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Reducibility of Cu supported on Al,Os, zeolite Y and silicoaluminophosphate SAPO-5 has been
investigated in dependence on the Cu content using a method combining conventional temperature
programmed reduction (TPR) by hydrogen with reoxidation in N,O followed by a second the so-called
surface-TPR (s-TPR). The method enables discrimination and a quantitative estimation of the Cu
oxidation states +2, 4+1 and 0. The quantitative results show that the initial oxidation state of Cu after
calcination in air at 400 °C, independent on the nature of the support, is predominantly +2. Cu?>*
supported on Al,Os is quantitatively reduced by hydrogen to metallic Cu®. Comparing the TPR of the
samples calcined in air and that of samples additionally pre-treated in argon reveals that in zeolite Y
and SAPO-5 Cu?* cations are stabilized as weakly and strongly forms. In both systems, strongly
stabilized Cu?* ions are not auto-reduced by pre-treatment in argon at 650 °C, but are reduced
in hydrogen to form Cu™. The weakly stabilized Cu?* ions, in contrast, may be auto-reduced by
pre-treatment in argon at 650 °C forming Cu™ but are reduced in hydrogen to metallic Cu°.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The reducibility of Cu is one of the most significant character-
istics of Cu containing catalysts, which are intensively used in a
variety of chemical processes. Among the well known methods
for studying the reducibility of Cu, such as XPS, FTIR, EPR, EXAFS
etc., the temperature programmed reduction (TPR) using hydro-
gen as a reducing agent is a straightforward method and has
been widely applied [1-5]. The advantages of TPR consist in the
possibility to record the copper reduction process in dependence
on temperature and to allow a quantification of reducible Cu
species on non-reducible supports, e.g. [4-14]. Moreover, a novel
method reported by e.g. Sato et al. [15] that combines TPR
measurement with selective reoxidation by N,O at low tempera-
ture enables the distinction between bulk and surface Cu®. The Cu
dispersion and the metal surface of Cu supported on different
oxides or oxide mixtures, e.g. MgO, SiO, and Al,O3 [15] or
Si0,-TiO, and SiO,-Zr0,, [16] can be, therefore, calculated. Actually,
this could be performed since the N,O treatment at 30-50 °C was
shown to reoxidize exclusively surface Cu® of metallic clusters to
Cu™ [15,16]. In a TPR carried out after the N,O reoxidation (the so-
called s-TPR [16]), the amounts of hydrogen consumed for reduction
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of Cu™ formed after such N,O reoxidation would correspond to the
portion of exposed surface Cu®. The ratio of the exposed surface Cu°®
to the total Cu is defined as Cu dispersion, based on which the Cu
metal surface area per unit weight of catalyst can be estimated
[15-17]. The theoretical and experimental aspects of the combina-
tion between TPR and N,O oxidation of Cu supported on oxides or
oxide mixtures were examined in detail by Sato et al. [15].

Cu containing silicoaluminophosphate (SAPO) molecular sieves,
as known, may be used as catalysts for numerous relevant reactions
[18-20]. However, questions concerning the nature of Cu, including,
e.g. location as well as its reducibility, have only scarcely been
investigated for Cu-modified SAPO-n (where n symbolizes the
structure type of material), and the catalytic role of different Cu
species of these materials is still a matter of discussion [18]. Of
course, before the catalytic roles of different Cu species could be
uncovered, one of the most important problems is, once more, the
distinction and the quantitative evaluation of Cu in different valence
states. In this paper, therefore, the combination of the conventional
TPR and the s-TPR technique is applied for the first time aiming at
investigating the oxidation states of Cu supported on SAPO-5,
i.e. Cu/SAPO-5. XRD and XPS measurements were partially
performed for affirming the conclusions drawn from TPR. Since
the TPR method has been already used for investigating the
reducibility of Cu supported on zeolite Y, i.e. Cu/Y, or on alumina,
i.e. Cu/Al,O3 (e.g. [1-3,6-8,12,21,22]), these materials, as references,
were also prepared and measured by TPR combined with s-TPR.
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2. Experimental section
2.1. Supports

An alumina, y-Al,O3, a zeolite Y in ammonium form, NHs-Y
(Si/Al=2.3), and a silicoaluminophosphate material, SAPO-5 (Al/P/
Si=1.00/0.94/0.07), were used as supports for copper. y-Al,O; and
NH,4-Y were commercial products, supplied by Merck and Zeolyst
International, respectively. SAPO-5 has been synthesized by the
method described in [23]. Before using them, Al,O3; was calcined in
an air flow (200 mL/min) at 400 °C for 10 h to eliminate moisture and
the synthesized SAPO-5 was calcined in an air flow (200 mL/min) at
550°C for 12 h to remove the template. In order to avoid the
dealumination of zeolite, NH4-Y was dried at 120 °C overnight and
used without any further pre-treatment.

Specific surface areas (BET) of the supports were determined
by nitrogen adsorption at -196 °C applying the ASAP 2010
characterization unit (Micromeritics). Before N, adsorption, the
samples were evacuated (0.13 Pa) in situ at 400 °C for 4 h.

The total acidities (mmol NHs/g) of the commercial alumina
and the synthesized SAPO-5 were determined by temperature-
programmed desorption of ammonia (TPDA), which was carried
out in a home-made apparatus consisting of a gas flow system, a
high temperature oven and a quartz reactor. The samples were
treated in air at 550 °C for 0.5 h to remove moisture and cooled
down to 100 °C in He of high purity (6.0) prior to NH3 adsorption,
which was carried out at 100°C for 0.5h in a flow of He
containing 5% NHs. Afterwards TPDA experiments were carried
out from 100 to 600 °C in He flow (50 cm® min~') with a heating
rate of 10 K/min. Desorption of NH; was monitored and evaluated
by a thermal conductivity detector, TCD (GOW-Mac Instrument
Co.), which was calibrated by performing thermal decomposition
of varying amounts of manganese ammonium phosphate.

The total acidity of NH4-Y was determined by its temperature-
programmed decomposition (TPDec) performed in the same
apparatus in a He flow with a heating rate of 10 K/min from
room temperature up to 600 °C. The concentration of ammonia
released was recorded and evaluated in the way described above.

2.2. Catalyst preparation

The Cu/SAPO-5 samples were prepared by incipient wetness
impregnation of the template-free SAPO-5 with Cu(NOs),-6H,0
(Sigma-Aldrich) solutions containing the appropriate amount of Cu
for loading of ca. 0.8-9.2 wt%. The amounts of solution were
appropriately chosen to achieve a complete wetness of material
powder by the liquid. The Cu/Al,O; and Cu/Y reference samples
were also prepared by incipient wetness method. The powder of the
v-Al,03 and NH4-Y zeolite supports were impregnated with
Cu(NOs3), - 6H,0 solutions containing the appropriate amount of
Cu for loading of ca. 2-15 wt%. The impregnated powders were
dried overnight at 120 °C, compacted and crushed for appropriate
particle size (0.3-0.7 mm) and then calcined in an air flow at 400 °C
for 5 h. The calcined samples will be denominated as (x)Cu/S where
x denotes the Cu content determined by ICP (wt%), and S the support
type (Al03, Y and SAPO-5). Before TPR experiments, a portion of
each calcined material was additionally pre-treated by heating it in
a dry argon flow (25 mL/min) from 25 to 650 °C (heating rate=
2 K/min) and keeping the sample at this temperature for 8 h. This
pre-treatment resembles the one used for activating chloride-free
Cu/Y catalysts in oxidative gas phase carbonylation of methanol to
dimethylcarbonate [12,13]. In analogy, the pre-treatment in argon
will be denoted in this paper as activation as well, and samples will
be designated as (x)Cu/S-(act) where x and S, again, denote the Cu
content and the kind of support, respectively, and (act) indicates the
additional pre-treatment in argon at 650 °C.

2.3. Characterization

The reducibility of Cu species supported on y-Al,03, Y and
SAPO-5 was investigated by means of TPR. The valence states of
Cu on (6.53)Cu/SAPO-5 and (6.53)Cu/SAPO-5-(act) as representa-
tive samples were additionally examined by XRD and XPS.

TPR was performed using a gas flow system described in detail
elsewhere [24]. The material was calcined once more in situ at
400 °C in an air flow for 0.5 h and then cooled down to 50 °C in a
dried nitrogen flow before the TPR experiment. The (x)Cu/S-(act)
samples were again treated in situ in an argon flow directly before
the TPR experiment at 650 °C for 0.5 h to avoid any air effects. These
TPR experiments will be denoted as TPR-(act). The procedure of TPR
experiments consists of different steps performed in sequence:

(i) the conventional TPR or TPR-(act),
(ii) the reoxidation in a He flow containing 10% N,O at 50 °C for
0.5 h and
(iii) the s-TPR [16] or s-TPR-(act).

As reported in literature, exposed surface Cu® species that
may be formed during TPR (step (i)) according to reaction (1)
and/or (2):

CuO+H,—Cu+H,0 (1)

Cu,0 +H, —2Cu+H,0 (2)

would be reoxidized by N,O at 50 °C to Cu* during step (ii)
according to reaction (3) [15-17,25-27]:

2Cu+N,0 - Cu0+N, (3)

During subsequent s-TPR, Cu™ will be again reduced to Cu®
according to reaction (2). A consumption of hydrogen during s-TPR
would be, therefore, an indication for the existence of surface
metallic Cu® formed after reduction during TPR. Moreover, based
on the hydrogen amount consumed during s-TPR for reducing Cu™
cations (step (iii)), the portion of exposed surface Cu® and therefore,
the Cu dispersion as well, can quantitatively be estimated [15-17].

The TPR and s-TPR runs were carried out from 50 to 550 °Cin a
5.03 vol% Hy/argon flow at a heating rate of 10 K/min. Optimum
sample weights (0.020-0.45 g) corresponding to a reduction in gas
flow rate of 15 mL/min had been estimated according to the
equation proposed by Monti and Baiker [28]. The quantitative
analysis of the TPR results, based on the integration of calibrated
hydrogen consumption peak areas, was carried out by the method
described elsewhere [24].

For XRD studies, the samples were measured on a STADI P
automated transmission diffractometer from STOE (Darmstadt,
Germany) with an incident beam curved germanium monochro-
mator selecting CuKo; radiation (1=1.5406 A) and a 6° linear
position sensitive detector (PSD). The alignment was checked by
the use of a silicon standard. The data were collected in the 20
range from 5° to 60° with a step size of 0.5° and a measurement
time of 50 s per step. The phase composition of the samples was
determined using the program suite WINXPow by STOE&CIE with
inclusion of the Powder Diffraction File PDF2 of the International
Centre of Diffraction Data (ICDD).

The XPS measurements were performed with an ESCALAB
220iXL (ThermoScientific) using monochromatic AlKo radiation.
The binding energies were referred to the Cl1s peak at 284.8 eV.
The spectra were fitted with Gaussian-Lorentzian curves to
determine the peak maxima and the areas. The concentrations
of the elements in the near-surface region were obtained after
division by the element-specific Scofield factors and the transmis-
sion function of the spectrometer.
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3. Results
3.1. Support characteristics

The TPDA profiles of SAPO-5 and Al,O3 as well as the TPDec of
NH,4-Y are depicted in Fig. 1A and B, respectively. As known, peak
positions on the temperature axis during TPDA represent the acid
strength of sites whereas the peak areas correspond to the acid site
concentration [29]. The same can be applied to the TPDec profiles.
The TPDA profiles in Fig. 1 reveal the clear differences concerning the
strength of acid sites of the supports used. Namely, Al,O3 desorbs
NHs in a wide temperature range showing a small peak with a
maximum at Ty.x=ca. 170-180 °C and an expanded tail of low
intensities at higher temperatures. With SAPO-5 and NHj4-Y, the
corresponding TPDA and TPDec profiles consist of the peaks at 190

A 1. SAPO-5
la. LT (SAPO-5)

1b. HT (SAPO-5)

2. y-Al0,

3 3. NH4Y

3a. LT (NH,-Y)
3b. HT (NH,-Y)

NH; desorption, TCD signal
w

100 200 300 400 500 600
Temperature, °C

Fig. 1. NH3-TPD of SAPO-5 and y-Al,05 (A) and TPDec of NH4-Y (B) and profile

deconvolution by the Gaussian fitting into a low-temperature peak (LT) and a
high-temperature peak (HT).

Table 1
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and 212 °C, respectively, and at least one peak at higher temperatures,
ca. 300 and 400 °C, respectively. The low temperature (LT) peaks, as
known [29], are believed to be caused by desorption of NH; from
weak acid sites and the high temperature (HT) peaks by desorption of
NHs5 bonded to strong acid sites. The acid sites on alumina are surely
of Lewis nature but the ones on zeolite Y and SAPO-5 consist of both
Lewis and Brensted sites [30,31]. So, as appeared, the profiles shown
in Fig. 1 evidence the existence of strong acid sites on zeolite Y and
silicoaluminophosphate SAPO-5 materials as well as even in minor
concentrations on alumina. Moreover, based on the positions of HT
peaks, the strength of the strong acid sites can be arranged in the
order zeolite Y > SAPO-5 > Al,05. With zeolite Y and SAPO-5 materi-
als, a formal deconvolution of the TPDA or TPDec profiles by the
Gaussian fitting peaks enables the quantitative estimation of the
amounts of strong acid sites. The maximum temperatures of NH3
desorption, the total acidities, the amounts of weak and strong acid
sites, the specific surface areas and the pore volumes of the supports
are listed in Table 1. It is worth mentioning that a dealumination of
zeolite Y always takes place during such thermal treatment as
described in Section 2. This leads to a loss of acid sites, and therefore,
the acidity obtained for zeolite Y by TPDec is always lower than its
real acidity [29]. Based on the obtained values for acidity and
assuming that all the acid sites can fix Cu ions, the maximal loading
of the Cu as well as the loading of Cu ion fixed by strong acid sites can
be calculated, see Table 1. Thus, at first glance it can be noted that the
maximal loading of Cu fixed by zeolite Y is clearly greater than the
one by SAPO-5.

3.2. CU/AIZO_}

TPR experiments were carried out on (x)Cu/Al,0s and (x)Cu/
Al,03-(act) samples (x=0, 1.86, 4.80, 642, 8.47 and 15.19). Quanti-
tative TPR and s-TPR results, hydrogen consumptions and the
amount of metallic Cu® calculated from s-TPR are listed in Table 2.
In order to show the influence of the argon pre-treatment at 650 °C
on the reduction behavior of Cu supported on y-Al,03, the TPR, TPR-
(act) and s-TPR profiles of samples (1.86)Cu/Al,03, (4.80)Cu/Al;03,
(847)Cu/Al;03, and (1.86)Cu/Al,0s-(act), (4.80)Cu/Al,03-(act) and
(8.47)Cu/Al,03-(act) are shown in Fig. 2. The hydrogen consumption
profiles exhibit maxima at different temperatures, confirming the
existence of various Cu species on y-Al,O3 after standard oxidative
pre-treatment. It is also evident that the argon pre-treatment has
modified the concentration and nature of Cu species (see Fig. 2). It
can be observed that the hydrogen consumptions for reduction of
(1.86)Cu/Al,03 and (4.80)Cu/Al,05 are significantly higher than that
for reduction of the corresponding activated samples (1.86)Cu/
Al,0s-(act) and (4.80)Cu/Al,03-(act). The s-TPR profiles exhibit
hydrogen consumption peaks in the temperature range 75-225 °C,
and practically do not differ from the profiles s-TPR-(act) (not shown
in Fig. 2).

Fig. 3A depicts the dependence of hydrogen consumption on the
Cu content for TPR of (x)Cu/Al,0s and (x)Cu/Al,Os-(act) samples.

Specific surface area, pore volumes of supports used as well as the maximum temperatures of NH; desorption, concentration of acid sites and maximal content of Cu could
be fixed.

Materials  Specific surface Pore volume (cm>/g) Tmax of NH; desorption (°C)  Concentration of acid sites Maximal content (wt%) of
area (BET) (m?/g) (mmol NHs/g) Cu could be fixed
LT HT Total Weak (LT)* Strong (HT)* By all the acid sites By the strong sites
ZeoliteY 750 0.3 216 380 2.75 0.86 1.89 17.6 121
SAPO-5 380 0.16 185 281 123 0.56 0.67 7.8 4.2
Al,03 133 0.5 160 0.3 0.3 _b 1.9 -

2 Obtained by the Gaussian fitting.

P No reasonable fitting possible, cf. Fig. 1A. The corresponding profiles are presented in Fig. 1.
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Table 2
Quantitative TPR results obtained on (x)Cu/Al,03 and (x)Cu/Al,03-(act).
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Cu content (x=wt%) (ICP) 1.86 4.80 6.42 847 15.19
Cu content (mmol/g) (ICP) 029 0.76 1.01 1.33 2.39
Hydrogen consumption experimentally obtained during TPR (mmol H,/g) 0.29 0.76 1.01 1.34 2.44
Hydrogen consumption experimentally obtained during s-TPR (mmol H»/g) 0.08 0.21 0.33 0.28 0.15
Exposed surface Cu® detected by s-TPR (mmol/g)* 0.17 0.43 0.66 0.56 0.30
Hydrogen consumption experimentally obtained during TPR-(act) (mmol H,/g) 0.17 0.41 0.62 1.21 2.15
Hydrogen consumption experimentally obtained during s-TPR-(act) (mmol Hy/g) 0.08 0.21 0.28 0.22 0.21
Exposed surface Cu® detected by s-TPR-(act) (mmol/g)* 0.15 0.41 0.57 0.44 0.42
Hydrogen consumption expected for reduction (mmol H,/g)
Cu(II) to Cu(0)° 0.29 0.76 1.01 133 2.39
Cu(Il) to Cu(I)* 0.15 0.38 0.50 0.67 1.20
¢ According to reaction (2).
b According to reaction (1).
¢ According to reaction (5).
-C TPR A
3
B isothermal — - — expected for Cu (I1)/Cu(0)
— - = Lo e expected for Cu (I1)/Cu(I)
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Fig. 2. TPR, TPR-(act) and s-TPR profiles of (1.86)Cu/Al,05 (A), (4.80)Cu/Al,03 0 & : : : : :
(B) and (8.47)Cu/Al,05 (C) samples. (The intensities of TCD signals in (B) and 0 0.5 1 1.5 2 25 3

(C) are multiplied by 2 and 5, respectively.)

The theoretical amounts of the hydrogen consumption expected for a
complete reduction of the available Cu®* ions to metallic Cu®
(n—m=2)or to Cu* (n—m=1) according to

Cu™t +[(n—m)2[Hy > Cu™t +(n—m)H™" (4)

are included in Fig. 3A as dashed lines. The diagram shows that the
total amount of hydrogen consumed during TPR of the (x)Cu/Al,03
samples with x=15.19 fits the theoretical curve for a change of the
Cu oxidation state n—m=2, whereas the hydrogen consumption of

Cu content, mmol Cu/g

Fig. 3. (A) Hydrogen consumption (mmol H,/g) obtained by TPR and TPR-(act) in
dependence on Cu content (wt%) of Cu/Al,O5. (B) Amounts of Cu® detected by
s-TPR and s-TPR-(act) in dependence on Cu content (wt%) of Cu/Al,03.

the (x)Cu/Al,Os3-(act) samples fits the curve for a change of the
Cu oxidation state n—m=1 up to x=6.42. However, at x > 6.42,
the change of oxidation state n—m=2 is almost the same for
(x)Cu/Al,05 and (x)Cu/Al,O3-(act) samples.

The appearance of hydrogen consumption peaks in the s-TPR
profiles, see Fig. 2, evidences the existence of metallic Cu® after
the first TPR run on (x)Cu/Al,0s and (x)Cu/Al,Os-(act) samples.
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The amounts of surface metallic Cu® were calculated according to
reaction (2) based on the hydrogen consumption during s-TPR and
s-TPR-(act), and depicted in Fig. 3B, versus the available Cu amount
determined by ICP. As shown, the amounts of surface Cu® detected
by s-TPR and s-TPR-(act) increase linearly with increase in Cu
content up to 1.0 mmol Cu®g loading (x=6.42). But, with higher
Cu contents (>1.0mmol Cu%g), the amount of detected Cu’
drastically decreased. It is worth mentioning that the ratios of the
surface Cu® detected by s-TPR or s-TPR-(act) (mmol/g) to Cu total
amount (mmol/g) determined by TPR or ICP correspond to the
dispersion as defined in [15,16] for Cu supported on metal oxides.

3.3. Cu/Y-zeolite

TPR experiments were carried out on (x)Cu/Y and (x)Cu/Y-(act)
samples (x=1.86, 5.31, 8.22, 11.82 and 15.96). The quantitative TPR
results are listed in Table 3. To examine the influence of the argon
pre-treatment on the reduction of Cu supported on Y, the TPR
profiles of (1.86)Cu/Y, (5.31)Cu/Y and (8.22)Cu/Y are compared with
the TPR-(act) profiles of (1.86)Cu/Y-(act), (5.31)Cu/Y-(act) and
(8.22)Cu/Y-(act), respectively, in Fig. 4. As appeared, the reduction
profiles of Cu/Y samples consist of at least two peaks, an LT peak at a
Timax Of ca. 250 °C and a HT peak at T,ax 300-500 °C. With increase
in Cu loading, the intensities of the LT peaks increase (please note
the different scale of the axes), and the T, of the HT peaks is
shifted to lower temperatures. The reduction profiles of the (x)Cu/
Y-(act) samples show a broad but uniform peak with Ty at
300-350 °C, the value of which is slightly shifted to lower tempera-
ture with increase in Cu loading as well. Comparing the reduction
profiles of the TPR and TPR-(act) it can be concluded that the argon
pre-treatment has removed the LT peak almost totally. Moreover, it
should be mentioned that the s-TPR and s-TPR-(act) profiles of the
samples with x < 8 (the latter are not shown in Fig. 4) do not give
any hydrogen consumption. This proves the absence of surface
metallic Cu® in these Cu/Y samples after TPR and TPR-(act).

The dependence of hydrogen consumption during TPR and TPR-
(act) on the Cu content in the studied Cu/Y samples is depicted in
Fig. 5. For convenience, the amounts of the hydrogen consumption
expected for a complete reduction of the available Cu?* to metallic
Cu®(n—m=2)orto Cu* (n—m=1) according to Eq. (4) are included
as well. It shows that the total amount of hydrogen consumed
during TPR of the samples (x)Cu/Y with x <8 fits the theoretical
curve for the change of the Cu oxidation state n—m=1. At higher Cu
loading (x > 8), the (n—m) values increase and approach the value
n—m=2. Unlike this, the hydrogen consumption of the (x)Cu/Y-(act)

Table 3
Quantitative TPR results obtained on (x)Cu/Y and (x)Cu/Y-(act).
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samples at x > 8 deviates from the expected curve for the change of
the Cu oxidation state n—m=1 values to a curve with n—m < 1.

3.4. Cu/SAPO-5

The quantitative TPR results of (x)Cu/SAPO-5 and (x)Cu/SAPO-
5-(act) samples are summarized in Table 4. The TPR, TPR-(act) and
s-TPR profiles of (x)Cu/SAPO-5 as well as (x)Cu/SAPO-5-(act)

7 C isothermal

TPR

550°C

_B x2

TPR

Hydrogen consumption, TCD signal

s-TPR

100 200 300 400 500

Temperature, °C

600 700

Fig. 4. TPR and TPR-(act) profiles of (1.86)Cu/Y (A), (5.31)Cu/Y (B) and (8.22)Cu/Y
(C) samples. The intensities of TCD signals in (B) and (C) are multiplied by 2 and 4,
respectively.

Cu content (x=wt%) (ICP)
Cu content (mmol/g) (ICP)

Hydrogen consumption experimentally obtained during TPR (mmol H,/g) (h;)
Hydrogen consumption experimentally obtained during s-TPR (mmol H,/g)
Exposed surface Cu® detected by s-TPR (mmol/g)?

Hydrogen consumption experimentally obtained during TPR-(act) (mmol H/g) (h2)
Hydrogen consumption experimentally obtained during s-TPR-(act) (mmol H,/g)
Exposed surface Cu® detected by s-TPR-(act) (mmol/g)*

Portion of weakly stabilized Cu(Il): [(h;)—(h2)]/(h)

Hydrogen consumption (mmol H,/g) expected for reduction:
Cu(ll) to Cu(0)°
Cu(II) to Cu(I)

1.86 531 8.22 11.82 15.96
0.29 0.84 1.29 1.87 2.51
0.15 0.46 0.77 1.40 2.52
0 0 0 0.03 0.02
0 0 0 0.06 0.04
0.09 0.31 0.49 0.68 n.dd
0 0 0 0 n.d.d
0 0 0 0 -
0.36 0.33 0.37 0.52 -
0.29 0.84 1.29 1.86 251
0.15 0.42 0.65 0.93 1.26

2 According to reaction (2).
b According to reaction (1).
¢ According to reaction (5).
4 Not determined.
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samples (x=1.36, 4.55, 9.19) are shown in Fig. 6. It can be seen
that the reduction of (x)Cu/SAPO-5 samples with x <5 occurs in a
broad temperature range between 150 and 550 °C. The broad
reduction profile consists of at least two peaks, an LT peak at ca.
300 °C and a HT peak at ca. 400 °C. For samples containing higher
Cu contents, the intensity of the LT peak becomes dominant and
the reduction profile is narrowed. The argon pre-treatment
diminishes the intensity of the LT peak similar to Cu/Y samples.
However, unlike the Cu/Y samples, the s-TPR and s-TPR-(act)
profiles of Cu/SAPO-5 and Cu/SAPO-5-(act), respectively, with Cu
contents of x> 1.36 exhibit a hydrogen consumption at around
200 °C, indicating the existence of metallic Cu® after TPR. Fig. 7
depicts the experimental and expected amounts of hydrogen
consumed during TPR calculated using Eq. (4) as a function of
the total Cu content. It can be seen that the values of hydrogen
consumption for the reduction of Cu in (x)Cu/SAPO-5 with x <5
correspond to the values expected for the change of oxidation
state n—m=1. For (x)Cu/SAPO-5-(act) samples with x <5,
however, there is a slight deviation to n—m <1 in this range
of Cu loading, comparable to the Cu/Y-(act) samples. With
increase in Cu content, Fig. 7 demonstrates, however, that the
TPR hydrogen consumption obtained for both (x)Cu/SAPO-5 and

(x)Cu/SAPO-5-(act) approaches the hydrogen consumption
3
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Fig. 5. Hydrogen consumption (mmol H,/g) obtained by TPR and TPR-(act) in
dependence on the Cu content (wt%.) of Cu/Y.

Table 4
Quantitative TPR results obtained on (x)Cu/SAPO-5 and (x)Cu/SAPO-5-(act).
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required for the change of oxidation state n—m=2, which is an
analog to the reduction of (x)Cu/Al,O3, see Table 2 and Fig. 3.

To get further information on the state of Cu, XRD measurements
were carried out for the (6.53)Cu/SAPO-5 sample (a) calcined at
400 °C for 4 h, (b) calcined as (a) and then reduced by TPR,
(c) calcined as (a) and then activated in Ar at 650 °C for 12 h and
(d) pre-treated as step (c) and thereafter reduced by TPR. The
corresponding patterns are presented in Fig. 8. Unlike the TPR and
s-TPR results of the sample (6.53)Cu/SAPO-5 (Table 4) indicating the

7C isothermal
TPR —_— >
) 550°C
s-TPR
-....vv/-m/ S
) s-TPR-(act) nd
| T

Hydrogen consumption, TCD signal

7 TPR x4.5

s-TPR-(act) —
T T T T T T T T T T T T '
200 300 400 500

Temperature, °C

Fig. 6. TPR, TPR-(act), s-TPR and s-TPR-(act) profiles of (1.36)Cu/SAPO-5, (4.55)Cu/
SAPO-5 and (9.19)Cu/SAPO-5 samples. The intensities of TCD signals in (B) and
(C) are multiplied by 2 and 4.5, respectively.

Cu content, x=(wt%) (ICP)
Cu content (mmol/g) (ICP)

Hydrogen consumption experimentally obtained during TPR (mmol H,/g) (hs)
Hydrogen consumption experimentally obtained during s-TPR (mmol H,/g)
Exposed surface Cu® detected by s-TPR (mmol/g)?

Hydrogen consumption experimentally obtained during TPR-(act) (mmol H;/g) (h,)
Hydrogen consumption experimentally obtained during s-TPR-(act) (mmol H,/g)
Exposed surface Cu® detected by s-TPR-(act) (mmol/g)?

Portion of weakly stabilized Cu(II) [(h3)—(h4)]/(h3)

Hydrogen consumption (mmol H,/g) expected for reduction:
Cu(ll) to Cu(0)°
Cu(II) to Cu(I)*

0.78

0.12
0.06

1.36
0.21

0.12
0.013
0.026

0.07

0.42

0.2
0.1

2.26
0.36

0.23
0.017
0.034

0.12
0.01
0.02

0.47

0.36
0.18

4.55
0.72

0.49
0.05

0.33
0.01
0.03

0.32

0.72
0.34

6.53 9.19
1.03 1.45
0.88 1.46
0.05 0.1

0.1 0.2

0.61 1.21
0.05 0.03
0.1 0.07
0.31 0.17
1.03 1.45
0.51 0.72

@ According to reaction (2).
b According to reaction (1).
¢ According to reaction (5).



D.L. Hoang et al. / Journal of Solid State Chemistry 184 (2011) 1915-1923 1921

1.6
- -~ expected for Cu(Il)/Cu(0)
1al expected for Cu(II)/Cu(I) A
3: 71 a TPR, experimental /,/
== O TPR-(act), experimental P
= 124 7 (e]
g
= e A
2. L
g 0381 -
z -
§ 0.6 - o
= R
g)n //
e 0.4 - -
-a ne
T 0.2 o0 AL
A0
0a® . . . .
0 2 4 6 8 10

Cu content, wt. %

Fig. 7. Hydrogen consumption (mmol H,/g) obtained by TPR in dependence on
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Fig. 8. XRD patterns of the sample (6.53)Cu/SAPO-5 (A) calcined at 400 °C for 4 h,
(B) after TPR, (C) (6.53)Cu/SAPO-5-(act) and (D) after TPR-(act). (#)=CuO,
(*)=Cu;0 and (o)=metallic Cu.

existence of CuO and Cu® on this sample before (a) and after
reduction (b), respectively, the CuO and metallic Cu® phases are
not observed in the corresponding XRD patterns. This gives the hint
on a high dispersion of Cu species on SAPO-5 support. In contrast,
XRD reveals, in agreement with TPR-(act) and s-TPR-(act) (Table 4),
the existence of a mixture of Cu,O and CuO (the XRD pattern c) and
Cu® phases (the XRD pattern d). This indicates that the activation
may cause an agglomeration of Cu species in Cu/SAPO-5.

The XPS Cu2p spectra of the samples (6.53)Cu/SAPO-5 and
(6.53)Cu/SAPO-5-(act) are presented in Fig. 9, which shows the
electron binding energies at 930.1 and 931.6 eV for the fresh and
activated sample, respectively. The spectrum of the calcined
sample exhibits the characteristic satellite bands of bivalent Cu
at 940.1 and 959.7 eV, whereas the one of the activated sample
does not. Without exhibiting these satellites, the spectrum (b) in
Fig. 9 can evidence the absence of Cu?* species [32,33].
The spectra of the CuLMM Auger peaks favor the existence of
Cu™ species for this activated sample and do not give any hints

Intensity, a.u.

T T T T T T T T T T T 1
970 960 950 940 930 920 910
Electron Binding Energy / eV

Fig. 9. XPS spectra of (6.53)Cu/SAPO-5 (A) and (6.53)Cu/SAPO-5-(act) (B).

for metallic Cu. It is remarkable that a lower binding energy was
detected at the calcined sample than at the activated one, which
seems to be in contrast to the existence of the satellites. The Cu
peaks at the calcined sample are significantly broader than at the
activated sample, suggesting a higher heterogeneity of the Cu
sites at this sample. But, a further deconvolution of the Cu peak at
the calcined sample is not reasonable. This conclusion is, on the
one hand, it is only valid for the near-surface regions of bulk
materials depending on the range of penetration depth of photo-
electrons. But, on the other hand, this is in agreement with TPR
and XRD results presented above, revealing the existence of Cu™
after the activation in argon.

4. Discussion

In the form of powders as well as supported on alumina or in
mixture with other oxides, Cu oxides are reduced by hydrogen
either in one step directly to metallic Cu® according to reaction (1)
[6,11,22,25-27] or sequentially according to reaction (5) and then

(2):
2Cu0+H,— Cu,0+H,0 (5)

Because the reduction of Cu,O is more difficult than the
reduction of CuO, reaction (1) is found to be dominant at lower
temperatures < 300°C, whereas the reactions (2) and(5) are
favored at higher temperatures [25]. Moreover, at high tempera-
tures and very low pressures of O, and/or under vacuum, the
auto-reduction reaction (6) of CuO may take place [26]:

2Cu0 - Cu,0+0.50, (6)

In the case of Cu supported on Al,03, on the one hand, the
appearance of hydrogen consumption peaks in the s-TPR profiles,
see Fig. 2, evidences the existence of metallic Cu®, i.e. the final
oxidation state m=0 (see Eq. (4)) on the Cu/Al,03 and Cu/Al,O3-
(act) samples after the first TPR run. On the other hand, Fig. 3A
demonstrates that the total change of oxidation state is n—m=2
for (x)Cu/Al,03 and n—m=1 for (x)Cu/Al,03-(act) at x < 6.42. This
leads to the conclusion that the initial oxidation states of Cu in
(x)Cu/Al,03 and (x)Cu/Al,0s-(act) samples should be n=2 and
n=1, respectively.

This can be explained referring to reactions (1), (5) and (6).
Thus, at x < 6.42, the reduction of (x)Cu/Al,03 samples seem to
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occur according to reaction (1) in one step, i.e. only one peak is
observed in the TPR profiles (see Fig. 2). The appearance of the
second reduction peak in the reduction profile of (8.47)Cu/Al,03
suggests the two-step reduction according to reactions (5) and
(2), where the first peak might be assigned to reaction (5) and the
second one to reaction (2). Although it is not shown here, the
appearance of further reduction peaks in the TPR profiles can be
observed for (x)Cu/Al,O; samples at x> 8. During the high
temperature pre-treatment in argon, auto-reduction (reaction
(6)) had taken place so that all the available Cu?* cations in the
samples with x < 6.42 are almost quantitatively transformed into
Cu*. These Cu™ ions can further be reduced by hydrogen to
Cu® according to reaction (2). However, at x > 6.42, the argon
pre-treatment does not affect the reduction of Cu as shown in
Fig. 3A. This indicates that the auto-reduction (6) in argon at
650 °C probably does not take place with the samples containing
high contents of Cu oxides.

The amount of Cu® detected by s-TPR and s-TPR-(act) for (x)Cu/
Al,03 and (x)Cu/Al,O3-(act) samples, respectively, linearly
increases with increase in the total Cu content up to 6.42 wt%
(1.0 mmol Cu/g), see Fig. 3B. This means the ratios of exposed
surface Cu® detected by s-TPR or s-TPR-(act) to the total Cu are
stable, hinting on a high and stable dispersion of Cu species in this
range of Cu content. The drastic decrease of the hydrogen
consumption at higher Cu contents ( > 1.0 mmol Cu/g) indicates,
therefore, the decrease in Cu dispersion that can be caused by a
strong agglomeration of Cu species. Such strongly agglomerated
state may be the reason why the auto-reduction of Cu oxides in
argon did not proceed to a noticeable extent.

The s-TPR experiments on (x)Cu/Y and (x)Cu/Y-(act) samples,
as shown in Table 3, reveal the absence of Cu® in the samples at
x < 8 after TPR. Further, Fig. 5 demonstrates that the total change
of the Cu oxidation state is n—m=1 for these (x)Cu/Y samples.
This suggests that the initial oxidation state n of Cu supported on
zeolite Y at Cu contents < 8 wt% should be 2+ and the final
oxidation state after TPR according to reaction (5) should be 1+.
This finding disagrees with the reduction mechanism leading to
Cu?® as the final state reported in [3,34,35]. But, it is in agreement
with the results reported in [12] that Cu™ can be stabilized by Y
support so that it cannot be reduced further to form Cu®. In this
case, the hydrogen consumption in s-TPR would be 0 and the Cu
dispersion, as defined in [15-17], would be erroneously 0 as well.

The fact that the TPR profiles of the calcined (x)Cu/Y samples
show at least two reduction peaks can be explained by referring
to the existence of Cu species located at different positions within
the faujasite structure of zeolite Y. Actually, it has been discussed
a variety of Cu species may exist in zeolites, comprising isolated
Cu cations at ion-exchange positions, O-bridged Cu dimers
[Cu-O-CuJ?>* or even chains, Cu® nanocluster, as well as crystal-
line Cu, Cu,0 and CuO of different sizes [3,34-38]. According to
this variety, complex reduction profiles are normally observed.
Further, as described above, the LT peaks in TPR profiles of Cu/Y
samples vanished after pre-treatment by argon (see Fig. 4) and
the hydrogen consumption decreases accordingly (see Table 3
and Fig. 5). This gives evidence that Cu?>* species anchored within
Y zeolite should be differently stabilized against reduction.
The weakly stabilized Cu?* species can either be reduced by
hydrogen at Trax Of ca. 250 °C (this corresponds to the LT peak) or
auto-reduced in argon at 650 °C according to reaction (6) or
according to the mechanisms of the reduction of Cu ions during
thermovacuum treatment described by Chen et al. [38], forming
Cu™. In contrast to this, the strongly stabilized Cu®* cations are
reduced only by hydrogen yielding the HT peak and do not suffer
auto-reduction in argon. Hence, the hydrogen consumed for
reduction of (x)Cu/Y-(act) would quantitatively correspond to
the amount of Cu?* strongly stabilized. The difference between

hydrogen consumed for reduction of (x)Cu/Y, designated as (h;),
and (x)Cu/Y-(act), designated as (hy), would be equal to the
amount of weakly stabilized Cu?* cations. The portion of weakly
stabilized Cu?* cations, [(h;)-(h2)]/(h;), slightly increases with
increase in Cu content (see Table 3). At higher Cu content, x > 8,
the formation of Cu® after TPR is detected by s-TPR while the
amounts of weakly stabilized Cu?* cations and the (n—m) values
increase, approaching (n—m)=2, see Table 3. This indicates that a
portion of Cu?* weakly stabilized on zeolite Y may be directly
reduced by hydrogen to Cu® according to reaction (1) [3,34,35].

The reduction behavior of Cu?* in (x)Cu/SAPO-5, at x <5,
seems to be similar to the reduction of Cu?* in Cu/Y. This
similarity suggests that in this range of Cu contents, Cu?>* species
are initially also differently, weakly and strongly, stabilized
within the SAPO-5 structure against the reduction. The weakly
stabilized Cu?* can either be reduced by hydrogen at low
temperature or transformed under argon at 650 °C (reaction (6))
into Cu* [26,28]. Similar to the strongly stabilized Cu cations in
Cu/Y, the strongly stabilized Cu?* cations in Cu/SAPO-5 are also
reduced only by hydrogen causing the HT peak, and they do not
suffer from auto-reduction in argon. Like the case of Cu/Y, the
hydrogen consumption obtained in s-TPR of Cu/SAPO-5 samples,
reduced by TPR and followed by a N,O reoxidation, would be
either 0 or very low and, therefore, could not be used for
calculation of the Cu dispersion.

Possible locations of Cu?™* cations in the AFI structure of SAPO-
5 have been discussed by Chen and Kevan [39], Lee et al. [40] and
Hartmann and Kevan [41]. In earlier works [23], some problems
concerning the possible locations of Cu ions as isolated, O-bridged
dimers or isomorphously substituted into the framework have
been discussed based on FTIR, XPS, XRD and TPR results. At this
stage of studies, only by means of TPR measurements, it is
difficult to make an assignment for the location of weakly and
strongly stabilized Cu?* species. In analogy to the discussion
given above for Cu/Y samples, the hydrogen consumed for
reduction of (x)Cu/SAPO-5-(act), with x <5, would quantify the
amount of strongly stabilized Cu?>* and the difference between
hydrogen consumed for reduction of (x)Cu/SAPO-5, designated as
(h3), and (x)Cu/SAPO-5-(act), designated as (h,), would give the
amount of weakly stabilized Cu?* cations on SAPO-5. Based on
the data presented in Table 4, the portion of weakly stabilized
Cu?*, [(h3)—(h4)]/(h3), can be estimated. With increase in Cu
content, the results presented in Fig. 7 show that the reduction of
Cu in Cu/SAPO-5 becomes similar to the reduction of Cu in Cu/
Al,O3 (Fig. 3A). This suggests that the mechanism of Cu?”*
reduction changes and the reactions (1) and/or (5) and (2) may
become dominant so that the product of reduction is predomi-
nantly metallic Cu®. This may also be the reason explaining why
the portion of Cu?>* weakly stabilized against an auto-reduction
in argon, [(h3)—(hy4)]/(h3), decreases with increase in Cu content
(Table 4).

The differences observed above in the reduction behavior of Cu
supported on Al,03, zeolite Y and SAPO-5 are certainly correlated
with the different natures of supports. The different texture and
the surface functionality of Al,03, zeolite Y, and SAPO-5 account
for the variety of Cu species formed during the impregnation
process. Al,O3 does not possess strong acid sites, therefore, Cu?*+
and/or Cu* ions can only be stabilized on this support by
embedding into an aluminate matrix [6]. In contrast, zeolite Y
and SAPO-5 have strong acid sites that are responsible for
anchoring Cu ions. Zeolite Y exhibits three building parts of the
structure, viz. the supercage, the sodalite units and the hexagonal
prisms where single Cu ions can be anchored to the framework
[12,36,37]. The pore structure of SAPO-5 is characterized by
parallel arranged main pores of 0.7 nm size where strong acid
sites, including Brensted ones, are located. But, Brensted acid sites
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also exist in structural subunits, as recognizable by 'H MAS NMR
spectroscopy [42]. It can be expected that the stabilization of Cu
in zeolite Y and SAPO-5 is effective as long as the strong acid sites,
as shown in Table 1, amount to ca. 1.9 mmol/g for zeolite Y, see
[12], and ca. 0.7 mmol/g for SAPO-5 are available. Once the
loading exceeds these limits, i.e. 1.9 mmol Cu/g (equivalent to
ca. 12 wt%) for zeolite Y and 0.7 mmol Cu/g (equivalent to ca.
4.2 wt%) for SAPO-5, Cu agglomeration is unavoidable. This
estimation can be used to explain the TPR results obtained for
(x)Cu/Y and (x)Cu/SAPO-5. As appeared, there exists a limit with
x>8 for Cu/Y and x>5 for Cu/SAPO-5 where portions of Cu
species are reduced to Cu® as shown by s-TPR and XRD measure-
ments. This suggests that, at these ranges of Cu loading, CuO
agglomerates may be formed and the reduction occurs more and
more according to reaction (1). As shown by XPS, however, this
does not exclude the existence of Cut on the surfaces due to
auto-reduction leading to the (n—m) values <?2.

5. Conclusions

The TPR and s-TPR experiments reveal different reduction
behaviors of Cu supported on Al,Os, zeolite Y and SAPO-5.
The quantitative results show that the initial oxidation state of
Cu after calcination in air at 400 °C is predominantly +2,
independent of the nature of the support.

Supported on Al,0s;, Cu?* is shown to be quantitatively
reduced to Cu® by H,. A treatment of (x)Cu/Al,05, with x <7, in
argon at 650 °C induces an auto-reduction and transforms almost
quantitatively all available Cu?* into Cu™ that is further reduced
to Cu® by H,. In this range of Cu contents, Cu species are shown to
be highly dispersed on the Al,05; support. The argon pre-treat-
ment of the Cu/Al,0; samples containing more than 7 wt% Cu
does not cause auto-reduction and the reduction of Cu in these
cases occurs according to reactions (1), (2) and (5). This indicates
a highly agglomerated state of Cu in the form of CuO.

For (x)Cu/Y, with x < 8, TPR experiments enable one to distin-
guish Cu?* species as weakly and strongly stabilized against an
auto-reduction in argon at 650 °C. The weakly stabilized Cu?*
species could be shown to become reduced either by H, at low
temperatures (ca. 250°C) or auto-reduced under argon pre-
treatment at 650 °C to form Cu™. The percentage of the weakly
stabilized Cu?* remains unchanged at ca. 30-40% if the Cu
content x is less than 8 wt%, and increases with increase in Cu
content.

The reduction of Cu?* in (x)Cu/SAPO-5 with x<5 shows
similarities to the reduction of Cu?* in Cu/Y, i.e. Cu* is formed
but cannot be further reduced to Cu® under the TPR experimental
conditions. In this range of Cu loading, Cu®* species, weakly and
strongly stabilized against auto-reduction in argon, are present.
The weakly stabilized Cu?* species are reduced by H, at low
temperature or transformed by argon pre-treatment at 650 °C
into Cu™. The percentage of the weakly stabilized Cu?* is
estimated to amount to 40-50%. This portion decreases with
increase in Cu content (x> 3). This may be reasoned by an
agglomeration of weakly stabilized Cu?* ions to CuO, and a
change of the reduction mechanism of Cu?* on (x)Cu/SAPO-5
leading to the formation of metallic Cu® as in the case of (x)Cu/
A1203, with x > 7 wt%.

The definition of Cu dispersion as a ratio of hydrogen con-
sumed in s-TPR to hydrogen consumed in TPR can only be applied
to the cases of (x)Cu/Al,03, where Cu oxides are shown to be
reduced to metallic Cu®. Supporting on zeolite Y or SAPO-5, a
portion of Cu™ ions can be fixed on acid sites, i.e. highly
dispersed, even at an atomic level, without any formation of
Cu®. In this case, using s-TPR, the hydrogen consumption would

be either 0 or very low, so that the Cu dispersion, as defined
above, would be erroneously O or very low, respectively.
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