vibration. The
relative degree of crystalline of APT is calculated by
considering the transmittance of band at 473 cm ™' to the
transmittance of band at 534 cm_l, which is termed as
T473/Ts34. It is worthwhile to note that the T,3/Ts34 ratio
only gives a qualitative estimation of the degree of crys-
talline of ATP. Inset in Fig. 4 clearly shows that the rela-
tive degree of crystalline of APT decreases in the order of
APT > PC-IM > PC-AE, which are consistent with the
XRD results.

1

)

Transmittance/ %

3631

T APT PC-IM
1 . 1 . 1 .

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm'!

PC-AE
1 1 n 1 n 1

Fig. 4 FT-IR spectra of support (APT) and catalysts prepared by the
impregnation (PC-IM) and evaporation ammonia method (PC-AE)
Inset: The inset shows the T,73/Ts34 intensity ration representing the
relative degree of crystalline of APT

Two bands at 3448 and 3359 cm™' in PC-AE are
attributed to the -OH stretching modes of Cu,(OH);Cl,
indicating the existence of Cu,(OH);Cl in PC-AE cata-
lyst. However, the positions of the two bands are not
consistent with the two adsorption peaks at 3445 and
3341 cm™! of the uniform Cu,(OH);Cl [23], demon-
strating the partially amorphous Cu,(OH);Cl on the APT
support. Furthermore, it can also reveal that the inter-
action between Cu species and Pd species or the support
APT, which can be given in TPR results (will be present
shortly).

3.5 TEM Analysis

TEM images of PC-AE (a), PC-IM (b) and the support
APT (c) are shown in Fig. 5. APT exhibits the bundles of
attenuated fibrous structures, in which some impurities of
granular particles and their aggregates can also be observed
from the TEM images (Fig. 5c). The fiber appearance of
APT has no obvious changes after loading with Pd and Cu
species (Fig. 5a, b). In PC-IM (Fig. 5b), there are numer-
ous nanoparticles attached favorably on the surfaces of
APT fibers, and the particle size is not uniform, which is
the feature of catalysts made by the impregnation method.
However, active component on PC-AE (Fig. 5a) is a kind
of nanoplatelet with the size of 15-20 nm, and through
which the fibrous structure of the support (APT) can be
seen clearly. The nanoplatelet seems to present a hexagonal
morphology. According to the XRD results, the hexagonal
nanoplatelet may be the Cu,y(OH);ClI formed in the process
of evaporation ammonia, which is essential for high ac-
tivity of the supported PdCl,—CuCl, catalysts [15, 17].
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As to the formation process of the Cu,(OH)3Cl nano-
platelet, an analysis of the liquid-phase chemistry reaction
may be as follows. The reaction solution initially contains
Cu(NH3)3" with excess dissolved ammonia. When heated
in the water bath, with the evaporation of ammonia the
hydrolysis of the Cu(NH3);" complex occurs, forming
Cu,(OH);Cl species, which attach to each other, extend
along with the fiber surface of APT and form the nano-
platelet. The similar analysis had been reported by Wu
et al., which was concerning the synthesis of metal hy-
droxide/oxide [24]. We also measured the decrease of the
solution pH with reaction time, which reflected the de-
crease of the ammonia concentration during the reaction
process. In order to further confirm the formation of
Cu,y(OH);Cl in the liquid-phase chemistry reaction, the
sample above mentioned before calcination was measured
by XRD, and the result showed that the Cu species existed
as the Cu,(OH);3Cl (not given here).

There are the following two major chemical equilibri-
ums during the formation of Cu,(OH);Cl:

Cu’* +4NH; - H,0 «—— Cu(NH;3)3"+ 4H,0

2Cu(NH;3);"+ CI” + 30H™ «—— 8NH;
1 + Cu,(OH),CL.

3.6 H,-TPR Analysis

TPR profiles of the PC-IM, PC-AE and APT are shown in
Fig. 6. According to the XRD results, CuCl,-2H,0 is a
dominant solid copper phase in PC-IM, while Cu,(OH);Cl
in PC-AE. In the TPR profile of PC-IM, the sharp peak at
311 °C and the peak at 352 °C are ascribed to the re-
duction of CuCl, dispersed on APT and bulk CuCl,
species, respectively. The shoulder reduction peak at
263 °C in TPR profile of PC-IM attributes to the co-re-
duction of Pd and Cu species. It can be seen clearly that
the TPR profile of PC-AE is distinctly different from that

20 nm

of PC-IM. There is a main sharp peak at 282 °C
originating from reduction of crystal Cu,(OH);Cl. Other
peaks presented at 204 and 252 °C ascribe to co-reduction
of Pd and Cu species, and Cu,(OH);Cl dispersed on the
APT, respectively. On the whole, the reduction peaks of
PC-AE shift obviously to lower temperature compared
with that of PC-IM, which indicates Cu,(OH);Cl species
are more easily reduced than CuCl,. In addition, based on
the reduction temperature and area of the peak ascribed to
co-reduction of Pd and Cu species, it can be demonstrated
that the Cu,(OH);Cl species has much stronger interaction
with Pd species than CuCl,. It can be concluded that the
preparation method has a marked influence on the re-
ducible nature of the Pd—Cu/APT catalyst. Furthermore,
the TPR profile of PC-IM after reaction indicates that the
Cu;Cl4(OH),-H,0 phase formed during reaction is more
reducible than the CuCl,-2H,O phase of PC-IM before
reaction, but is still less reducible than the Cu,(OH);Cl
phase present on PC-AE (see supplementary material,
Figure S2).

As seen clearly from the results of XRD and FT-IR, the
Cu species exist as the Cu,(OH);Cl form in the catalyst
prepared by the evaporation ammonia method, which is
entirely different from that in the catalyst prepared by the
impregnation method. N,-physisorption and TEM results
suggest that the PC-AE catalyst possesses high specific
surface area, and the Cu,(OH);Cl presents the nanopla-
telet morphology. The TPR results indicate that the
Cu,(OH);Cl possesses much stronger interaction with Pd
species than CuCl,. The appropriate interaction enhances
the reduction degree of the active species. So it can be
concluded that the excellent reduction property of Cu,(-
OH);Cl nanoplatelet result in the higher catalytic activity
of the PC-AE catalyst for CO oxidation. Further works
related to the influences of evaporation time and initial
ammonia concentration on the catalytic activity of the PC-
AE catalyst for low-temperature CO oxidation are in
progress.

Fig. 5 TEM images of support (APT) and catalysts prepared by the impregnation method (PC-IM) and evaporation ammonia method (PC-AE)
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Fig. 6 TPR profiles of support (APT) and catalysts prepared by the
impregnation method (PC-IM) and evaporation ammonia method
(PC-AE)

4 Conclusions

Pd—-Cu/APT catalysts were prepared by an impregnation
method (PC-IM) and an evaporation ammonia method (PC-
AE), respectively. Effect of preparation methods on the
structure and catalytic performance of Pd—Cu/APT had
been investigated. The tests for CO oxidation indicate that
the PC-AE shows higher catalytic activity than PC-IM. The
characterization results reveal that the Cu species exist as
Cu,(OH);Cl nanoplatelet on the PC-AE catalyst. The ex-
cellent reduction property of Cu,(OH);Cl nanoplatelet
obtained via the ammonia evaporation process contribute
to the higher catalytic activity of PC-AE. Further works
related to the optimization of the design and preparation for
this catalyst system are in progress, since this work can
lead to exploiting a catalyst with higher activity for low-
temperature CO oxidation.
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