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Abstract

A series of Cu/Zn/Zr-based catalysts for the methanol steam reforming reaction were found to have varying activity depending
position and pretreatment conditions. The catalyst with a Cu:Zn:Zr mole ratio of 4:3:3 calcined at 350◦C performed equally well with o
without prereduction in hydrogen, whereas catalysts containing alumina or calcined at 550◦C required prereduction with hydrogen for op
mal activity. X-ray diffraction and thermogravimetric analysis showed that the bulk CuO phase of all of the catalysts is reduced to C0 when
reduced with hydrogen, methanol, or methanol and water. In addition, X-ray photoelectron spectroscopy shows that the most act
without prereduction suffers the least amount of Cu surface composition loss during reduction with the steam reforming reactants
differences in Cu surface composition cannot completely account for activity differences. Diffuse reflectance infrared Fourier t
spectroscopy experiments show that catalysts in their most active form have uniquely different spectra than the less active samples
reforming over unreduced Cu:Zn:Zr 4:3:3 calcined at 350◦C, carbon dioxide bands eventually become the dominating feature, unlike f
other catalysts. Consequently, this is the only sample with a postreaction spectrum resembling the surface of its hydrogen-reduc
part. When steam reforming was carried out over the hydrogen-reduced surfaces, carbon dioxide was the dominating species obs
samples, and the features that were apparent immediately after the hydrogen reduction remained intact. Several hypotheses are
explain these trends.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Cu-based catalysts are potentially useful for severa
actions, including low-temperature water–gas shift[1–3],
methanol synthesis[4–11], and methanol reformation[12–
18] and partial oxidation[19–22]to hydrogen. For these re
actions, activity is generally proportional to Cu surface a
and dispersion; therefore, the rate-determining steps fo
various reactions are generally assumed to occur on C
at a boundary between Cu and the support[5,14,15,17,20,
22–24]. Various oxides and mixtures of oxides can be u
as supports for Cu, with the most common supports Z
Al2O3, ZrO2, and mixtures of these oxides. Other promot
* Corresponding author. Fax: +1-614-292-3769.
E-mail address:ozkan.1@osu.edu(U.S. Ozkan).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.07.007
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[24–26]and novel support structures with favorable effe
also have been investigated[27].

From an academic standpoint, Cu-based catalysts ar
teresting due to the multiple functions of the supports. Z
oxide is known to both improve the dispersion of Cu and
reducibility of CuO, and improved reducibility of CuO ha
been cited as a possible reason for the activity of Cu/Z
catalysts if a Cu redox step occurs in the mechanism[16,28].
However, it is also possible that improved adsorption i
reason for the better activity and that improved reducibi
is a second-hand effect. The adsorption properties of the
port could affect activity, because spillover effects have b
shown to play a role in reaction mechanisms for these c
lysts. Hydrogen species are mobile over both phases of t

catalysts and can be stored on the surface[6], whereas oxy-
gen species have been shown to move from ZnO to Cu, most
likely in the form of hydroxides[11].

http://www.elsevier.com/locate/jcat
mailto:ozkan.1@osu.edu
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Like ZnO, zirconia improves the reducibility of copp
and aids Cu dispersion[14,15,18,24]. Zirconia can also par
ticipate in spillover effects, because the buildup of hyd
gen that spills over from Cu is possible on ZrO2 as well
[7,29,30]. For the methanol synthesis reaction, ZrO2 has the
attractive property of being able to adsorb CO2, where it
can become hydrogenated[7,31]. Likewise, for the steam
reforming of methanol (SRM) reaction, ZrO2 can readily ad-
sorb methanol[32]. Moreover, higher-surface-area cataly
can be prepared through coprecipitation methods when
Zn and Zr are used together. Therefore, we have obse
that it is favorable to use both ZnO and ZrO2 together as a
support for CuO to form catalysts with higher activity[17].

Alumina is generally added to the catalysts to impro
surface area and prevent catalyst sintering[12,20]. How-
ever, excessive Al2O3 has an inhibiting effect on the SRM
reaction in Cu/ZnO-based catalysts[14,17,20]. In addition,
alumina does not improve the reducibility of CuO to the
tent that ZnO or ZrO2 does. The favorable effect of a sma
amount of alumina in reducing sintering generally outwei
the initial small loss of activity.

Limitations of these catalysts include the need for pre
action reduction, pyrophoricity, and questionable long-te
stability. In previous work we demonstrated that unredu
zirconium-containing Cu/ZnO catalysts perform well f
methanol reforming reactions even without prereaction
duction[17]. This is significant, because prereduction w
hydrogen would be particularly burdensome for steam
forming systems used in mobile applications. It was appa
that the Cu component of the catalysts was at least part
reduced by the reactants; however, some catalysts, inclu
alumina-containing samples and samples calcined at hi
temperatures, still performed better after reduction with
drogen. In addition, the extent of sample deactivation
pended on composition and pretreatment conditions.

Other researchers have studied similar nonreduced
based catalysts for methanol reforming reactions. Günt
al. examined the redox behavior of CuO/ZnO catalysts
methanol steam reforming using in situ X-ray diffracti
(XRD) and X-ray absorption spectroscopy[33] and found
that the bulk CuO phase is reduced under steam reform
conditions to metallic Cu. In addition, Cu/ZnO interactio
had to be accounted for to explain activity observatio
Specifically, activity was affected by increased disorder
microstrain in Cu particles, not just on the Cu surface a
caused by interaction with Zn. Likewise, Navarro et al. fou
that for the partial oxidation of methanol, reduction of Cu
occurred under reaction conditions and led to active cata
for hydrogen production[21]. Idem and Bakhshi examine
oxidized Cu catalysts promoted with various elements
methanol steam reforming[26] and found that samples a
tivated with the methanol and water reactant mixture w
more active than the samples reduced with hydrogen.

methanol/water-activated samples contained a higher ratio
of Cu+/Cu0 on the surface, just as the more active sam-
ples (for the various promoters studied) contained a higher
of Catalysis 234 (2005) 463–475
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Cu+/Cu0 ratio in postreaction analysis. This ratio was cor
lated with the stronger redox ability of Cu in these samp
Besides differences in Cu particle strain and redox ab
(which may be related), differences in the Cu surface are
ter various additions of promoters and treatments also c
contribute to activity differences. Thermal sintering lead
to a loss of Cu surface area is widely known to be the prim
cause of deactivation in these catalysts[23,34]. Varying pro-
moters and pretreatments are also likely to affect Cu sur
area through sintering differences.

In this paper we discuss how the catalyst surface in
acts with methanol, describe the extent of catalyst reduc
under steam reforming conditions, and explore the po
ble reasons for differences in activity among catalysts
varying composition and pretreatment conditions. A be
understanding of the effects of such parameters will ai
the design of better catalysts and systems for methano
forming to hydrogen in mobile systems that will not requ
catalyst prereduction with hydrogen.

2. Experimental

2.1. Catalyst preparation

The catalysts were prepared using a coprecipitation t
nique reported previously[17]. First, 1.25 mol solutions o
Cu, Zn, and ZrO nitrates were mixed and then precipita
using 0.25 mol Na2CO3 under vigorous stirring at room tem
perature, with pH maintained at 8.5. The precipitate w
then washed using suction filtration and 2 L of hot doub
distilled water. The precursor was then dried overnigh
100◦C, crushed, and calcined. Calcination was carried
in a tube furnace using pure oxygen flowing at 10 sc
The temperature was ramped from 25◦C to the maximum
temperature at a rate of 5◦C/min. The maximum calcina
tion temperature varied between 350 and 550◦C for different
samples and was held there for 4 h. Surface area wa
termined by N2 physisorption using a Micromeritics ASA
2010 adsorption instrument.

2.2. Time-on-stream (TOS) activity testing

Activity testing was conducted in an in-house–constru
ed reactor system with an on-line HP5890 GC equipped
a thermal conductivity detector and a flame ionization de
tor (FID) for determining product composition. The FID w
equipped with a methanizer to allow detection of CO at l
els as low as 10 ppm. For all deactivation tests, 50 mg
the powder catalyst sample was loaded in a 5-mm-i.d.,
stainless-steel tube. The reactor tube was then encased
in-house-built furnace. A thermocouple measured the t
perature at the bottom of the silica wool that supported

catalyst in the downward flow scheme. If the catalyst was
prereduced, it was done in situ at 250◦C using 5% H2 in N2
flowing at 20 sccm for 3 h before activity testing. For all
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steam reforming tests, the total flow rate was 100 sccm,
a composition of 15.5% methanol, 19.4% water, 36.9%2,
and the balance Ar carrier. Measurements of product c
position were made for up to 48 h TOS.

2.3. X-ray diffraction

Powder XRD patterns were obtained using a Bruker
X-ray diffractometer equipped with an HTK1200 samp
holder capable of controlling temperature and atmosph
The X-ray source was Cu–Kα radiation. For the H2 reduc-
tion patterns, a fresh sample was placed in the sample ho
then, using a vacuum pump, the atmosphere was repl
with 5% H2 in N2. The temperature was then ramped un
10 sccm of 5% H2 in N2 flow, up to 250◦C at 5◦C/min and
held for 1 h before measuring the pattern. For methano
duction patterns, a fresh sample was placed in the holder
the atmosphere was replaced with N2 using a vacuum pump
The temperature was ramped to 250◦C at 5◦C/min under
10 sccm of N2 flow. The temperature was held at 250◦C for
1 h, and then a pattern was obtained under N2 flow. Next,
1% methanol flow in N2 (10 sccm total) was initiated us
ing a diffusion tube. Patterns were obtained after 1 and
of methanol flow; these patterns were found to match e
other for all of the samples tested. Water and methanol c
not be sent to the instrument together because of the p
tial to produce an explosive mixture inside the instrumen

2.4. Thermogravimetric analysis/differential scanning
calorimetry (TGA/DSC) with on-line gas chromatography
mass spectroscopy (GC-MS)

Reduction of the catalysts with the reactants was ex
ined using a Seteram TGA/DSC 111 connected to an on
HP5890II GC/MS. For all tests, the instrument was pla
in corrosive gas mode, and approximately 20 mg of sam
was loaded onto the balance in a quartz crucible. For H2 re-
duction experiments, the temperature was raised to 25◦C
under He flow, and the balance was tared. Then 5% H2 in
N2 was sent to the sample at 40 sccm while recording T
and DSC signals for 1 h. Next, the same sample was he
250◦C while purging with He flowing at 40 sccm for 1 h
Finally, approximately 1% methanol and 1.5% water in
(40 sccm total) was sent to the sample using diffusion tu
for 1 h to observe the effects of in situ steam reforming re
tion with TGA, DSC, and MS signals. For nonreduced ste
reforming experiments, a fresh sample was loaded into
instrument, and the temperature was raised to 250◦C under
40 sccm of He flow. Then 1% methanol and 1.5% wate
He were sent to the sample while the TGA, DSC, and
signals were recorded for 1 h. For methanol reduction ex
iments, a fresh sample was loaded into the instrument
the temperature was raised to 250◦C under He flow, then

1% methanol in He (40 sccm total) was sent to the sample
for 1 h while recording TGA, DSC, and GC signals. The
sample was then purged with He for 1 h while holding at
of Catalysis 234 (2005) 463–475 465
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250◦C. Finally, the sample was reoxidized with 1.5% wa
in He flowing at 40 sccm for 18 h at 250◦C while perform-
ing TGA/DSC analysis. In all of the experiments, water w
fed using a humidification bubbler, and methanol was
using a diffusion tube. After each experiment, the flow w
switched back to He to observe any changes in the base

2.5. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectra were recorded using
AXIS Ultra XPS with an Mg anode operating at 14 k
and 10 mA. The powder sample was supported by dou
sided carbon tape. For postreaction and postreduction
periments, the samples were sealed in He at the treat
temperature before being cooled, then loaded into the
strument without ever being exposed to the atmospher
means of a glove box and a controlled-atmosphere tran
chamber. Charge shift corrections were made by assum
C 1s binding energy of 284.5 eV for the carbon tape.

2.6. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS)

The surface intermediates formed during in situ red
tions and reactions were observed with a Bruker 1600
equipped with a controlled-atmosphere sample holder.
all of the experiments in which a fresh sample was us
the surface was first cleaned by heating the sample in si
250◦C under He flow at 40 sccm for 1 h, and then a ba
ground spectrum was obtained at 250◦C under He flow. For
the H2-reduced sample, 5% H2 in N2 was sent to the sam
ple at 20 sccm while holding the temperature at 250◦C for
1 h, but the spectra in He before the reduction was still u
as the background. The H2-reduced samples were then su
jected to a reaction mixture of approximately 1% metha
and 1.5% water (using the same feed system as in the
experiments) in He flowing at 40 sccm. Spectra were ta
every minute for 30 min, then every 5 min for the ne
30 min. In one case additional spectra were taken e
30 min for 4 h. After the reaction was complete, the sam
was flushed with He for 30 min, and then a final spectr
was taken at 250◦C. For nonreduced steam reforming e
periments, a fresh sample was loaded, and, after taki
background, 1% methanol and 1.5% water in He with a
tal flow of 40 sccm was sent to the sample held at 250◦C.
Similarly to the prereduced sample, spectra were taken e
minute for 30 min, then every 5 min for the next 30 min, a
after 1 h, the sample was flushed with He for 30 min a
a final spectrum was taken at 250◦C. Methanol reduction

experiments were also performed through an identical pro-
cedure, the only difference being the use of 1% methanol in
He rather than water and methanol.
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3. Results and discussion

3.1. TOS activity testing

Recently we reported differences in catalytic activity d
pending on reduction history and catalyst composition[17].
A CuO/ZnO/ZrO2 catalyst with a mole ratio of 4:3:3, aptl
named CZZ-433, performed quite differently in TOS te
depending on calcination temperature, prereduction with
luted H2 at 250◦C, or the inclusion of alumina during prep
ration. When calcined at 350◦C, CZZ-433(350) was the
best-performing SRM catalyst and performed equally w
with or without prereduction, as shown inFig. 1a. Here H2
yield is defined as the mol of hydrogen produced divided
3 times the mol of methanol fed, because the stoichiom
of the steam reforming reaction is 3 mol of hydrogen per m
of methanol. However, as reported previously, when calc
at 550◦C, the zirconia phase changed from an amorph
carbonate-containing phase to tetragonal, accompanie
a loss in surface area. CZZ-433(550) did not perform
well as its 350◦C counterpart for the SRM reaction with
out prereduction, but a temporary two-fold increase co
be obtained with a reduction in diluted hydrogen, as sho
in Fig. 1b. But this increased activity did not last, and
ter 20 h TOS, the catalyst performance deteriorated to
same level observed for the sample that was not preredu
Interestingly, when a small amount of alumina was ad
to CZZ-433(350) a completely different trend was observ
Adding 5% alumina to the same ratio of components (nam
CZZA-433:0.5) resulted in a catalyst that required prered
tion with H2 to obtain an optimal activity that is maintaine
over time.Fig. 1c shows the trend seen for the alumin
containing catalyst. We have observed that this depend
on reduction with hydrogen for optimal activity is comm
for Cu/ZnO/Al2O3 commercial catalysts as well (data n
shown).

3.2. XRD

For Cu-based catalysts, using harsher reduction co
tions (e.g., a faster ramp rate or more concentrated hydro
is unadvisable, because this can decrease catalytic ac
due to sintering and loss of Cu surface area. Therefore
compared the sintering effects of different reduction tre
ments by obtaining XRD patterns during in situ reductio
Interestingly, all of the samples had to be recalcined be
performing the experiments because of the apparent rea
ity of CuO at atmospheric conditions. Several months a
preparation, we observed that CuO peaks eventually va
from the XRD patterns, whereas no new phase was app
and the other metal oxides remained unaffected. A po
ble explanation for this finding could be the reaction of C
with atmospheric water and carbon dioxide to form an am

phous hydroxy-carbonate, which was partially the form of
the catalyst precursor. This process, known as the memory
effect, is commonly observed for calcined double-layered
of Catalysis 234 (2005) 463–475

.

)

-

t

Fig. 1. Time-on-stream activity testing with and without prereduction
hydrogen for (a) CZZ-433(350), (b) CZZ-433(550), and (c) CZZA-433:0

hydroxides that have been exposed to water and carbon
ide or aqueous carbonate solutions[35]. Recalcining the
samples in oxygen returned them to their initial crystall
form. The three samples examined were CZZ-433(3
CZZ-433(550), and CZZA-433:0.5.Fig. 2shows the in situ
XRD patterns of samples after calcination, after reductio
5% H2 in N2 at 250◦C, and after reduction in 1% methan
at 250◦C. The samples all look similar, with the excepti
of the higher crystallinity and the presence of the tetrago

◦
zirconia phase in the sample calcined at 550C. Methanol,
like hydrogen, was able to reduce the bulk CuO to Cu0 com-
pletely in all of the samples. The higher intensity and the
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Fig. 2. XRD patterns after various in situ treatments for (a) CZZ-433(5
(b) CZZ-433(350), and (c) CZZA-433:0.5.

narrower width of the Cu0 (111) diffraction line observed
over the methanol-reduced samples clearly shows that0

sinters more easily when reduced with methanol than w
reduced with hydrogen. There are two possible explanat
for the increased sintering seen when using methanol
reductant. First, pure methanol could be causing a ch
cal effect, such as leading to the formation of Cu carbo
species that facilitate faster sintering of the Cu. A sec
possibility is a thermal effect in which more heat is relea

when using methanol as the reductant compared to hydrogen
(see Section3.2). It should be pointed out that the methanol
was not sent to the sample until the temperature reached
of Catalysis 234 (2005) 463–475 467

Fig. 3. TGA/DSC signals for the reduction of CZZ-433(550) with 5%2
in N2 at 250◦C.

250◦C, whereas 5% H2 in N2 was sent to the sample du
ing the temperature ramping. This was done to mimic
TOS activity testing procedure and may have aided sinte
during the reduction with methanol. However, for activ
testing, a methanol concentration of 15% (not 1%) was u
so the sintering may have been even worse for the no
duced samples tested with TOS, assuming that the pres
of water does not have a significant effect on the sinte
process. Unfortunately, higher methanol concentrations
water together with methanol could not be sent to the X
sample chamber, because of safety concerns. Noneth
these experiments show that it is possible for methano
completely reduce the bulk CuO phase and to sinter the
ticles in the process even more so than hydrogen.

3.3. TGA/DSC with online GC-MS

Several experiments were carried out with the TGA/D
setup to better characterize the reduction process of the
alysts. All of the catalysts showed similar trends; therefo
only the results for one of the catalysts, CZZ-433(550)
presented in graphical form here. This was the catalyst
the largest activity disparity for the nonreduced sample. A
observed differences between samples are noted in the
cussion and also reported inTable 1.

In the first experiment, the catalysts were reduced w
5% H2 in N2 at 250◦C. The DSC signal shows that th
reduction of CZZ-433(550) was fairly fast and exotherm
(Fig. 3). The total weight loss from the original weight du
ing the reduction was 6.7%. If it were assumed that
only cause of weight change is the reduction of CuO to
then, based on the “as prepared” composition, a weight
of 6.8% would be expected, thus matching the meas
value within the error of the measurement. The other s
ples tested, CZZ-433(350) and CZZA-433:0.5, had we
reductions of 7.2 and 6.7%, respectively, as shown inTa-
ble 1. To obtain the heat of reduction inTable 1, the exotherm

was integrated and then divided by the amount of CuO in the
sample. At 250◦C and atmospheric pressure, the reduction
of CuO with hydrogen is expected to be exothermic with a
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Table 1
Overview of reduction experiments with TGA/DSC

Sample Reducion
atmosphere

Temperature
(◦C)

Weight
lost

Heat released
(kJ/mol Cu)

Note

CZZ-433(550) H2 250 6.7% 74.3 SeeFig. 3
CZZ-433(550) H2 ramped 6.7% 72.8 Not show
CZZ-433(550) MeOH and H2O 250 6.4% 60.3 SeeFig. 5
CZZ-433(550) MeOH 250 6.6% 69.5 SeeFig. 6

CZZ-433(350) H2 250 7.2% 64.2 Not shown
CZZ-433(350) MeOH and H2O 250 6.9% 56.0 Not show
CZZ-433(350) MeOH 250 7.2% 59.7 Not show

CZZA-433:0.5 H 250 6.7% 73.7 Not shown
2
n
n

ntal

dur-
ition
x-
hese
sed

that
pos
ide
ro-
va-

les
sug
han

0)

n a
and
ou

ro-
tead

feed
min
mic

re
t of

all
nter-

ver

m-
ace

on

the
ults

am-
f
duc-
GA
the

-
the
af-

ster
ther
DSC
GC-

that
CZZA-433:0.5 MeOH and H2O 250
CZZA-433:0.5 MeOH 250

heat of reaction slightly more negative than the experime
values:

CuO+ H2 → Cu0 + H2O �H at 250◦C = −85 kJ/mol.

The endothermic decomposition of hydroxy-carbonates
ing the reduction, as seen previously for the decompos
of the precursor[17], could account for the lower than e
pected heat of reduction seen in all of the samples. T
samples were calcined ex situ to mimic the procedure u
for activity testing; therefore, some hydroxycarbonates
can form on exposure to the atmosphere and decom
above 250◦C could still have been present. Carbon diox
formation observed during catalyst reduction with hyd
gen lends further support to this possibility. This obser
tion is discussed further in Section3.4. Interestingly, CZZ-
433(350) lost slightly more weight than the other samp
and exhibited the least heat release during reduction,
gesting that it might contain more hydroxy-carbonates t
the other samples.

The reduction was also carried out for CZZ-433(55
while ramping the temperature at 5◦C/min from 25◦C up
to 300◦C (data curves not shown). As shown inTable 1, the
same amount of weight was lost, and only 1.5 kJ/mol less
heat was released; however, it is more difficult to obtai
baseline for the DSC signal in the ramping experiment,
thus only constant temperature reductions were carried
for all of the samples.

Next, the SRM reaction was carried out over the hyd
gen-reduced catalysts. The reaction seemed to reach s
state very quickly for all catalysts, as shown inFig. 4 for
CZZ-433(550). The reaction products and unreacted
detected with the GC-MS reached a steady level after 5
(not shown). The DSC signal dropped to an endother
value for all samples because the endothermic steam
forming reaction took place on the sample. The weigh
the samples increased only slightly (<0.5%) and remained
steady for the duration of the 1-h-long experiment for
samples. This slight weight increase may be caused by i

mediates present on the surface. After the reaction, the sam
ple was flushed with helium, and the DSC curve returned to
the original baseline, whereas the weight remained slightly
6.3% 62.0 Not show
6.5% 63.5 Not show

e

-

t

y

-

Fig. 4. TGA/DSC signals for the in situ steam reforming of methanol o
prereduced CZZ-433(550) at 250◦C.

higher than the original baseline (about 0.1% for all sa
ples). This could be due to partial reoxidation of the surf
during SRM reaction or to some intermediates remaining
the surface.

The steam reforming reaction was also carried out in
TGA/DSC system over the unreduced sample. The res
of this experiment for CZZ-433(550) are shown inFig. 5a,
and the values for weight loss and heat released for all s
ples are reported inTable 1. The reduction of the bulk o
the catalyst seen on XRD with methanol alone as the re
ing agent occurs even in the presence of water. The T
signal shows a catalyst weight loss of 6.4%, similar to
weight loss for the reduction with H2. The DSC signal is
also similar to the H2 reduction signal, but falls to an en
dothermic baseline rather than to zero. This is because
endothermic steam reforming reaction begins to occur
ter CuO is reduced. Overall, this reduction occurred fa
but was less exothermic than hydrogen reduction. The o
samples had the same trend and shape for the TGA and
signals. The products from the reaction, reported by the
MS analysis inFig. 5b, shows that more CO2 and H2O is
being released when the sample is still losing mass, but

-the CO2 and H2O concentrations level out once the mass
change subsides. Copper oxide is known to catalyze the full
oxidation of methanol to water and carbon dioxide[16,36],
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Fig. 5. Steam reforming of methanol over nonreduced CZZ-433(550
250◦C, (a) TGA/DSC signals for in situ reaction, and (b) abundance of
products from the experiment detected with on-line mass spectromete

with the reaction likely depleting the oxygen of the catal
by the following reaction:

CuO+ (1/3)CH3OH → Cu0 + (1/3)CO2 + (2/3)H2O

�H at 250◦C = −60 kJ/mol.

Per mol of CuO, this reaction is less exothermic than
reduction of CuO with hydrogen. The corresponding v
ues from the integration of the DSC signal agree. Howe
sintering may cause a higher heat of reduction in som
the samples, whereas carbonate/hydroxide decompos
could lower the heat of reduction. Coincidentally, the sa
ple that is most active after reduction with the reacta
CZZ-433(350), was the sample with the least amount of h
released during the reduction.

During reduction with methanol only, the reaction to C2
and H2O is even more obvious. The DSC signal (shown
Fig. 6a) is nearly the same as for steam reforming ove
nonreduced sample, although the final baseline is less
dothermic. Integration of the DSC curve indicates a m
exothermic heat of reduction for the methanol reduct
compared with the reduction where water is also pres
Fig. 6b shows that CO2 and H2O are released only until th
weight loss ceases. These trends held true for all three
ples tested. With respect to the endothermic baseline, in

activity testing, the amount of CO produced was<700 ppm,
with a selectivity of CO2 compared to CO of 99.8%. Even
in preliminary reaction experiments where pure methanol
of Catalysis 234 (2005) 463–475 469
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Fig. 6. Reduction of CZZ-433(550) with methanol at 250◦C, (a) TGA/DSC
signals for in situ reduction, and (b) abundance of the products from
experiment detected with on-line mass spectrometer.

was sent to a reduced catalyst, the conversion of meth
to CO was<1%, so it is unlikely that the endothermic bas
line stems from the decomposition of methanol. It is diffic
to detect such a small amount of CO with MS consider
the fact that methanol, carbon dioxide, and even N2 con-
tamination have mass fragments at 28 AMU. The sligh
endothermic baseline in this case may result in large
from an imperfect flow balance between the reference
sample side, rather than from methanol decomposition
cases where the steam reforming reaction can occur, th
dothermic baseline (which is even lower) is likely comi
from both the endothermic steam reforming reaction
flow differences.

After 1 h, the methanol-reduced sample was purged w
He, and then an attempt was made to reoxidize the sam
with water vapor at 250◦C (Fig. 7). Initially, the DSC sig-
nal indicated an exothermic spike, perhaps from reactio
leftover surface species (although valve changes can c
experimental error in the signal). Then the weight of
sample began to increase slowly over the next 18 h. The
weight of the sample indicated it was about 50% reoxidiz
however, examination of the sample after its removal fr
the instrument showed that the top layer was yellowish/gr
in color and the bottom layer was black, indicating that

50% oxidation may have been from uneven oxidation of the
sample, not necessarily from oxidation to Cu+. The weight
of the other methanol-reduced samples slowly increased af-
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Fig. 7. TGA/DSC signals for the re-oxidation of methanol reduc
CZZ-433(550) with water at 250◦C.

ter water was added in the same manner. It has been rep
that the oxidation of Cu0 to Cu+ could be part of the re
action mechanism in steam reforming, water–gas shift,
methanol synthesis[26,28,33]. Evidently, these experimen
demonstrate that reoxidation of the bulk Cu with wate
extremely slow compared with the reduction of CuO.

3.4. XPS

Although XRD and TGA results agree that the bulk C
phase of the catalysts is fully reduced, these technique
not give any indication of the extent of reduction on t
surface. In addition, the same treatment conditions use
activity testing cannot be used for these techniques bec
of instrument limitations. Therefore, XPS analysis was p
formed on all three catalysts after three different treatme
In the first treatment, the catalysts were reduced with
H2 in N2 while ramping the temperature by 5◦C/min up to
250◦C; in the second treatment, the catalysts were redu
with 15.5% methanol in He while holding the temperature
250◦C; and in the third treatment, the catalysts were redu
with 15.5% methanol and 19.4% water in He at 250◦C.
These conditions were identical to the conditions used
TOS activity testing. The results of this analysis in ter
of metal compositions on the surface and binding ener
are presented inTable 2, with results from the calcined cata
lysts also given for comparison. The trends in activity test
show some correlation to the copper surface concentra
measured by XPS. When the catalysts are carefully red
with H2, the Cu surface area decreases slightly on a m
basis, with the exception of the alumina-containing sam
which remains about the same. Alumina is known to red
sintering of Cu during the reduction process because
strong interaction between Cu and surface Al[37]. However,
the reduction of the catalysts in methanol cuts the Cu
face composition at least in half for all samples. Reduc
of the catalysts with water and methanol was not as h
as that with methanol only, but the total Cu surface com

sition was still less than that seen after hydrogen reduction.
The catalyst calcined at 350◦C seemed to fare the best af-
ter reduction with the reactants in terms of both Cu surface
of Catalysis 234 (2005) 463–475

d

e

Fig. 8. Cu 2p XPS spectra of samples after reduction with methano

Fig. 9. Cu 2p XPS spectra of samples after reduction with the methano
water reactant mixture.

composition and activity. In contrast, the differences in
surface composition between the various reduction meth
for the samples alone do not appear sufficiently extrem
account for the observed differences in activity.

The Cu 2p regions for samples reduced by metha
(Fig. 8) and samples reduced by the reaction mixture (Fig. 9)
were fit to a single peak. For all of the samples, the bind
energy of this peak was close to or slightly higher than
binding energy for the corresponding sample reduced
hydrogen. It is possible to fit the peaks inFigs. 8 and 9with
a shoulder with higher binding energy, as was done by Ag
et al. [16] for similar samples after exposure to a metha
and oxygen mixture. It is also possible that there are C+
species on the surface, because binding energies for
species typically overlap with those for Cu0 species in Cu
2p XPS analysis. A detailed analysis of the Cu LMM reg
(not performed), is needed to differentiate between Cu0 and
Cu+. Other researchers who analyzed the Auger elec
spectra detected both oxidation states of Cu in reduced
lysts[38–40]. In their analysis of hydrogen-reduced Cu/Zn
methanol synthesis catalysts, Okamoto et al. attributed
Cu0 phase to larger metallic Cu0 crystallites, and assigne
the Cu+ phase to a two-dimensional Cu phase on ZnO

is derived from Cu dissolved in the ZnO lattice[38]. This
may explain the slightly higher binding energies of some of
the samples and the possible shoulders with higher binding
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Table 2
Overview of post reduction XPS analysis

Sample Treatment Region BE
(eV)

Metal surface
coverage

Surface
coverage

CZZ-433(550) Calcined Cu 2p3/2 933.6 18.1% 5.1%
Zn 2p3/2 1022.2 56.6% 16.1%
Zr 3d5/2 181.9 25.3% 7.2%

H2 Cu 2p3/2 932.3 13.3% 6.2%
Zn 2p3/2 1022.2 63.2% 29.6%
Zr 3d5/2 182.5 23.6% 11.0%

CH3OH Cu 2p3/2 932.3 6.1% 2.8%
Zn 2p3/2 1022.3 55.8% 25.9%
Zr 3d5/2 183.4 38.2% 17.7%

CH3OH+
H2O

Cu 2p3/2 932.7 12.5% 4.9%
Zn 2p3/2 1022.4 65.8% 25.9%
Zr 3d5/2 182.3 21.8% 8.6%

CZZ-433(350) Calcined Cu 2p3/2 933.7 25.7% 7.0%
Zn 2p3/2 1022.1 53.3% 14.6%
Zr 3d5/2 181.7 20.9% 5.7%

H2 Cu 2p3/2 932.5 17.5% 6.5%
Zn 2p3/2 1022.0 70.1% 26.0%
Zr 3d5/2 183.0 12.5% 4.6%

CH3OH Cu 2p3/2 932.6 8.0% 3.9%
Zn 2p3/2 1022.0 79.2% 38.7%
Zr 3d5/2 182.9 12.9% 6.3%

CH3OH+
H2O

Cu 2p3/2 932.7 16.6% 7.2%
Zn 2p3/2 1022.4 74.7% 32.3%
Zr 3d5/2 183.2 8.6% 3.7%

CZZA-433:0.5 Calcined Cu 2p3/2 933.5 12.6% 5.2%
Zn 2p3/2 1022.0 32.3% 13.2%
Zr 3d5/2 181.7 13.6% 5.6%
Al 2p 76.9 41.5% 7.5%

H2 Cu 2p3/2 932.5 12.8% 6.9%
Zn 2p3/2 1022.0 38.7% 20.7%
Zr 3d5/2 183.0 11.2% 6.0%
Al 2p 75.4 37.2% 19.9%

CH3OH Cu 2p3/2 932.5 5.8% 3.1%
Zn 2p3/2 1022.0 55.9% 29.6%
Zr 3d5/2 183.8 14.6% 7.7%
Al 2p 76.3 23.6% 9.0%

CH3OH+
H2O

Cu 2p3/2 932.5 10.1% 5.0%
Zn 2p3/2 1022.4 54.9% 26.7%
Zr 3d5/2 182.5 9.3% 4.5%
Al 2p 75.3 25.6% 10.7%

energy. However, based on the absence of satellite pea
the Cu 2p region, it can be definitively concluded that th
are no Cu2+ species on the surface.

Generally, the surface coverage of Zn increased afte
duction of CuO with any choice of reactant (seeTable 2).
Although the binding energies changed only slightly, th
were consistently higher after reduction with the reacta
This trend also holds for postreaction samples subjecte

prereduction with hydrogen[17]. The Zn 2p region of CZZ-
433(550) after various treatments is shown inFig. 10; in each
case, one peak provided a reasonable fit.
of Catalysis 234 (2005) 463–475 471

Fig. 10. XPS spectra of Zn 2p region for CZZ-433(550) after various
treatments.

Fig. 11. XPS spectra of Zr 3d region for CZZ-433(550) after various p
treatments.

There was no consistent trend in terms of Zr surface c
position of the catalysts. Interestingly, however, the bind
energy of the Zr 3d electron increased after reduction in
atmosphere for all of the samples.Fig. 11shows the Zr 3d
XPS spectra for CZZ-433(550). Others have used a two-p
deconvolution to fit to the Zr 3d region in similar oxidize
catalysts[41]. The reduced samples have spectra sim
in shape to the oxidized sample; however, the hydrog
reduced sample has the sharpest peaks. It is possible
various surface species are creating the broader spec
the other samples. As discussed earlier (see Section1), the
adsorption of methanol and carbon dioxide on zirconia co
lead to changes in the electron density surrounding Zr ato

For CZZA-433:0.5, a disproportionately large amount
alumina was found on the surface. Extensive enrichm
of the surface with alumina has been reported for sam
containing even less alumina as well[16,37]. The alumina
surface composition and binding energy decreased with
duction of CuO. There was no evidence of copper alumin
(in the Cu or Al spectra) on XPS, although others have

tected this component by other means in similar catalysts
[24,37]. The Al 2p spectrum (not shown) is partially over-
lapped by the Cu 3p peak; therefore, deconvolution was nec-
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Fig. 12. DRIFTS spectra of samples after reduction with hydroge
250◦C.

essary to obtain a rough quantitative measure of the alum
peak area.

3.5. DRIFTS

The surface reactions occurring over these catalysts
ing reduction and reaction can be analyzed with DRIF
to provide more details about the catalyst surfaces du
various treatments. Limited work has been performed
study the methanol reforming reactions using this techn
[13,42]; however, significant work has been done to stu
methanol synthesis on Cu-based catalysts[7,30–32,43–48].
This has aided the development of mechanistic models
steam reforming, the reverse of the methanol synthesi
action. The experiments run on the samples while recor
DRIFTS spectra mirrored the experiments run with the o
characterization techniques in this study, to allow for co
parison of results.

In the first experiment, the catalysts were reduced w
hydrogen to observe the changes occurring in the infra
spectrum of the surface. The results obtained after flus
with He are shown inFig. 12. The reduction caused broa
valleys in the spectra near 1500 and 1379 cm−1. These val-
leys are likely from the loss of leftover carbonate spec
from the precipitation that were not removed during c
cination. It is also possible that such species formed f
exposure to CO2 in the atmosphere. Monodentate carbon
is known to have bands consistent with the valleys obse
and has been reported to be a stable species on simila
terials [45,48,49]. Although copper–oxygen bonds are a
expected to disappear during the reduction, these band
not expected to be in this region[50]. Carbon dioxide peak
at 2359 and 2327 cm−1 (not shown) were observed in th
early stages of sample reduction, providing evidence th
carbon species was being reduced. Some loss of hydro
species was also apparent in the spectra, with a cons

−1
valley at 3656 cm . At higher wave numbers, however,
there was an apparent increase in intensity, which may indi-
cate changes in the hydroxide region due to water formation.
of Catalysis 234 (2005) 463–475
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t

Fig. 13. DRIFTS spectra of samples after reduction with methano
250◦C.

Table 3
Surface species identified by DRIFTS

Species Formula Vibration Wavenumb

(cm−1)

Methoxy M–OCH3 ν(C–O) 1047
ν(C–H)s 2821
ν(C–H)a 2926

Bridging methoxy M2–OCH3 ν(C–O) 1148
Formaldehyde π -bonded CH2O ν(C–O) 1148
Formate M–OOCH ν(C–O)s 1357

ν(C–O)a 1600
ν(C–H) 2871
ν(C–H) 2961

Reduction with methanol was shown to have the sa
effect as reduction with hydrogen by XRD, TGA, and XP
although methanol seemed to sinter the catalysts more. H
ever, the DRIFTS spectra inFig. 13show that the infrared
spectra of the methanol-treated surfaces differed from
postreduction with hydrogen spectra. The valleys at 36
1500, and 1379 cm−1 were still present, but leftover speci
from the reduction remained on the surface even after
He flushing. The bands for these species match the b
for intermediate species often reported for the metha
synthesis and steam reforming reactions[13,42]. Table 3
reports the identified stable intermediate species along
their band assignments. The first step in steam reformin
thought to be the adsorption of methanol to form a meth
group. A plausible route for methoxy formation is the
action of methanol with hydroxyl surface groups to fo
water and methoxy. The valleys in the hydroxyl region
consistent with this route. Duprez et al. observed meth
adsorption on zirconia through this mechanism, and o
metal oxides likely could adsorb methanol in a similar m
ner [32]. It is also possible for methanol to adsorb onto
and Cu oxide surfaces, leading to the formation of meth
groups[51–54]. Methoxy C–O stretching was observed

−1
1047 cm , and the C–H stretching bands were seen at
2821 cm−1 (symmetric) and 2926 cm−1 (asymmetric) on all
the samples. After removal of a hydrogen atom, the methoxy
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species can form formaldehyde, and the band at 1148 c−1

may be due to formaldehyde; however, this band has
been assigned to a bridging methoxy species[55]. Further-
more, formaldehyde is not expected to be very stron
bonded to copper, and it generally reacts quickly at
temperature over Cu-based materials, whereas metho
known to be more stable[45,47,54]. However, several ear
lier studies have attributed this band toπ -bonded formalde
hyde[13,48], and both possible species have C–H stretch
bands near the methoxy C–H bands, so neither poss
ity can be absolutely ruled out. Before forming CO2, the
reactants are believed to pass through a formate inte
diate. Formate bands were apparent at 1357, 1600, 2
and 2961 cm−1. The formate band at 1357 cm−1 partially
covers the valley believed to be from the removal of c
bonates. Methanol synthesis work has suggested that
species are present on the zirconia or zinc oxide pha
However, because copper was oxidized before the intro
tion of methanol, these species could be present on C
well. In an earlier study, Wachs and Madix showed t
methanol adsorbs onto oxidized copper and decompos
formaldehyde and formate while reducing Cu at the sa
time [54].

In the next series of experiments, methanol and w
were sent to the oxidized catalysts at 250◦C. This series
of experiments involved significant differences between
samples, unlike in the previous experiments. The same i
mediate species that were left over from methanol reduc
can be seen on the samples during methanol steam re
ing, with the methoxy species having a stronger prese
during the steam reforming, as shown inFigs. 14a–14c.
In addition, gas phase or weakly adsorbed carbon dio
bands are observed at 2327 and 2359 cm−1. After flushing
with helium, the intermediate bands subside and the ca
dioxide bands disappear, although the apparently more
ble formate bands remain on the alumina-containing sam
as shown inFig. 15. The postreduction spectra also show t
after reduction with the reactants, two of the catalysts do
have large valleys in the carbonate region. However, a va
for CZZ-433(350) does seem to be starting to form. In
estingly, this catalyst also had an apparent abundance o
droxides above the 3656 cm−1 valley that was not present fo
the other samples after reduction with methanol or meth
and water, but was present for all samples after reduc
with hydrogen.

Additional features in the FTIR spectra are worth n
ing when the sample is reduced with methanol and w
(Fig. 14). Interestingly, the alumina-containing sample ha
unique band at 2095 cm−1, believed to belong to adsorbe
carbon monoxide. However, the most interesting differe
between the samples is the fact that the intermediates,
the exception of CO2, decline after 30 min on CZZ-433(350
but remain steady on the other two samples. During ac

reaction experiments, the concentrations of methanol and
water are higher, so these transitions likely occurred more
quickly (before the first product sampling) in the activity ex-
of Catalysis 234 (2005) 463–475 473
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Fig. 14. DRIFTS spectra of in situ steam reforming of methanol over
nonreduced samples (a) CZZ-433(550), (b) CZZ-433(350), and (c) CZZA-
433:0.5.
Fig. 15. DRIFTS spectra of samples after reduction with methanol and wa-
ter at 250◦C.
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Fig. 16. DRIFTS spectra of in situ steam reforming of methanol o
hydrogen prereduced samples (a) CZZ-433(550), (b) CZZ-433(350)
(c) CZZA-433:0.5.

periments. It should again be pointed out that CZZ-433(3
was also the only sample that performed the same wit
without prereduction by hydrogen.

In the final series of experiments, the samples were
reduced with hydrogen before initiating the steam refo
ing reaction. In all of the samples, the intensities of
suggested intermediates were insignificant compared
the intensity of CO2, as shown inFigs. 16a–16c. Taking
into account the results just reported for nonreduced C
433(350), it is apparent that the best-performing catal
do not have a significant buildup of the intermediate spe
(or maybe spectator species) observed on unreduced C

433:0.5 and CZZ-433(550) samples. In addition, the “acti-
vated” catalysts have a valley in the carbonate region and
a surplus of hydroxides above the 3656 cm−1 valley. After
of Catalysis 234 (2005) 463–475

-

several hours of treatment, CZZ-433(550) catalyst did
have any significant differences in the DRIFTS spectra
shown) compared with the spectra after 30 min of reacti

There are several possible explanations for these ob
vations. First, more active samples form more CO2 as a
product, so the CO2 peak would be expected to be more
tense, although probably not to the extent observed. If
were the case, then sintering effects could explain dif
ences in Cu surface area and activity. Results from X
after various treatments indicated a correlation between
surface area and activity; however, the differences were
as extreme as the activity differences. A second possib
is that different rate-limiting steps could be controlling t
reaction on different catalysts. In this case, the buildup
intermediate species would be the result of a “bottlene
effect on the less active catalysts. If the mechanism
ceeded through the spillover of a species, then this c
explain why samples with better Cu dispersion might h
a different rate-controlling step. Third, despite the fact t
the bulk CuO phase of all of the catalysts can be redu
by methanol, it is possible that part of the surface is
ing left in an inactive state for some samples treated w
the reaction mixture and that the assumed intermediate
just bystander species that are building up on these ina
sites. Finally, it is possible that multiple steady states exis
these samples and that the state reached depends on th
face species present when the reaction is initiated. In the
of hydrogen-reduced samples, carbonates are cleaned
the sample and hydrogen is built up on the support, crea
the most active catalyst. Only CZZ-433(350), with its hi
Cu surface area, appears to be able reach this state w
without prereduction with hydrogen, perhaps because of
ferences in surface composition, whereas the other sam
remain in a less active steady state unless prereduced
hydrogen.

4. Conclusions

A series of catalysts for the methanol steam reforming
action were found to have varying dependence of activity
pretreatment conditions. In general, characterization sho
that the bulk CuO phase in all catalysts was reduced by
reactant mixture, similar to a hydrogen reduction. Howe
reduction with methanol caused additional sintering and
of Cu surface area compared with reduction with hydrog
If water was present in the feed, then the exothermicity
the reduction and the loss of Cu surface area during th
duction was less significant for all samples.

Evidence suggests that hydroxide and carbonates ar
moved from the surface of the catalysts during reduc
with hydrogen. The removal of these species appears t
essential for better activity. The only sample that had id

tical activity with or without prereduction was also the only
sample in which hydroxide and carbonate species were re-
moved during reduction with methanol and water as well as
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with hydrogen. Moreover, this sample had the least exot
mic reduction and the highest mass loss during diffe
reduction treatments. Several possibilities to explain th
observations have been discussed; overall, these insight
contribute to a better understanding and design of cata
systems for mobile methanol steam reforming to hydrog
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