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Abstract

Zr-containing CuO/ZnO catalysts are examined for their use in the reaction of methanol with water to produce hydrogen. Catalys
with varying compositions were prepared by means of a coprecipitation method, and the effect of different pretreatment condi
examined. Activity testing shows that the catalysts do not require prereduction to obtain good activity for the steam reforming of m
although prereduction with diluted H2 increases activity in some cases. The catalysts were characterized using BET surface area ana
surface area analysis, temperature-programmed reduction (TPR), temperature-programmed desorption (TPD), thermo-gravimet
with differential scanning calorimetry (TGA/DSC), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Characte
suggests that the most active steam-reforming catalysts initially consist of CuO, ZnO, and a high surface area amorphous phase
that contains carbonates; however, partial reduction of surface copper during the reaction is apparent from XPS results.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Methanol is potentially a good source of hydrogen
mobile fuel cells since it is a liquid at ambient conditio
has a high hydrogen to carbon ratio, and can be conve
to hydrogen using either steam or oxygen at relatively
temperatures compared to other fuels. The steam refor
of methanol (SRM) and the partial oxidation of metha
(POM) reactions are shown here with heat of reaction
STP:

SRM, CH3OH(l) + H2O(l) → CO2 + 3H2

(�Hrxn = 130.9 kJ/mol);
POM, CH3OH(l) + 1

2O2 → CO2 + 2H2

(�Hrxn = −154.9 kJ/mol).

The SRM reaction produces 3 mol of hydrogen per m
of fuel, while the POM produces only 2. However, the e
ciency of the SRM reaction is hindered by its endothermi
since heat must be provided for the reaction to run. C
bining the two reactions for the oxidative steam reform
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E-mail address: ozkan.1@osu.edu (U.S. Ozkan).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.01.031
of methanol (OSRM) reaction is potentially the best opt
for mobile hydrogen production. The maximum theoret
efficiency based on the lower heating value (LHV) of2
produced compared to the fuel consumed is obtained
the autothermal reaction in which enough oxygen is u
to make the heat of reaction zero. Theoretically, metha
can be converted to hydrogen with better efficiency than
other hydrocarbon being considered for on-board hydro
production [1]. The use of methanol to produce hydroge
also attractive because of the relatively low selectivity to
products such as carbon monoxide and methane comp
to alkane or higher alcohol reforming.

Cu/ZnO/Al2O3 catalysts have been extensively stud
for the methanol synthesis reaction, the water gas-shift r
tion, steam reforming of methanol, and the partial oxida
of methanol [2–17]. Cu is believed to be the active ph
in these catalysts, since activity is typically proportiona
Cu surface area. ZnO is known to improve the disper
of copper and also its reducibility, which may be imp
tant if a redox reaction mechanism occurs [18]. Additiona
the importance of ZnO may be explained by spillover
fects [19,20]. The ability of ZnO to store hydrogen and tra
port species to the Cu phase has been demonstrated to
favorable consequences for many of the aforementione
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actions. The addition of Al2O3 improves the surface area a
slows the sintering of the catalyst. Moreover, Al2O3 could
contribute to advantageous spillover effects, although Z
apparently has more advantageous effects with the Cu p
Shortcomings of these catalysts have been noted as the
for a prereaction reduction to induce activity, low resista
to contaminants, and problems with long-term stability [6

Copper supported by zirconia rather than zinc oxide
alumina has also shown good activity for the methanol s
thesis reaction, the reverse of methanol reforming [21,
Similarly to ZnO, ZrO2 improves the reducibility of CuO
Compared to alumina, zirconia has the advantage of
sessing activity by itself or when used as a support for c
per. Additionally, ZrO2 is capable of adsorbing methano
making it an attractive support material for reforming ca
lysts [23].

More recently, zirconia-containing copper-based ca
lysts have shown promising activity for the SRM and
OSRM reactions [14,24–28]. Breen and Ross studied
steam reforming of methanol using prereduced zirco
containing Cu/ZnO/Al2O3 catalysts [24]. They found tha
using zirconia as a support for Cu and ZnO produces a m
active catalyst than Cu/ZnO/Al2O3 for the SRM reaction
The stability of the catalyst was improved if a small amo
of Al2O3 was added, most likely because the amorphous
conia phase was stabilized. Velu et al. studied the OSRM
action over prereduced zirconia-containing Cu/ZnO/Al2O3
catalysts [25]. This group established that ZrO2 is also a bet-
ter support for OSRM. The better performance of zircon
containing catalysts was attributed to a higher Cu sur
area, better Cu dispersion, and improved reducibility of
compared to Cu/ZnO/Al2O3 catalysts.

The prereduction of Cu/ZnO/Al2O3 catalysts is neces
sary to obtain maximum activity. This reduction must
carried out carefully in a diluted hydrogen stream with
slow heating rate in order to prevent catalyst sintering du
the highly exothermic reduction of CuO to Cu0. However,
the previously studied reactions for these catalysts (i.e.
water–gas-shift and methanol synthesis reactions) are
cally carried out in stationary large-scale operations wh
prereduction is not as much of a burden. In this study
examine the activity of these catalysts without prereduct
since this type of treatment would be inconvenient for m
bile fuel cell systems. Only the SRM, the reforming react
with the slowest kinetics, is examined in this study. Ch
acterization of the prereaction catalysts using TPR, N2O
passivation, XRD, TPD, TGA/DSC, and XPS technique
presented, as well as postreaction XPS.

2. Experimental methods

2.1. Catalyst preparation

The catalysts were prepared using a coprecipitation t
nique similar to the one described by Breen and Ross [
.
d

First, 1.25 M solutions of Cu, Zn, and ZrO nitrates we
mixed and then precipitated using 0.25 M Na2CO3 added
dropwise under vigorous stirring at room temperature, w
the pH was maintained at 8.5. For some samples an a
native base was used to carry out the precipitation. Afte
additional 30 min of stirring the precipitate was then was
using suction filtration and 2 L of hot double-distilled wa
to remove Na+ and any remaining soluble salts. The p
cursor was then dried overnight at 100◦C, crushed to a fine
powder, and calcined. Calcination was carried out in a t
furnace using air or N2 flowing at 50 sccm. The temper
ture was ramped from 25◦C to the maximum temperature
a rate of 5◦C/min. The maximum calcination temperatu
varied between 350 and 550◦C for different samples an
was held constant for 4 h. If the catalyst was preredu
it was done in situ at 250◦C using 5% H2 in N2 flowing at
20 sccm for 3 h before activity testing. Surface area was
termined by N2 physisorption using a Micromeritics ASA
2010 adsorption instrument.

2.2. TPR/Cu surface area measurements

The specific Cu surface area was measured for som
lected catalysts by a N2O passivation method, using an i
house constructed system described elsewhere [29].
samples were calcined in situ for 1 h with 20% O2 in He
(50 sccm total flow) at the same calcination temperature u
during catalyst preparation. Next, the catalysts were redu
with 5% H2 in N2 while ramping the temperature from 2
to 350◦C at 5◦C/min. H2 consumption was monitored wit
a TCD, and was subsequently used to estimate the co
content of the catalyst by comparison to a pure CuO re
ence. The temperature was then lowered to 60◦C and pulses
of N2O diluted (< 20%) in He were passed over the sa
ple. The decomposition of N2O to N2 was monitored with
the online HP 5890 II GC-MS. The sample then underw
a second reduction up to 350◦C. The Cu surface area wa
calculated assuming that CuO was reduced to Cu0 during
the first reduction. Additionally, it is assumed that in t
proceeding step surface Cu is oxidized to Cu2O at a much
faster rate than it is oxidized to CuO or than the subs
face is oxidized. This method must also assume 1.46× 1019

Cu atoms/m2 to calculate Cu surface area from the amo
of N2O adsorbed. All of these assumptions are commo
used by researchers for measuring the Cu surface ar
supported samples [30–32].

2.3. XRD

Powder X-ray diffraction patterns were obtained us
a Bruker D8 X-ray diffractometer equipped with an HT
1200 sample holder capable of controlling temperature
atmosphere. The X-ray source was Cu-Kα radiation. Dif-
fraction patterns were obtained for all samples after ca
nation. For selected samples, patterns were obtained d
in situ calcination and reduction steps. In these experim
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the temperature was ramped between measurements at
of 5 ◦C/min with a 5-min pause at each temperature be
recording the pattern. Patterns for the precursor to cat
transition were recorded every 50◦C while open to the at
mosphere. For reduction, the catalyst was exposed to
H2 in N2 flowing at 10 sccm and diffraction patterns we
recorded every 25◦C beginning at 100 up to 350◦C.

2.4. TPD

Temperature-programmed desorption studies were
ducted using the previously described in-house built sys
with online GC-MS. The sample (100 mg, powder) w
placed in a glass U-tube, sandwiched between plugs of s
wool for support. The sample was then cleaned by hea
to the calcination temperature of the sample in He flo
ing at 30 sccm. For blank TPD experiments the tempera
was increased from room temperature to 850◦C at a rate of
10◦C/min while using He as a carrier (flow= 20 sccm).
Desorbing species were detected by the GC-MS.

2.5. TGA/DSC

Thermo-gravimetric analysis with differential scanni
calorimetry experiments were conducted using a Seta
TG-DSC111 with the effluent gas connected to an on
HP 5890II GC-MS. For the precursor decomposition
periments approximately 20 mg of washed and dried
cursor was placed in a quartz crucible and loaded into
TGA/DSC. The temperature was then raised from 25
800◦C at a rate of 5◦C/min under an approximate He flo
of 40 sccm. Changes in weight and heat flow were
tected with the TGA/DSC, while the major effluents p
duced (CO2, H2O, and O2) were detected by the GC-MS.

2.6. Activity testing

Activity testing was conducted in an in-house-construc
reactor system with an online HP5890 GC equipped w
a TCD and FID for determining product composition. T
FID was equipped with a methanizer to allow detection
CO down to 10 ppm. For equal weight testing, 50 mg of
powder catalyst sample was loaded in a 5 mm i.d., 316
tube, while for equal surface area tests 4.4 m2 of catalyst was
used. The reactor tube was then encased in an in-house
furnace. A thermocouple measured the temperature a
bottom of the silica wool that supported the catalyst in
downward flow scheme. For all steam-reforming tests
total flow rate was 100 sccm, with a composition of 15.
methanol, 19.4% water, 36.9% N2, and the balance Ar ca
rier. Both N2 and Ar were bubbled through their respect
controlled temperature-saturation chamber containing w
or methanol in order to achieve the desired feed comp
tion. Steady-state measurements were taken at least 4 h
beginning flow to the reactor, at which point the prod
composition was stable. Data were taken at 200, 220,
te

t

-

lt

r

,

and 300◦C. Lower temperatures were recorded first, an
least 4 h were given to reach steady state between tem
ture adjustments. For time on stream tests, 50 mg of cat
was used and the temperature was held steady at 250◦C. If
the catalyst was prereduced it was done in situ at 250◦C us-
ing 5% H2 in N2 flowing at 20 sccm immediately befo
beginning the reaction. Comparisons between catalyst
made with H2 yield, defined as the percentage of theoret
H2 produced based on all the methanol fed being conve
to H2 by the SRM.

2.7. XPS

X-ray photoelectron spectra were recorded using
AXIS Ultra XPS with a Mg anode operating at 14 kV a
10 mA. The powder sample was supported by either dou
sided carbon tape or stainless-steel disks. Charge-shif
rections were made by assuming a C 1s signal of 284.5
Postreduction and postreaction samples were sealed i
before the sample temperature was lowered to room
perature. A glove box and controlled atmosphere tran
chamber were used to ensure that the samples were n
posed to atmospheric conditions before analysis.

3. Results and discussion

3.1. Physical properties

A list of the catalysts prepared and the respective pr
ration parameters and physical properties for each cat
are reported in Table 1. Parameters that were varied du
catalyst preparation included Cu content, Zn:Zr ratio, ca
nation temperature, base used for precipitation, and add
of aluminum. The addition of zirconia to Cu/Zn had an a
vantageous effect on surface area, and the addition of a s
amount of Al2O3 improved surface area even more. Th
higher surface areas can be attributed to the presence
amorphous zirconium phase. Aluminum could improve
surface area by stabilizing the amorphous zirconium an
preventing CuO and ZnO sintering during the calcinat
Surface area was lost with increasing calcination temp
ture, while using an alternative base did not affect sur
area as long as carbonates were present.

3.2. TPR/Cu surface area

The addition of ZnO or ZrO2 lowered the reduction tem
perature of CuO pronouncedly compared to its pure fo
as shown in Fig. 1. The reduction peak for CZZ-433 (3
is much sharper and ends at a lower temperature tha
other samples possibly because of the better Cu dispe
in this sample. A more detailed analysis of similar mater
has been performed by other researchers [18,24]. Only
CuO phase is reduced to its metallic form under the co
tions of the TPR used here. The results of the Cu sur
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Table 1
Catalyst naming scheme and preparation conditions

Catalyst name Precursor (mol%) Base used in Calcination BET su

Cu Zn Zr Al preparation temperature (◦C) area (m2/g)

Cu/Zn (350) 50.0 50.0 – – Na2CO3 350 22
Cu/Zr (350) 50.0 – 50.0 – Na2CO3 350 86
Cu/Zr (550) 50.0 – 50.0 – Na2CO3 550 43
CZZ-244 (350) 20.0 40.0 40.0 – Na2CO3 350 75
CZZ-244 (450) 20.0 40.0 40.0 – Na2CO3 450 66
CZZ-244 (550) 20.0 40.0 40.0 – Na2CO3 550 52
CZZ-424 (350) 40.0 20.0 40.0 – Na2CO3 350 49
CZZ-442 (350) 40.0 40.0 20.0 – Na2CO3 350 58
CZZ-433 (350) 40.0 30.0 30.0 – Na2CO3 350 89
CZZ-433 KC (350) 40.0 30.0 30.0 – K2CO3 350 91
CZZ-433 AmC (350) 40.0 30.0 30.0 – (NH4)2CO3 350 88
CZZ-433 AmOH (350) 40.0 30.0 30.0 – NH4OH 350 68
CZZ-433 (450) 40.0 30.0 30.0 – Na2CO3 350 66
CZZ-433 (550) 40.0 30.0 30.0 – Na2CO3 550 39
CZZA-433:0.5 (350) 38.1 28.6 28.6 4.8 Na2CO3 350 123
CZZA-433:1.5 (350) 34.8 26.1 26.1 13.0 Na2CO3 350 79
CZZ-811 (350) 80.0 10.0 10.0 – Na2CO3 350 44

Fig. 1. Comparison of CuO reducibility in supported and unsupported samples as seen in TPR profiles.
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area measurements are shown in Table 2. The amou
H2 consumed during the initial reduction was used to
termine the CuO weight percentage assuming that CuO
reduced to Cu0. These values were found to be very clo
to “as-prepared” percentages. The measured Cu surface
was generally lower than expected based on the BET
face area and the Cu content of the catalysts. The value
ported here are similar to other reports using the same t
nique [8,24]. Interestingly, the aluminum-containingcatal
had the highest Cu surface area. It is likely that sinter
occurred during the initial reduction, thus decreasing the
face areas more for nonalumina catalysts. Sintering is kn
to be less drastic for samples containing alumina. There
this method of measuring Cu surface area is biased tow
f

a

-
-

Table 2
Results from TPR and Cu surface area measurements

Catalyst As prepared CuO (wt%) Cu SA
CuO (wt%) from TPR (m2/g)

Cu/Zn (350) 49 38 8.1
Cu/Zr (350) 39 44 0.4
Cu/Zr (550) 39 41 1.2
CZZ-244 (350) 16 18 5.6
CZZ-424 (350) 33 26 4.6
CZZ-433 (350) 34 34 10.6
CZZ-433 (550) 34 35 3.2
CZZA-433:0.5 (350) 33 27 16.9
CZZ-442 (350) 36 38 9.0
CZZ-811 (350) 76 69 0.1
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samples that are more resistant to sintering during the re
tion step, which reaches 350◦C. However, since sintering
a major cause of deactivation in Cu catalysts, this is stil
effective method for identifying active catalysts that will
more stable. The next highest Cu surface area was for C
433 (350). It should be noted that during N2O passivation
experiments some of the samples, especially those with
tremely low measured Cu surface areas, decomposed2O
to N2 at a steady rate even after N2O consumption decrease
and leveled out. This slower N2O decomposition could pos
sibly be attributed to one of three causes: subsurface o
tion, full oxidation to CuO, or oxidation of mass-transfe
limited regions. Regardless of its source, this decompos
was not used in the calculation of Cu surface area since
of these three causes would correlate to active Cu sites.

3.3. XRD

In situ diffraction patterns were taken during calcin
tion of CZZ-433 (350) and CZZ-244 (350), and redu
tion of CZZ-433 (350), CZZ-433 (550), CZZ-811 (350
and CZZA-433:0.5 (350). The calcination of CZZ-4
precursor is shown in Fig. 2. The correspondingd spac-
ings andhkl values for the diffraction lines identified u

Fig. 2. In situ X-ray diffraction during calcination of CZZ-433 in a
(a) Precursor to catalyst transition (150–350◦C). (b) Catalyst crystalliza
tion (350–600◦C).
-

-

-

ing EVA software and the ICDD PDF database are gi
in Table 3. The diffraction pattern of the initial ligh
blue precipitate was observed to consist mostly of the
richalcite (Cu,Zn)5(CO3)2(OH)6 phase, along with hydroz
incite Zn5(CO3)2(OH)6 and malachite Cu2CO3(OH)2 crys-
tal structures (Fig. 2a). Since the most active catalyst
only calcined to 350◦C, it is interesting to note that th
catalyst at this point was mostly amorphous with some c
tallinity for the CuO and ZnO phases. This pattern matc
the pattern of a sample subjected to a full 4 h of calcinat
As the temperature increased (Fig. 2b), so did the c
tallinity of CuO and ZnO, and at 500◦C crystalline ZrO2
began to appear. Initially, ZrO2 formed a possible rhom
bohedral phase at 500◦C, but eventually formed tetragon

Table 3
Major peaks in the XRD patterns of identified phases during in situ calc
tion of CZZ-433 precursor

Phase d (Å) 2Θ h k l

Monoclinic 3.696 24.05 3 1 0
Zn3Cu2(OH)6(CO3)2 3.262 27.32 −3 1 1
aurichalcite 3.262 27.32 2 1 1

3.210 27.77 0 2 0
3.126 28.53 −4 0 1
3.126 28.53 3 0 1
2.901 30.80 2 2 7
2.811 31.81 −4 1 1
2.811 31.81 3 1 1
2.730 32.78 −1 2 1
2.730 32.78 0 2 1
2.645 33.86 −1 0 2
2.626 34.12 −2 2 1
2.626 34.12 1 2 1
2.619 34.21 4 0 1
2.619 34.21 4 0 3

Monoclinic 2.529 35.46 0 0 2
CuO copper 2.522 35.56 −1 1 1
oxide 2.321 38.77 1 1 1

2.309 38.97 2 0 0
1.867 48.74 −2 0 2
1.710 53.53 0 2 0
1.580 58.37 2 0 2
1.505 61.56 −1 1 3
1.417 65.87 0 2 2
1.409 66.29 −3 1 1
1.378 67.98 1 1 3
1.374 68.17 2 2 0

Hexagonal 2.815 31.77 1 0 0
ZnO zinc 2.603 34.42 0 0 2
oxide 2.476 36.25 1 0 1

1.911 47.54 1 0 2
1.625 56.59 1 1 0
1.477 62.87 1 0 3
1.378 67.95 1 1 2
1.359 69.08 2 0 1

Tetragonal 2.951 30.26 1 0 1
ZrO2 zirconium 1.813 50.28 1 1 2
oxide 1.796 50.80 2 0 0

1.556 59.35 1 0 3
1.534 60.28 2 1 1
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Fig. 3. Comparison of XRD patterns of Cu/Zr samples calcined at diffe
temperatures in air.

ZrO2 by 550◦C. The vertical lines in the figure help illus
trate the shift occurring in the ZrO2 pattern during the phas
transition. The resulting postcalcined material was a d
brown color. As expected the only significant difference
the precursor to catalyst transition for CZZ-433 (350) a
CZZ-244 (350) (not shown) was the intensity of the C
peaks formed.

All of the postcalcined catalysts contained CuO and Z
phases except the Cu/Zr samples, which do not con
ZnO. Samples calcined below 500◦C did not contain any
detectable crystalline ZrO2, while those calcined at 550◦C
contained tetragonal ZrO2. The clearest differences betwe
calcination temperatures are seen for Cu/Zr (350) and C
(550), as shown in Fig. 3. After calcining at 550◦C, Cu/Zr
(550) contains tetragonal ZrO2 and larger CuO crystals. At
tempts were made to precipitate ZrO2 by itself in order to
better characterize the amorphous phase; however, a
loidal suspension formed which could not be washed
suction filtration, and upon drying at 100◦C a white amor-
phous gel formed. TPD and TGA/DSC studies summari
in the next sections offer more insight into the nature of
amorphous zirconia phase in the catalysts calcined at lo
temperatures.

Diffraction patterns taken in situ during the reducti
process show that reduction of the samples only change
CuO phase to Cu, with no effect on ZnO or the respec
zirconia phase. However, the degree of copper sintering
occurs during the reduction is dependent on the compos
of the sample. Fig. 4 shows a comparison of the in situ X-
diffraction patterns taken during reduction of CZZA-433:0
(350) and CZZ-811 (350), the samples with the highest
lowest measured Cu surface areas, respectively. It is li
that the sintering of CZZ-811 (350) during the reduction
the cause of its low measured Cu surface area. The alum
containing material maintained its low crystallinity after t
reduction; however, CZZ-811 (350) showed increased c
tallinity with increasing temperatures. It is also interest
that for this sample adding a small amount of ZnO and Z2
to CuO still improves reducibility as compared to pure Cu
-

-

Fig. 4. In situ XRD patterns taken during reduction in 5% H2 in N2.
(a) CZZA-433:0.5 (350). (b) CZZ-811 (350).
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Fig. 5. Comparison of CO2 evolution patterns during blank TPD.

but does not prevent sintering, showing the dual functio
the supports in preventing sintering and improving reduc
ity of Cu. The reductions of CZZ-433 (350) and CZZ-4
(550) (not shown) were very similar to CZZA-433:0.5, e
cept for the fact CZZ-433 (550) has a much sharper0

peak. This is because CuO is much more crystalline a
calcining at the higher temperature, as was seen durin
situ XRD calcination. Consequently, because of the hig
degree of sintering, CZZ-433 (550) has a much lower
surface area than CZZ-433 (350) or CZZA-433:0.5 (350

3.4. TPD

Blank temperature-programmed desorption experim
were carried out for calcined samples of Cu/Zn (350), Cu
(350), and CZZ-433 (350). All of the samples containing
amorphous zirconia phase first released water over a b
range just above the calcination temperature of 350◦C, fol-
lowed by CO2 evolution beginning around 500◦C, which
is approximately the same temperature crystalline ZrO2 ap-
pears during in situ calcination. These features are lik
the products of the decomposition of carbonates. Cu
(350) released only a small amount of CO2 in this tem-
perature range, indicating that the CO2 evolution is likely
coming about from decomposition of the amorphous zir
nia/zirconium carbonate in the zirconia-containing samp
A comparison of CO2 evolution profiles for the samples
shown in Fig. 5. All of the samples released O2 at high
temperatures as Cu oxide begins to decompose. All sam
were red/orange in color after the temperature treatmen
dicative of metallic copper.

3.5. TGA/DSC

More insight on the precursor to catalyst transition a
the nature of the amorphous zirconia phase can be obta
from TGA/DSC experiments. The products released
ing an in situ calcination (in He) of CZZ-433 precursor a
d

s

d

Fig. 6. TGA/DSC analysis of CZZ-433 precursor decomposition in heli
(a) The derivative of weight change with respect to time and the amou
CO2 and H2O released as a function of temperature. (b) Weight change
heat flow as a function of temperature.

graphed together with the derivative of the weight cha
with respect to temperature in Fig. 6a. Below 350◦C, the
peak positions for weight change and CO2 and H2O re-
leased correlate nicely. The lower temperature peaks a
and 175◦C are most likely due to the loss of weakly a
sorbed CO2 and H2O. Zirconia is known to release CO2 and
H2O adsorbed from the atmosphere below 200◦C [33,34].
None of the Cu/Zn hydroxycarbonate species detecte
XRD are known to decompose in this low temperature ran
however, desorption of H2O and CO2 from these species
also possible in this temperature range. It should be n
that no changes in the XRD pattern were observed be
200◦C for a calcination in O2. The peak at 245◦C (which
has a higher CO2 to H2O ratio) likely originates from de
composition of hydrozincite to ZnO [35,36]. The large pe
at 333◦C can be attributed to the decomposition of aurich
cite, the main phase present in the precursor as dete
by XRD [35,36]. DSC measurements presented in Fig
confirm that these decompositions are endothermic, a
ported by other researchers [35–37]. Malachite is know
decompose to CuO at 303◦C, so the shoulder preceding t
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aurichalcite peaks may be attributed to a small amoun
malachite [35,36].

Carbon dioxide is released endothermically at 463◦C
without water. Only one CO2 peak was observed durin
blank TPD experiments, so this CO2 release may take plac
at lower temperatures in the presence of O2. All of the possi-
ble Cu and/or Zn carbonate-containing phases are expe
to decompose at lower temperatures [35–38], so this p
may be coming from a phase change in zirconia. The sec
smaller CO2 peak begins just above 500◦C, and reaches
maximum at 607◦C. DSC shows a significant exotherm
peak in the same region. This could be due to the rele
of heat from the exothermic crystallization of zirconia [3
but oxidation of carbonaceous species also is a possib
d

At higher temperatures more heat is released presum
from sintering, showing how such sintering can be a s
perpetuating effect for these catalysts. Similar to blank T
results, O2 is released near 800◦C (not shown) from the re
duction of CuO.

3.6. SRM reaction experiments

The results of reaction testing using equal weights
catalysts are shown in Fig. 7, where H2 yield is defined
as the percentage of the theoretical H2 produced based o
methanol fed assuming that 1 mol of methanol could re
to form 3 mol of H2. The SRM reactions were performe
using an equal weight of catalyst in the reactor withou
on,
Fig. 7. Steam reforming of methanol reaction testing for unreduced catalysts (catalyst weight= 50 mg) showing effects of: (a) base used for precipitati
(b) Cu content, (c) Zn:Zr ratio, (d) addition of alumina, (e) calcination conditions, (f) composition.
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prereduction step. The amount of CO by-product produ
was always below the detectable limit for the TCD un
these conditions, indicating that CO2 selectivity was always
greater than 99.8%. There was always CO detected b
FID using a methanizer; however, the concentrations w
more of a function of methanol conversion rather than c
lyst. Other researchers have reported trends in CO selec
when methanol conversion was close to 100% for var
catalyst compositions [28]. Methane product concentrat
were always below 10 ppm and therefore undetectable.
FID with methanizer did detect small by-product concen
tions of formaldehyde, formic acid, and methyl formate
all the samples; however, the concentration for any of th
by-products was never more than 500 ppm.

The most active catalysts were prepared with 40 m
of Cu precursors, and equal amounts of Zn and Zr
cursors using a carbonate-containing base. This config
tion also yielded the highest Cu surface area among
alumina-containing samples. Using the alternative base
not greatly affect the activity for steam reforming; howev
when ammonium hydroxide was used, the resulting cata
had slightly lower surface area and significantly lower
tivity (Fig. 7a). It is possible that some Cu was lost dur
filtration due to the formation of the soluble copper am
complex; however, the catalyst prepared with ammon
carbonate still performed quite well, suggesting that the
activity observed for the catalyst prepared with ammon
hydroxide was not simply due to the interaction of ammo
with copper. Although no Na or K was detected by XPS
cannot be ruled out that these elements have a promotin
fect considering their slightly higher activity. Ultimately, th
formation of a hydroxycarbonate precursor seems to be
key to preparing an active catalyst. It is known for copp
zinc-based catalysts for the various reactions of interest
the decomposition of hydroxycarbonate precipitates lead
high surface area active catalysts in which Cu is well
persed. Likewise, the formation of such precipitates was
served to be important in this series of catalysts as well.

Varying other pretreatment conditions had significant
fects on activity. The effects of increasing copper conten
observed when CZZ-244 (350), CZZ-433 (350), and C
811 (350) are compared (Fig. 7b). Likewise, the effec
Zn:Zr ratio is observed when comparing CZZ-433 (35
CZZ-442 (350), and CZZ-424 (350) (Fig. 7c). The high
surface area and optimum activity by weight are obtained
CZZ-433 (350), which was also the sample with the hi
est measured Cu surface area of the group. The additio
aluminum decreased the activity of the sample. Even w
its high BET and Cu surface areas, CZZA-433:0.5 (3
did not have better activity for the SRM reaction than CZ
433 (350) (Fig. 7d). Others have reported that Al2O3 has an
inhibiting effect for the SRM in prereduced Cu/ZnO-bas
catalysts [24,25]. Increasing the calcination temperature
creased activity (Fig. 7e) in addition to decreasing sur
area and Cu surface area. Interestingly, samples calcin
the absence of oxygen still performed well, presumably
-

-

t

f

cause the hydroxycarbonate precursors decompose to
metal oxides even in an inert atmosphere.

The next most active catalyst on an equal weight ba
after CZZ-433 (350) and its derivatives, was Cu/Zn (3
(Fig. 7f), despite the fact that it had an extremely low s
face area. Conversely, this catalyst had poor stability
lost activity when the reaction temperature was raise
300◦C. This was most likely due to sintering of the copp
In commercial Cu/ZnO/Al2O3 low temperature shift cata
lysts, the addition of aluminum not only increases surf
area but also decreases the rate of such sintering. Co
supported by zirconia maintained a high surface area w
calcined at 350◦C and had good activity. Zirconia is know
to be an effective support for copper for the methanol s
thesis reaction, and steam reforming using prereduced
lysts, however, for steam reforming of methanol Cu/Zn (3
outperformed the Cu/Zr catalysts. Increasing the calcina
temperature resulted in a decrease in surface area, but n
in activity for Cu/Zr (550).

Overall it appears that CZZ-433 (350) is the best c
lyst for several reasons. It was prepared with a carbo
base, making the formation of a hydroxycarbonate pre
sor possible, which is necessary for optimal activity si
such a precipitate puts Cu and Zn in direct contact with
another. Additionally, this composition leads to the high
Cu surface area without the use of Al2O3, which would in-
hibit the reaction. Therefore, the high surface area wi
large enough Cu content to yield a high Cu surface area
enough ZnO and ZrO2 to prevent sintering, makes for a go
SRM catalyst that apparently does not require prereduc
to obtain good activity.

SRM reaction experiments were also performed by ke
ing the catalyst surface area in the reactor constant
normalizing surface area in the reactor, a better idea
be obtained of how catalysts perform on a molecular le
From Fig. 8a it is apparent that CuO mixed with ZnO is
most active catalyst on an equal surface area basis. U
tunately, this catalyst has a low surface area to begin
and suffers deactivation presumably due to sintering a
creased temperatures, as was seen previously in equal w
measurements. Adding zirconia to Cu/ZnO, as in CZZ-
(350), seems to provide better resistance to sintering. A c
parison of catalysts with different compositions shows
CZZ-433 (350) is still the most active catalyst after Cu/Zn
is interesting to note that on an equal surface area basis
CZZ-433 catalysts calcined at different temperatures s
the same activity (Fig. 8b). Another interesting point ab
the equal surface area comparisons is that Cu/Zr cata
become more active when calcined at 550◦C. Methanol syn-
thesis work has shown that copper supported by either a
conia aerogel or a crystalline zirconia is active for the reve
of the reforming reaction. In fact, Jung and Bell even show
that the level of activity was dependent on which crystal
phase of zirconia was used [22]. Therefore, it is possible
tetragonal ZrO2 present in Cu/Zr (550) is a more effecti
support for Cu than amorphous Zr. This would explain w
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n
Fig. 8. Steam reforming of methanol reaction testing for unreduced catalysts (catalyst surface area= 4.4 m2) showing effects of: (a) composition, (b) calcinatio
temperature, (c) Zn:Zr ratio, (d) Cu content.
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Cu/Zr (550) has the same activity as Cu/Zr (350) on an e
weight basis, despite having a lower surface area.

Figs. 8c and 8d confirm that CZZ-433 (350) is the optim
composition even on an equal surface area basis, as w
be expected by Cu surface area measurements. Intuit
one may think higher Cu content samples would perfo
better on an equal surface area basis if Cu is the sourc
activity; however, characterization showed that CZZ-81
extremely prone to sintering and has a low Cu surface a
Samples prepared from carbonate bases have approxim
the same BET surface area, and alumina-containing sam
have a higher surface area than CZZ-433 (350); there
equal surface area testing was not performed on these
ples.

3.7. Time-on-stream experiments

Activity testing as a function of time on stream show
that after an initial deactivation, the prereduced CZZ-4
(550) catalyst had the same activity as the nonreduced
ple. Fig. 9 shows that the H2 yield for the catalysts sub
jected to two different pretreatment conditions eventu
converge. However, initially there is a large difference
activity for the two cases. Sintering effects and/or the s
oxidation of Cu may be playing a role in deactivation of t
,

f

.
ly
s

-

-

Fig. 9. Time-on-stream testing for CZZ-433 (550) comparing not redu
and prereduced samples.

sample reduced with hydrogen [39]. For the purpose of
study, it is important to note that the effectiveness of a2
prereduction is dependent on the catalyst preparation p
meters, and in the case of the best performing catalyst (C
433 (350)), a H2 prereduction seems unnecessary since
small difference in activity of prereduced and nonredu
samples vanishes quickly as the activities converge in
der 4 h. The activities for samples containing alumina
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not converge, and the prereduced samples maintained h
activity even after 48 h of testing. Reasons for these ob
vations will be discussed in more detail in the authors’ n
paper.

3.8. XPS

X-ray photoelectron spectra were obtained for sam
with different compositions and/or different calcination te
peratures. In addition to prereaction spectra, postrea
spectra were also obtained for the CZZ-433 (550) sam
subjected to time-on-stream tests. Table 4 shows the b
ing energies and peak assignments of the identified p
for calcined samples. After calcination, the phases pre
were consistently CuO along with ZnO and/or ZrO2. Using

Table 4
XPS results for untreated samples

Sample Peak BE (eV)

Cu/Zr (350) Cu 2p3/2 933.6
Zr 3d5/2 182.1

Cu/Zr (550) Cu 2p3/2 933.6
Zr 3d5/2 182.3

Cu/Zn (350) Cu 2p3/2 933.7
Zn 2p3/2 1021.9
Cu 2p3/2 933.7

CZZ-433 (350) Zn 2p3/2 1022.1
Zr 3d5/2 181.7
Cu 2p3/2 933.6

CZZ-433 (550) Zn 2p3/2 1022.2
Zr 3d5/2 181.9
r

-
s
t

a higher calcination temperature increased the BE for
ZnO and ZrO2 peaks, while adding ZnO to ZrO2 decreased
the BE of ZrO2 by approximately 0.5 eV.

As Fig. 10 shows, CuO is reduced by the reactant
the point in time when steady state has been reache
is interesting to note that the X-ray photoelectron spe
of the postreaction samples are very similar for both pr
duced and unreduced samples. This result is quite cons
with the observations made in the time-on-stream exp
ments which showed that the performance of the prered
catalyst became identical to that of an unreduced sampl
ter being on stream for about 30 h. The oxidation stat
Cu in the postreaction samples cannot be determined
nitely by XPS since the BE ranges of possible reduced s
overlap. However, the binding energy of the postreac
sample was not as low as that of a fully reduced sam
Therefore, it is conceivable that the postreaction samples
gardless of their reduction history) contain reduced Cu o
steady state is reached, but show signs of partial oxida
subsurface oxidation, or even a higher oxidation state c
pared to fully reduced Cu0. The other components rema
unaffected, as seen by their binding energies shown in
ble 5.

4. Conclusions

Characterization of the zirconia-containing Cu/Zn
based catalysts showed that the catalysts calcined at 3◦C
consisted of CuO, ZnO, and a high surface area amorp
zirconia phase. This amorphous phase releases CO2 upon its
Fig. 10. XPS spectra of Cu 2p region for CZZ-433 (550) samples: (a) calcined (prereaction), (b) prereduced (prereaction), (c) calcined (postreaction), (d) pre-
reduced (postreaction).
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Table 5
XPS results for CZZ-433 (550) after being subjected to various conditi

Treatment history Peak BE (eV

Reduced Cu 2p3/2 932.3
Zn 2p3/2 1022.2
Zr 3d5/2 182.5

Postreaction Cu 2p3/2 932.6
Zn 2p3/2 1022.4
Zr 3d5/2 182.2

Reduced postreaction Cu 2p3/2 932.7
Zn 2p3/2 1022.4
Zr 3d5/2 182.5

crystallization to a lower surface area tetragonal ZrO2 phase
at temperatures near 500◦C.

Reaction testing showed that prereduction is not ne
sary to activate these catalysts and only provides tem
rary improved activity in the case of nonalumina samp
In accord with previous studies on prereduced zirco
containing Cu/ZnO SRM catalysts, the most active non
duced catalysts contained the high surface area amorp
zirconium phase and an optimal amount of CuO and Z
to allow for high Cu surface area. From Cu surface a
results it can be rationalized that this catalyst has good
sistance to sintering compared to the poor performing s
ples. Although alumina increased Cu surface area, it ha
apparently negative effect on SRM activity for nonreduc
samples.

Postreaction XPS experiments indicated that CuO in
oxidized catalyst can be at least partially reduced by
reaction mixture, and a prereduced catalyst becomes
tially oxidized. The results of in situ characterization of the
non-reduced catalysts in SRM reaction conditions will
presented in the next paper in this series.
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