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Abstract

Structure—activity relationships of a nanostructured CugZe@talyst for the steam reforming of methanol (MSR) were investigated under
reaction conditions by in situ X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD) combined with on-line mass spectrometry
(MS). Temperature-programmed activation by reduction in hydrogen or by reduction in a mixture of methanol and water (feed) was studied
by time-resolved Cu K edge XANES and TG/DSC/MS measurements. Small and disordered CuO particles were identified as the main
copper phase present in the precursors. After extended time on stream and treatment at 673 K in hydrogen, no significant sintering of the
copper particles or deactivation of the reduced CuiZc@talysts was detected, indicating a superior stability of the material. The initially
low steam-reforming activity of the Cu/ZegCratalyst after reduction in hydrogen could be significantly increased by a temporary addition of
oxygen to the feed. This increased activity after oxidative treatment is correlated with an increasing amount of oxygen in the copper particles.
63Cu NMR studies detected only a minor degree of microstrain in the active copper phase of thesafatgst. The decreased reducibility
of CuO/ZrQ, the low degree of microstrain, and the correlation between the amount of oxygen remaining in the copper particles and the
catalytic activity indicate a different metal support interaction compared with Cu/ZnO catalysts.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction structure—activity relationships of the Cu/Zr@aterial are
still lacking and are the subject of this work.

Hydrogen fuel cells are promising candidates for the gen-  Copper-based materials have been extensively studied
eration of electrical power for mobile applications. Instead under MSR and methanol synthesis reaction conditions.
of handling B under high-pressure or cryogenic conditions, However, the structure of the active phase in the catalysts and
steam reforming of methanol (MSR) can be used to produce corresponding structure—activity relationships are still under
hydrogen on boardl,2]. Improvements in the long-term  debate. It has been suggested that the activity of Cu/ZnO-
stability, the hydrogen production rate, and the selectivity based catalysts is influenced by the morphology and the
of suitable MSR catalysts are subjects of current researchstructural disorder of the copper particles, or by the incor-
in heterogeneous catalysis. Recently, we presented a biporation of copper into ZnQ4—7]. We have previously re-
nary Cu/ZrQ catalyst that is more active compared with @ ported that the activity of Cu/ZnO catalysts for the methanol
commercial Cu/ZnO/AJO3 catalyst and more stable during  synthesis reaction and the methanol steam reforming cor-
time on stream and produces less 3D However, detailed  (g|ate with the microstrain in the copper phdged]. The

strain in the copper nanoparticles originates at the Cu—zZnO
~* Corresponding author. Fax: +49 30 8413 4405. interface and emphasizes the role of ZnO in the microstruc-
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of sintering. For the MSR reaction we could also show that revealed a copper concentration of 8.9 mol% in the calcined
the increase in activity after a temporary addition of oxygen CuO/ZrQ, catalyst precursor.
to methanol and water is correlated with an increase in the
disorder in the copper particl§H0]. In addition to structure—  2.2. X-ray diffraction
activity relationships, the stability of copper catalysts and the
production of carbon monoxide are importantissues withre-  Ex situ X-ray diffraction (XRD) measurements were per-
spect to the use of methanol as a source for hydrogen forformed on a STOE theta/theta diffractometer (Cu-adi-
fuel-cell applications. Cu/ZnO/AD3 catalysts have been ation, secondary monochromator, scintillation counter) in
shown to deactivate considerably during extended times onreflection geometry. In situ XRD measurements were con-
stream and treatment at elevated temperatures, which mayducted on a STOE Bragg—Brentano diffractometer (sec-
not be acceptable for the application in mobile fuel-cell ap- ondary Si monochromator, scintillation counter) equipped
plications[11]. with a Buhler HDK S1 high-temperature chamij#g]. For
In addition to conventional Cu/ZnO-based catalysts, the in situ experiments, 30 mg of catalyst was dispersed
Lindstrém et al[1] compared copper-based catalysts (where onto a steel ribbon. The gases (He, ®2) and MeOH and
oxides of Cu, Zn, Cr, and Zr were impregnated on alu- H»O were introduced into the chamber, as described in more
mina pellets) in the MSR reaction and found that a CuZrO detail in Ref.[10]. The composition of the gas phase was
catalyst exhibited the highest selectivity for &Breen monitored with a quadrupole mass spectrometer (QMS 200;
and Rosg12] reported on coprecipitated Cu/Zs@atalysts Pfeiffer).
showing high turnover frequencies, comparable to those The Cu/ZrQ catalyst was reduced in 2 vol%;yHn He
of Cu/ZnO catalysts at 498 K. They found that the cop- with a total flow of 200 mimin (heating rate of 6 Kmin).
per surface area and, hence, the dispersion and the activityAt 523 K the sample was held for about 2 h. During this
were lower compared with Cu/ZnO catalysts. Cu/Zicat- time XRD patterns were recorded in & 2ange from 25
alysts (with~ 2% Cu) were also reported to produce more to 65°, with a counting rate of 3/step and a step width of
methanol from a CO/bl mixture per copper surface area 0.04 20. For studies under MSR reaction conditions, he-
than a Cu/ZnO/AlO3 catalyst & 10% Cu)[13]. Nitta et al. lium was used as a carrier gas and saturated with methanol
[14] found that Cu/Zr@ is more active in methanol synthe- or water at 293 K and atmospheric pressure (volume ra-
sis than Cu/ZnO at higher temperatures473 K) and that tio of methanol/water= 2:1 (3 vol%:1.5 vol%) (methanol
ZrO results in an increased methanol selectivity and dimin- (pmeon = 124961 Pa, 1.13 mimin) and water pn,0 =
ishes the production of CO. 23378 Pa, 0.57 mjmin)); 8 ml/min He flow for MeOH and
Here we report studies of a nanostructured CuiZzata- 24 ml/min He flow for H,O). After the reduction in hydro-
lyst for methanol steam reforming prepared by simultane- gen and cooling to room temperature the gases were changed
ous precipitation of zirconium dioxide and copper oxide. to MSR conditions, and the sample was again heated to
The complementary bulk techniques of in situ X-ray diffrac- 523 K at a rate of 6 Kmin. Crystallite size calculations
tion (XRD) and X-ray absorption spectroscopy (XAS) were were based on the Scherrer equatibr]. The K, contri-
used to elucidate correlations between activity, stability, and bution was removed from the pattern with the help of the
structural changes of the Cu/Zs@atalyst under MSR reac-  software package STOE WinXPOW 1.06. Subsequently, we
tion conditions. determined the full width at half-maximum (FWHM) by fit-
ting a pseudo-Voigt profile function to the Cu (111) and the
ZrOz (111) peak.
2. Experimental
2.3. X-ray absorption spectroscopy (XAS)
2.1. Preparation of the Cu/ZrO; catalyst
XAS investigations at the Cu K edgé (= 8.979 keV)
The Cu/ZrQ nanopowder was synthesized via a pre- were performed at beamlines X1 and E4 at HASYLAB at
cipitation method15]. Zirconium propylate (11.15 mmol, DESY (Hamburg, Germany). Sixty-eight milligrams of the
5 ml, 70 wt% in 1-propanol; Aldrich) was added to an aque- calcined CuO/ZrQ precursor was mixed with 200 mg of
ous solution of tetramethylammonium hydroxide (TMAOH) polyethylene and pressed with a force of 1 ton into a pel-
(2.5 mmol) that we prepared by mixing 1.05 ml TMAOH et 13 mm in diameter. A copper reference foil was used for
(25% in methanol) with 43 ml distilled water. After 1 h of energy calibration. The energy range was limited to 8900—
stirring, 2.2 ml of a 0.5 M copper nitrate solution was added. 9500 eV because of the HfsLedge at 9561 eV (Hf is a
The amounts of Cu and Zr were adjusted to yield a catalyst natural impurity in zirconium compounds). In situ XAS in-
with 10 mol% Cu and 90 mol% Zr. The resulting white sus- vestigations of the catalyst under reaction conditions were
pension was stirred at room temperature for 1 h and finally also performed at the Cu K edge in the transmission mode.
heated at 353 K for 20 h. After centrifugation and washing, Ten milligrams of the catalyst~« 200 um grain size), to-
the sample was calcined at 773 K under air for 12 h (ramp gether with 30 mg of boron nitride (BN), was pressed with a
2 K/min). X-ray fluorescence analysis (Seiko SEA 2010) force of 1 ton (500 MPa) into a pellet 5 mm in diameter. The
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total flow through the in situ ce[lL8] was set at 40 niimin alyst was performed to obtain the number and type of chemi-
at a cell volume of 4 ml, resulting in a methanol conver- cal phases presef#tl]. For the nanostructured catalyst stud-
sion of about 6.9%. Two different activation procedures ied here, XAFS spectra of common references like Cu foil or
were applied. In the first procedure the catalyst was heatedCuO were not able to sufficiently describe the experimental
with 6 K/min to 523 K in 2 vol% H/He until no further spectra (e.g., small and disordered copper phases). However,
changes in the XANES spectra could be observed. The into describe the evolution of the phase composition during
situ cell was rapidly cooled to room temperature, and an EX- reduction, the “abstract concentrations” resulting from the
AFS spectrum was measured for detailed structural analysis.PC analysis are compared. The evolution of the “abstract
Subsequently, the feed of water and methanol for the steam-concentrations” corresponds to the evolution of the primary
reforming reaction (methanol/watet 2:1; see above for  components in the material during reduction. Their absolute
detailed concentrations) was introduced into the reactor, andvalues, however, do not represent the real concentration of
the catalyst was heated to 523 K at @rKin. In order to re- these components.

veal the effect of a temporary oxidative treatmghb], after

5 h on stream 10 vol% ©was added to the feed for about 2.4. N,O decomposition

30 min.

In the second procedure the catalyst was reduced in a N,O decomposition was used to determine the copper
mixture of methanol and water (ratio 2:1; see above) at surface area after activation in methanol and water and after
523 K at a heating rate of 6 Mnin. Because the catalyst temporary oxygen addition at 523 K..® decomposition
was already active after this treatment, 10 vol% Was (reactive frontal chromatography, RFC) was first introduced
temporarily added to the feed after 1 h. Subsequently, theby Chinchen et al[22] and can be readily applied to copper
catalyst was treated at 673 K in 2 vol%/Mie for 30 min catalysts in situ after various treatment steps in a conven-
in order to test the stability of the material at elevated tem- tional quartz reactor. In the work reported here, the following
peratures. After cooling to 523 K the gas atmosphere was procedure was used. After activation in the feed (second pro-
changed back to MSR conditions, followed by the addition cedure in the XAS section) the sample was purged for 1 h in
of oxygen and continued methanol steam reforming. He at 523 K with a flow of 50 mimin to diminish the amount

Analysis of the XAFS spectra was performed with the of adsorbed molecules. Afterward, the sample was cooled to
software WinXAS 3.1[19]. The spectra were energy cali- 313 K. ;O decomposition was performed at 313 K with a
brated with respect to the Cu K edge position of a copper mixture of 0.5 vol% NO/He at a flow of 15 mjimin, with
reference foil. After background correction, normalization, the sample placed on a quartz frit in a quartz tube reactor.
and transformation into the-space, an atomic background The sample was diluted with boron nitride to provide a bed
uo(k) was determined, with the use of a cubic spline func- height of about 15 mm, with a thermocouple positioned in
tion. The radial distribution functio 7' (x (k)k®) was ob- the powder bed.
tained by Fourier transformation of tié-weighted exper- In contrast to the original RFC method described by
imental x (k) function ¢ = 2.3-10 A_l), multiplied by a Chinchen et al., we chose to monitor the amount:gé =
Bessel window, into th& space. Theoretical backscattering 44 (representing pD) consumed during the “reactive frontal
phases and amplitudes were calculated with FEREOT. chromatography.” For a blank measurement, the reactor was
Refinements with the standard EXAFS equation were car- filled with an appropriate amount of boron nitride;®/He
ried out in R space, with the use of the Cu—Cu coordination was passed through the sample bed, and the evolution of the
shells for copper metal and, when necessary, the first Cu—OMS ion currents of NO (m/e = 44), Nx (m/e = 28), and He
shell of CyO. One Eq shift and one 3rd cumulant for all  (m/e = 4) was monitored. For measurements of the catalyst,
scattering paths, the Debye—Waller factors (DWF) for the detection of then/e = 44 current (NO) occurs later com-
single scattering paths, and the single shell distances werepared with the boron nitride blank experiment, becaug® N
determined by a least-squares fit to the experimental data.reacts with the surface of the copper particles to yield nitro-
Coordination numbers anig (0.9) were kept invariant. gen. To calculate the Cu surface area, the inflection points

For the quantification of the contribution of Cu—O scatter- of the NbO ion current tracesn{/e = 44) from the NO
ers to the EXAFSFT (x (k)k3), we performed a refinement decomposition measurements were determined as the end-
of the experimental spectra as described above, taking cop{oint of the titration. Subsequently, the areas under f@ N
per metal (first Cu—Cu shell a = 2.56 A) and the first ion current traces of the catalyst (A) and the blank mea-
Cu-O shell of CgO (R = 1.84 A) into account and varying  surement (B) were calculated, and the difference between
the ratio of the two phases. The DWF of the Cu-O distance the areas A and B was used to calculate the corresponding
was set at 0.0037 Aand kept invariant. This value was de- volume of No produced by the decomposition 0b®. We
termined by a refinement to an experimental spectrum of calculated the copper surface area, assumidg & 10%°
bulk C,O and, therefore, is based on the static and dynamic copper atoms per square mef22]. In addition to measur-
disorder of bulk CgO. ing Cu/ZrQ, samples, we performed® decomposition on

A principal component analysis (PCA) of the experimen- Cu/ZnO samples, where the copper surface areas have previ-
tal XANES spectra recorded during the reduction of the cat- ously been presentdgd]. Comparable results were obtained
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with the procedure used here. From repeated measurementsinor contribution of monoclinic Zr@(5-8%). The pattern
of the material under the same reaction conditions, the ex- exhibits no peaks corresponding to a copper oxide phase.

perimental error was estimated to be about 15%. Measurements with AD3 as an internal standard yielded
a good crystallinity of the sample-(95%). The crystallite
25. TG-DSC/IMS size of the tetragonal Zris about 70 A, as calculated on

the basis of the FWHM of the Zr§{111) peak. After the re-
The TG-DSC measurements were performed on a Net-qction of the precursor material (insetfig. 1b) in 2 vol%
z_sch STA 449_C. The (_avolutlon of _the gas-phase composi- Ha/He, a small Cu (111) peak is observed (copper crystal-
tion was monitored with an Omnistar mass Spectrometer jte sz ~ 20 A). Exposure to the steam-reforming feed or
(Pfeiffer). About 26 mg of the catalyst material was putin ,.vqen addition cycles has no significant influence on the

an AlOs crucible and positioned on the TG/DSC sample itraction patterns of Cu or CuO and the zirconia phases.
holder. An empty AdOs crucible was used for the reference.

2.6. Nuclear magnetic resonance spectroscopy 3.2. Local structure of the CuO/ZrO, precursor

For nuclear magnetic resonance (NMR) investigations, Fig. 2a shows Cu K-edge XANES spectra for the CuO/
various samples were collected from a fixed-bed reactor af- 7,5, precursor material and the CuO reference (obtained
ter various reaction steps and transferred into NMR tubes in by calcination of malachite) measured at room temperature.

a glove box without exposure to air. Cu NMR spectra of the ©,mnared with the spectrum of CuO, the characteristic pre-
Cu/ZrQ, catalysts were measured with a Bruker MSL 300 edge at 8984 eV and the peaks after the absorption edge
spectrometer at 79.618 MHz f6tCu and at 85.288 MHz for are less pronounced in the spectrum of the CuO#Zse-

65 i . ;
Cu at 4.2 K in an Oxford cryostat. Spin-echo experiments cursor. The differences in thET (x (k)k?) of the catalyst

(90°-7-18(°) were performed with a J0pulse of 5.5 s, precursor and the CuO reference are clearly visibign 3.

a "recycling delay” of 2 s, and a tau value of 25 s. The Instead of one peak representing the second nearest oxy
630 ). ; i -
Cu-NMR spectra shown were calibrated against GyBt gen and copper neighbors in CuO (at distances of 2.8 and

—381 ppm. 2.9 A), the FT(x(k)k®) of the CuO/ZrQ precursor ex-
hibits two strongly reduced peaks-at3.0 A. Nevertheless,

3. Results a theoretical XAFS function of a CuO model structure could
be successfully refined to the experimental spectrum of the

3.1. XRD investigation of the precursor and the reduced CuO/ZrQ, precursor, resulting in good agreement between

Cu/ZrO, catalyst theory and experiment in the range from 1.0 to 4.0 A in the

FT (x(k)k®) (Fig. 3. This indicates that disordered CuO
The XRD pattern of the calcined CuO/ZgGhows tetrag- is the main copper phase present in the CuOgZp€ecur-
onal Zr& as the major crystalline phaseig. 1a), with a Sors.
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Fig. 1. XRD patterns of (a) CuO/Zrprecursor and (b) after reduction in  Fig. 2. Cu K-edge XANES spectra of (a) CuO/ZrPrecursor together with
2 vol% Hp/He. Arrows indicate small peaks of monoclinic zirconia (m) and  cu0, (b) Cu/ZrQ after reduction in 2 vol% kWHe at 523 K together with
copper metal. Cu metal.
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2 vol% Hy/He at 523 K, (¢) Cu/ZrQ@ after reduction in 2 vol% K followed

by MSR, and (d) Cu/Zr@ aft duction i thanol and water (feed).
Fig. 3. Refinement of a theoretical Cu K edgéf(x(k)k?’) (dotted line) y and (d) Cu/zr@after reduction in methanol and water (feed)

of CuO to the experimentdl T (x (k)k3) of the CuO/ZrQ precursor (solid
line) together with the experimentaIT (x (k)k3) of a CuO reference. tallite size (XRD) and assuming spherical particles, the vol-
ume (ocy = 8.92 g/cn?®) of all copper particles and the cor-
responding surface area were also determined. Except for
the copper surface area after treatment at 673 K and oxy-
gen addition to the feed, the surface areas based on the
XRD crystallite size compare well with those obtained by

N2O decompositionTable ). For comparison, the catalytic

Table 1

Specific copper surface areas calculated on basis @ Hecomposi-
tion measurements or crystallite sizes from in situ XRD investigation
and hydrogen production rates (industrial Cu/ZnQf@d catalyst,Sc, =
324 m?/gcy, Ry, = 33.2 umol/(gey ), TOF= 4.8 min~1)

Treatment Scy Hy production TOF -~ Scy performance and the copper surface area of an industrial
g\ln égic“) Eate (s‘;;“c” (min™%) E;‘R/S]C“) Cu/Al,03/ZnO catalyst with about 50 wt% copper were

— 2 geu determined under identical conditions. Although this cata-

?gggeducuon In feed at132 440 82 9z lyst possesses a higher surface area (32/gm,) than the

After first addition of G 104 480 113 115 Cu/ZrO, catalyst (13.2 rf/gcy), it exhibits an inferior TOF

after reduction in feed (Table 1.

After high temperature 157 423 67 67

treatment in hydrogen 3.4. Reduction of CuO/ZrOs in 2% Hy/He

After second addition of 30.7 470 41 106

O, after high temperature

treatment in hydrogen The normalized XANES spectrum of the catalyst at

523 K after reduction in hydrogen is plotted Kg. 2o,
together with that of a reduced copper reference at 523 K
(commercial CuO; Merck). The reduced Cu/zrCatalyst
shows edge features similar to that of Cu metal obtained
The specific copper surface area was determinedd®y N  from the reduction of CuO. The characteristic doublet in the
decomposition (A) after reduction of the CuO/Zr@aterial post-edge region (8.99-9.0 keV) is also well resolved. The
in a quartz glas tube reactor in methanol and water, (B) after FT (x (k)k®) of the Cu/ZrQ catalyst Eig. 4b) strongly re-
temporary addition of oxygen to the feed, (C) after treatment sembles that of the copper referen&ég( 4a). Only slight
at 673 Kin hydrogen, and (D) after a second addition of oxy- differences can be seen in the shape of the peaks and in the
gen to the feed. Although the first oxygen addition yielded small shoulder visible on the left of the first Cu—Cu shell
a slight decrease in Cu surface area of the CugZr@alyst, in the FT (x (k)k3) of the Cu/ZrQ catalyst.Fig. 5 shows
the resulting Cu surface exhibited a higher activity in the the result of a XAFS refinement of a copper model struc-
steam reforming of methanol. The corresponding turnover ture with an additional Cu—O distanck & 1.84 A, ~ 21%)
frequencies (TOFs) were calculated on the basis of the spe+to the experimentalF T (x (k)k®) of the Cu/ZrQ catalyst
cific copper surface aresc, (m?/gcy) and the correspond-  after reduction in 2% K at 523 K. With the addition of
ing hydrogen production rate (umid$ gcy)) (Table ). The an oxygen nearest neighbor it was possible to simulate the
hydrogen production rate and the specific copper surface arefirst peak in theF T (x (k)k3), whereas the contribution from
were determined after 30 min time on stream, when the higher shells of copper oxide phases were not detectable in
activity of the Cu/ZrQ catalyst had reached a constant level. the remaining spectrum. In order to corroborate the validity
Whereas the MSR activity exhibited a constant increase afterof our approach to analyzing the experimental Cu K edge
the first addition of oxygen, a spiked increased followed by XAFS data of the Cu/Zr@ catalyst under reaction condi-
deactivation was observed after the high-temperature treat-tions, Fig. 6shows a simulated 7' (x (k)k®) for a mixture of
ment and the second addition of oxygen. Based on the crys-20% Cu—O in CgO and 80% Cu metal at 523 K, together

3.3. N2O decomposition
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Fig. 8. Evolution of (a) the abstract concentrations (PCA) of Cu during re-

duction in 2 vol% H and during reduction in methanol and water (feed)
3.5. Reduction kinetics and (b) of the abstract concentration of the intermediate at@se during
reduction in 2 vol% H.
A PC analysis of time-resolved XANES spectra of
CuO/ZrQ, measured during reduction in 2 vol% hielded the inflection point of the sigmoidal trace) were determined
three primary components sufficient to reconstruct the ex- to be 461 and 496 K, respectively.
perimental data. The evolution of the abstract concentra- Before TG-DSC measurements, the CuO/Zr&ample
tions during the reduction in 2 vol%J4fHe indicates a third ~ was heated twice to 523 K in He and held at that temperature
component as an intermediate ph&Sig(8b), probably cor- for 1 h to remove adsorbed water and £SGubsequently,
responding to C¢O. Fig. 8a shows that the reduction in the catalyst was heated in 2 vol%Me from 300 to 523 K
hydrogen started at a lower temperature compared with theat a heating rate of 6 Knin. Two exothermic DSC signals
reduction in methanol and water. Peak reduction tempera-between 423 and 440 KF{g. 9a) correlate with two peaks
tures (corresponding to the maximum reduction rate, i.e., in the MS water signalKig. 9). During reduction the sam-
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Fig. 9. (a) Evolution of mass loss (solid) and DSC signal (dashed) dur- Cu-Cu

ing reduction of the CuO/Zr® precursor in 2 vol% kH/He from 300 to
523 K at 6 K/min and (b) evolution of the corresponding MS signal of wa-

ter (m/e = 18).

ple exhibits a weight loss of 0.9%. This is less than what
was calculated for a complete reduction of CuO/Zn0
Cu/ZrQ, (1.2%) and corroborates the incomplete reduction
detected by in situ XAS.

FT(u(k)*k®)

3.6. Seamreforming of methanol

Fig. 4d depicts theF' T (x (k)k®) of the Cu/ZrQ catalyst
reduced in methanol and water. The position and shape of
the first peak (i.e., first Cu—Cu shell) are very similar to the Fig. 11. Cu K edgeF'T'(x (k)k3) of the Cu/ZrQ catalyst measured in situ
peak of the sample reduced in hydrogEig( 4b) The main after various treatments$ig. 10: (A) reduction in methanol and water at
difference can be seen in the reduced amplitude of the Cu_523 K (feed), (B) feed after first temporary addition of oxygen (10 vol%

- 3 ) p ) 0»), (HT) treatment in 2 vol% H at 673 K, (C) feed after treatment at
Cu peak in the" T (x (k)k®) and the increased height of the 673k, (D) feed after second addition of oxygen.

Cu-0 shoulder. After reduction in 2 vol%Hhe Cu/ZrQ

catalyst exhibits a low initial activity in the steam reforming - hjs indicates that an increasing amount of oxygen remains in
of methanol Eig. 7). After reduction in the feed, however,  the copper particles after oxidation and re-reductiig. 7
the Cu/ZrQ catalyst possesses a significantly increased ac-shows that after the first and second additions of oxygen, the
tivity in the MSR. TheF T (x (k)k®) of the catalyst reduced  increase in hydrogen production rate of the Cu/Zo@talyst
in the feed exhibits a Cu-O peak with a higher amplitude (Fig. 10 correlates with an increasing amount of oxygen.
(~30%) (Fig. 4, c and d) compared with that of the catalyst
reduced in hydrogen20%) (Fig. 7). 3.7. High-temperature treatment of Cu/ZrO, in H,

After reduction of the Cu/Zr@ catalyst in the feed at
523 K, the temperature was kept constant until no further  After MSR and the addition of oxygen, the Cu/ZrCat-
changes were observed in the XAFS spectra. The temporaryalyst was heated in 2 vol%#He to 673 K. After the cat-
addition of oxygen and partial re-reduction in the feed re- alyst was cooled to 523 K in hydrogen, a XAFS analysis
sulted in a considerably increased activity of the CuiZrO of the experimental Cu K edgeT (x (k)k3) revealed com-
catalyst Fig. 10. The Cu K edgeF T (x (k)k%), measured  plete reduction of the copper phase to copper metal clusters
after various reaction steps, is depictedrig. 11 Signifi- on ZrQ,. The only slightly increased amplitude of the first
cant differences are observable in the amplitude of the Cu—~OCu—Cu peak in thé" T (x (k)k3) excludes major sintering of
shoulder and the first Cu—Cu peak. The corresponding oxy-the Cu particles during the high-temperature treatment in hy-
gen contribution to the" T (x (k)k3) is depicted inFig. 7; drogen. Subsequent steam reforming of methanol resulted in
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Fig. 12.%3cu NMR spectra of the Cu/Zrfcatalyst measured ex situ af-
ter various treatments: (A) reduction in methanol and water at 523 K (feed),
(B) feed after first temporary addition of oxygen (10 vol%)(Q(HT) treat-
ment in 2 vol% H at 673 K, (C) feed after treatment at 673 K, (D) feed
after second addition of oxygen.

similar activities, as after initial reduction of the catalyst in
the feed Fig. 10. The XAFSFT (x (k)k3) measured under
MSR reaction conditions after hydrogen treatment exhibits
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4, Discussion
4.1. Structure of the CuO/ZrO, precursor

Small CuO patrticles and low concentration of Cu in the
material (8%) account for the fact that no copper oxide
phases are detected in the XRD pattern of the CuG4ZrO
precursor Fig. 1). XAFS measurements of the precursor
material identified CuO as the main copper phdsgq. 2
and 3. The deviations between theT (x (k)k3) of the ref-
erence CuO and the CuO/zZs@recursor in the amplitude
of the higher shellsKig. 3) are caused by a strongly dis-
ordered structure and/or small crystallite sizes of the nano-
structured CuO/Zr@precursof3]. Okamoto et al. proposed
highly dispersed Cit in CuO/ZrQ, to account for the de-
viations from ideal CuO in the"T (x (k)) [25]. However,

a calcination temperature of 973 K used by these authors
may have resulted in a considerable incorporation of Cu in
ZrOy, which renders a comparison with the Cu/Zr@ater-

ial prepared here difficult.

Zhou et al. have reported on Cu/Zr@atalysts, consist-
ing mostly of tetragonal zirconia for copper concentrations
less than 10 wt%426]. They suggested an interaction be-

again a pronounced contribution of an oxygen nearest neigh-tween copper oxide and the ZgGupport that prevents phase

bor. Moreover, adding oxygen to the feddd. 10 resulted

transformation to monoclinic Zr§according to the oxygen

in a strong increase in activity and an increase in the amountvacancy model of Sanchez and Gazq[#¥j. Various metal

of oxygen in the copper particleEifjs. 7 and 1)1 The cor-

centers in ZrQ (e.g., Y, Ce, Al, Cu) were reported to stabi-

responding TOFs (based on the specific copper surface aredize tetragonal zirconif28—-30] Because no incorporation of
per gram of copper) of the various reaction steps as deter-Cu into the ZrQ lattice was detectable by XRD or EXAFS

mined in a quartz reactor are given Table 1 It can also
be seen fronTable 1that the copper surface area as deter-
mined by NO decomposition increased considerably after
hydrogen treatment at 673 K and addition of oxygen to the
feed.

A copper crystallite size of 20 A was determined from
the Cu (111) XRD line, exhibiting only small changes after

(complete reduction of Cu at 673 K, detection limit1%),

a significant stabilizing effect of Cu centers in Zr@an

be excluded for the nanostructured Cu/Zr€atalysts[3].
Garvie et al[31,32]and Chraska et g33] discussed the in-
fluence of the particle size on the stability of the tetragonal
phase and found that for small particlegifca ~ 9—30 nm)

the stability of the tetragonal phase at room temperature can

the various reaction steps. Changes in the copper crystallitebe explained by the lower surface energy of t-Zrédm-
size should also be detectable in the Debye—Waller factors ofpared with m-ZrQ. This may explain the stabilization of the

the first Cu—Cu shell23]. However, for the nanostructured

tetragonal ZrQ@ particles with a diameter of about 7 nm in

Cu/ZrQ, catalysts described here, the additional Cu—O shell addition to the influence of the copper phase and the partic-
and the limited data range render a reliable determination of ular preparation technique on the surface termination of the

crystallite size effects from an EXAFS analysis difficult.
3.8. Nuclear magnetic resonance spectroscopy

Similar to X-ray diffraction line broadening, a symmetric
and narrow3Cu NMR line profile indicates large and or-

ZrO, particles
4.2. Reduction of the CuO/ZrO, precursor

Two DSC signals at 423 and 440 K measured during
reduction of the CuO/Zr@precursor correspond to the re-

dered crystallites. Hence, a decrease in the copper crystalliteduction of CuO to CpO and CyO to Cu metal, respectively,
size results in a symmetric NMR line broadening, whereas with Cu,O as an intermediate of the reductidfid. 9). The
an increase in strain or disorder causes an asymmetric NMRPC analysis of the in situ XAFS spectra also shows that the

line profile [9,24]. Fig. 12shows®3Cu NMR spectra for the
Cu/ZrO, catalyst after various reaction steps. In addition to

reduction in 2 vol% H/He and methanol/water proceeds
via an intermediate phas€if. 8a). Hence, a bimodal par-

differences in the amplitude, it can be seen that the width of ticle size distribution like that suggested for Cu on Y-doped

the NMR lines varies only slightly as a function of the treat-
ment conditions.

ZrOy [34] with small CuO clusters and bulk CuO that re-
duce at~ 423 and~ 448 K, respectively, should not be the
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main source for the DSC/MS signals measured. The forma-which may make it more suitable for use in mobile appli-
tion of an intermediate G phase during the reduction of cations under changing reaction conditions.

CuO/ZrQ in both hydrogen and methanol/water (feed) is in

agreement with our previous results for Cu/ZnO catalysts. 4.5. Methanol steam reforming on a Cu/ZrO; catalyst

The reduction temperatures determined by the PC analysis

indicate that the reduction of CuO/Zs@ the feed is shifted A linear correlation between the specific copper surface
to higher temperatures, probably because of the oxidizing area and methanol synthesis activity has already been pro-
influence of water and carbon dioxift€0,35] (Fig. 8). The posed by Chinchen et a4]. However, additional factors
increased reduction temperature, however, does not seem tinfluence the activity of copper catalysts, and deviations in
result in significantly larger Cu particles. In contrast to the the microstructure of the catalysts may result in differently
reduction of Cu/ZnO under similar conditions, the reduction active copper surfaces. Similar to our results for Cu/ZnO
of the CuO/ZrQ precursor in 2 vol% KH/He at 523 K did catalystg8—10], the MSR activity of the Cu/Zr@ catalyst
not result in pure copper metal clusters on Zr®ut in a described hereTable 1) exhibits no simple linear correla-

partially oxidized copper phas€ifjs. 5 and . tion with the specific Cu surface area. A sufficient copper
surface area is a prerequisite for an active methanol cata-
4.3. Sructure of the activated Cu/ZrO, catalyst lyst; however, it cannot account for the differences observed

after the various oxidation/reduction treatmental{e J.
Whereas after the first addition of oxygen to the MSR feed
the detectable Cu surface area decreased, the corresponding
H> production rate increased, indicating a more active spe-
cific copper surface (i.e., higher TOF). Conversely, after high
temperature reduction and addition of oxygen to the feed,
the Cu surface area increased considerably, accompanied by
a constant K production rate. This corresponds to a less ac-
tive specific Cu surface (i.e., a lower TOF) after the second
addition of oxygen, possibly because of a deteriorated inter-
action between the Cu metal and 4r€upport. It seems that

In contrast to Cu/ZnO catalysts that appear to be com-
pletely reduced at 523 K in 2% %Ithe activated Cu/Zr®
catalyst exhibits a lower degree of reduction with a consid-
erable amount of oxygen still detectable in the Cu K-edge
XAFS data Figs. 4 and Y. High-temperature treatment of
the Cu/ZrQ catalyst in hydrogen resulted in a complete re-
duction of the copper oxide phase to copper mdia.(11).
Hence, the remaining amount of oxygen detectable after ini-
tial reduction in methanol and water or after re-reduction

following the addition of oxygen to the feed cannot be as- also in the Cu/Zr@ systems, additional microstructural pa-

cribed to isolated copper centers in the Zi8d copper oxide . .
particles inaccessible to the gas phase. From the XAFS datarameters must be considered to account for the differently

for the Cu/ZrQ catalyst shown here, it is difficult to dis- active specific Cu surface.s observed. .
S . . . In contrast to our previous reports for the correlation of
tinguish between oxygen in the copper particles, a mixture

: . microstrain and activity of Cu/ZnO catalysf8,9], 63Cu
of separated Cu clusters and very small Cu oxide partlcles,,\”\/IR spectroscopy studies of differently treated Cu/ZrO
or a copper oxide interface between the Cu clusters and the b Py y

210, support. Because the experimenta (x (k)k3) of ac- catalysts yielded nearly symmetric NMR lindsd. 12 re-

. ' gardless of the treatment conditions. This is indicative of
;E!Vatteﬂ (ﬁuéZrcC:Q cata:lylstls C"? be well despdrlbe%lbeyond t?e only minor amounts of microstrain in the copper phase in
';SI shell by ”u meta”{:\ 03 C(g. 9. atl.clon3| ers earlnc(;ur:j the Cu/ZrQ materials. Moreover, it seems that the vary-
ot large or well-crystallize 20 par Icles can be excluded. ing amount of oxygen in the copper phase dependent on the
Additionally, no isolated copper oxide particles were de-

tected in TEM h Cu/ZKamol q treatment conditions has very little effect on the degree of
ectedin measurements ona -.u 4 mple prepare strain detectable in the copper particles. The characteristic
and activated in a manner similar to what is described here.

Thi b h f eith ~* epitaxial relationship between Cu and ZnO in the conven-
IS seems 1o corroborate the presence of either Oxygen Ny, cu/zno catalysts is the most likely origin of the mi-
the copper particles or a copper oxide interface layer.

crostrain in the copper phase of these materials. Apparently,
Cu on ZrG exhibits a different metal support interaction,

4.4. High-temperature treatment of Cu/ZrOz in Hp which does not result in detectable strain in the copper par-
ticles.
During reduction in H at 673 K, the Cu/Zr@ cata- After reduction in hydrogen, the Cu/Zp@atalyst exhib-
lyst exhibited only minor sintering of the Cu particleEa¢ ited little initial catalytic activity. However, under methanol

ble 1, Figs. 11 and 1p Conversely, Cu/ZnO catalysts treated steam-reforming conditions, temporarily adding oxygen to
at 673 K in hydrogen exhibit strong sintering, accompa- the feed before or after the high-temperature reduction re-
nied by loss of copper surface area and catalytic activity. sulted in an increased catalytic activitFigs. 7 and 1P

This process appears to be irreversible for Cu/ZnO mate-accompanied by an increased amount of oxygen in the cop-
rials, whereas the fully reduced Cu/Zr@atalyst can be  per particles Figs. 4 and Y. Similarly, addition of oxygen
re-activated by an oxidation/re-reduction treatment. Hence, results in an increase in copper crystallite size of Cu/ZnO
the Cu/ZrQ catalyst described here possesses a considercatalysts and, thus, a decrease in the specific copper surface
able stability toward temporarily increasing temperatures, areg10]. After the addition of oxygen, the Cu/ZnO catalysts
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re-reduced completely in the feed, and an increased catalyticCu/ZrO, catalysts. The decreased reducibility of CuO/ZrO

activity was obtained that correlated with an increased de- the low degree of microstrain, and the correlation between

gree of microstrain in the copper particles. In contrast to the amount of oxygen remaining in the copper particles and

Cu/zZnO0, the increased amount of oxygen remaining in the catalytic activity indicate a different metal support interac-

copper particles of Cu/ZrPafter oxygen addition to the tion compared with Cu/ZnO catalysts. Similar to Cu/ZnO

feed is indicative of an incomplete re-reduction. A compa- catalysts, however, the interaction between Cu anc4té

rable correlation between activity and oxidation of copper bilizes an active copper microstructure that strongly deviates

has been reported for Cu/AD3 and Cu/ZnO catalysts, sug- from that of bulk copper metal.

gesting a partial re-oxidation of copper metal to,Owafter

a certain activation time in the MSR fegd86]. Cheng et
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