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Abstract  
Microstructural characteristics of the copper phase in Cu/ZnO catalysts for methanol steam reforming (MSR) were investigated as a function of 
ageing of the precipitated hydroxycarbonates during catalyst preparation. The bulk structure of active catalysts under MSR reaction conditions 
was determined by in situ X-ray diffraction (XRD) and in situ X-ray absorption spectroscopy (XAS) combined with on-line mass spectrometry. 
Reduction kinetics and phase compositions obtained from XAS data analysis were compared to conventional TPR and TG/MS results. With 
increasing ageing time of the precipitate the onset of reduction of the CuO/ZnO precursor is shifted from 462 K to 444 K, while a decrease in 
crystallite size from 110 Å (0 min) to 70 Å (120 min) is detected. A strong increase in catalytic activity was observed for Cu/ZnO catalysts ob-
tained from precipitates aged for more than 30 min. The microstrain in the copper particles as detected by XRD and XAS was determined as an 
additional bulk structural parameter that correlates with the increase in catalytic activity. Moreover, continuous precipitate ageing leads to a de-
creasing amount of Zn in the copper clusters of the Cu/ZnO catalysts. A schematic model of the structural characteristics of Cu/ZnO catalysts as a 
function of precipitate ageing is proposed. The model emphasizes the defect-rich state of the homogeneous microstructure of Cu/ZnO catalysts 
and its implication for the catalytic activity in the steam reforming of methanol. 
 
Keywords: methanol, steam reforming, copper, zinc oxide, structure-activity relationship, microstrain, ageing, rational 
design, XAS, XRD 
 
 
Introduction  
 

Cu/ZnO/Al2O3 catalysts are industrially employed 
for methanol synthesis and the water gas shift reaction, and 
are also known to be active for the steam reforming of 
methanol (CH3OH + H2O → CO2 + 3H2) [1]. In order to 
elucidate pathways to improved catalysts for methanol 
steam reforming, a fundamental understanding of the rela-
tion between surface structure, bulk structure, and catalytic 
activity is required. In addition to previous investigations 
assuming a linear correlation between the copper surface 
area and the catalytic activity [2], recent investigations 
have shown that differently prepared Cu/ZnO catalysts may 
possess differently active specific copper surfaces and, 
thus, exhibit additional microstructural factors contributing 
to the correlation between surface area and catalyst per-
formance in methanol chemistry. [3,4] Klier proposed that 
Cu+ species dissolved in ZnO enhanced the catalytic activ-
ity for methanol synthesis. [5] Based on surface science 
investigations of model catalysts with Zn deposited on Cu 

(111) surfaces, Fujitani et al. [6] suggested that a metallic 
Cu-Zn surface alloy is the catalytically active species for 
methanol synthesis. In addition to an alloying effect, dy-
namical and reversible changes in the morphology of the 
Cu particles may be caused by changes in the reduction 
potential of the gas phase (wetting /non-wetting) [7,8]. An 
increase in oxidation potential results in spherical Cu parti-
cles on large crystals of ZnO (i.e. non-wetting), whereas a 
subsequent decrease of the oxidation potential results in 
disc-like Cu particles on ZnO (i.e. wetting). Furthermore, it 
was assumed that the methanol synthesis activity is en-
hanced by hydrogen spill-over from ZnO [9].  

Recently, we could show that methanol synthesis and 
methanol steam reforming activity of binary Cu/ZnO cata-
lysts with varying molar ratios correlate with the mi-
crostrain in the copper particles. [10,11] Density functional 
theory calculations [12] indicate, that strained copper sur-
faces can affect the catalytic activity because of changes in, 
for instance, adsorption energies and dissociation barriers 
of hydrogen. Defects in the bulk structure such as mi-
crostrain, impurities, and structural disorder may signifi-
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cantly influence the performance of the corresponding cop-
per catalyst. Hence, understanding the correlations between 
particular preparation parameters and the microstructure of 
the resulting catalyst are prerequisites for a knowledge-
based catalyst design. Precipitation of mixed copper-zinc 
hydroxycarbonates is a common method to prepare highly 
active Cu/ZnO catalysts. Ageing of freshly precipitated Cu-
Zn hydroxycarbonates exhibits a strong influence on the 
catalytic properties of the resulting Cu/ZnO catalysts. An 
increased catalytic activity as a result of prolonged precipi-
tate ageing was demonstrated for methanol synthesis, re-
verse water gas shift reaction [13], CO oxidation [14-16], 
and for the methanol steam reforming reaction [17]. Hence, 
ageing permits improving catalyst performance by tailoring 
the preparation conditions instead of varying the chemical 
composition. [17] Previous investigations concerning struc-
tural changes of the precursors during ageing in the mother 
liquor revealed that the initially amorphous precipitates 
(e.g. georgeite) transform after a certain time into a mixture 
of crystalline rosasite (zincian malachite) and aurichalcite 
[18]. While changes in the morphology of the copper cata-
lysts obtained from aged precursors were investigated, [16] 
detailed bulk structure-activity relationship are not yet fully 
identified. This work focuses on the correlation between 
the increase in activity of copper catalysts prepared from 
aged precipitates and the structure of the copper phase of 
the active catalyst under working conditions. Two comple-
mentary bulk methods are employed to investigate the 
long-range order (in situ X-ray diffraction) and the short-
range order (in situ X-ray absorption spectroscopy) in com-
bination with on-line mass spectrometry. A structural 
model of the active catalyst as function of precipitate age-
ing and its influence on the catalytic activity is proposed.  
 
 
Experimental 
 
Preparation 
 

Copper zinc hydroxycarbonate precursors were pre-
pared by co-precipitation. [18] Co-precipitation was per-
formed in a reaction container filled with 400 ml bidistilled 
water (353 K) by simultaneous mixing of an aqueous solu-
tion of metal nitrates (Cu(NO3)2*3H2O and 
Zn(NO3)2*6H2O (600 ml of a 1 M metal nitrate solution; 
molar ratio of copper to zinc was 70:30 in the nitrate solu-
tion) with sodium carbonate (1.2 M) at constant pH (pH 7). 
The nitrate solution was added at constant rates of 25 
mL/min. The addition rate of the precipitation reagent 
(Na2CO3) was controlled as described in [18] to adjust the 
desired pH in the mother liquor. After complete addition of 
the solutions, the resulting precipitates were aged under 
continuous stirring in the mother liquor at 353 K for  15 
min, 30 min, and 120 min. The differently aged suspension 
was purged out of the reactor followed by the separation of 
the precipitates from the mother liquor by vacuum filtration 
(duration of about 60 sec). For the 0 min aged sample, the 
precipitate was filtered directly after complete addition of 

the nitrate and soda solutions. After filtering, half of the 
resulting filter cake (20 g) was washed six times with de-
ionized water (80 ml) in a 250 ml beaker for 10 min under 
continuous stirring at 333 K. Finally, 3 g of the washed 
precipitate were dried at 393 K for 10 h in static air (three 
Al2O3 boats, 1 g precipitate each) followed by calcination 
at 603 K in static air for 3 h (6 K/min).  
 
 
TG/MS 
 

Thermogravimetric analysis was conducted during 
reduction on a NETSCH STA 499 C in a constant gas flow 
of a 2 vol-% H2 in helium at a total flow of 100 ml/min. 
Approximately 15 mg of the calcined precursors were 
heated in an Al2O3 crucible to 523 K with a heating ramp of 
6 K/min. Evolution of gas phase composition during reduc-
tion was monitored with a quadropole mass spectrometer 
(Pfeiffer Omnistar). 
 
 
Catalytic Activity and Copper Surface Area De-
termination 
 

Reduction of the CuO/ZnO precursors was per-
formed in 2 vol-% H2 in the temperature range between 300 
K and 523 K at a heating ramp of 6 K/min followed by an 
isothermal period of 30 min at 523 K. For in situ XRD and 
in situ XAS experiments, the four Cu/ZnO samples ob-
tained from the differently aged precursors were cooled 
down to 298 K after reduction and exposed to the steam 
reforming gas mixture using saturators for methanol and 
water (ratio CH3OH:H2O = 1:1 ; ~2.5 vol-% CH3OH / 2.5 
vol-% H2O / 95 vol-% He) at atmospheric pressure. The 
temperature was increased from 298 K to 523 K with a 
heating ramp of 6 K/min at a total flow of 160 ml/min in 
the in situ XRD cell and 40 ml/min in the in situ XAS cell. 
Evolution of the gas phase composition was monitored with 
a mass spectrometer (Pfeiffer Omnistar). 13 mg of the cata-
lyst sample were used for the XRD experiments, 3 mg cata-
lyst diluted in 30 mg BN were used for the XAS 
experiments. The methanol steam reforming activity (i.e. 
hydrogen production rate) was calculated under isothermal 
conditions (523 K) at steady state (after ~ 30 min). The 
methanol conversion in the XAS cell amounted to ~ 10 %. 
All Cu/ZnO catalysts studied exhibited a spiked increase in 
activity followed by a decrease in activity of approximately 
5% of the maximum value in a time period of 30 min.  

Catalytic activity determined in the in situ experi-
ments was compared to activity measurements of the cata-
lyst in a tubular stainless steel reactor placed in an 
aluminium-heating block. For these measurements, the 
catalyst powder was diluted with BN and pressed in pellets. 
Subsequently, the pellets were ground and sieved to obtain 
a defined particle size. The methanol conversion of the four 
catalysts obtained from differently aged precursors was 

determined at 523 K by using a Varian GC 3800. More 
．．．．
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details on the experimental conditions used are given els
．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．

e-
．．

where. 
．．．．．．

[19] 
The specific copper surface area was determined by 

N2O decomposition (N2O + 2Cus →N2 + Cus-O-Cus) [20, 
21] (T = 313 K, 0.5 vol-% N2O in Helium, Cu surface atom 
density: 1,47x1019  m-2 [22]). 50 mg of the catalyst diluted 
in 50 mg BN was placed on a quartz frit in a quartz tube 
reactor (bed height of about 15 mm). The temperature was 
measured by a thermocouple positioned in the powder bed. 
Prior to the surface area determination the sample was re-
duced in 2 vol% H2 (total flow of 40 ml/min) at 523 K ac-
cording to the procedure described above. After reduction 
the sample was cooled to 313 K and the reactor was purged 
with He for 1 h. The Cu surface area was determined by 
monitoring the ion current of m/e = 44 (i.e. N2O) using a 
mass spectrometer. More details on the method used are 
given in Ref. [23]. 
 
 
Temperature programmed reduction 
 

Temperature programmed reduction (TPR) was per-
formed using a Thermoquest TPD/R/O 1100 instrument (5 
% H2 in Ar (40 ml/min), heating ramp of 6 K/min to 523 K 
followed by an isothermal period of 1 h at 523 K). 20 mg of 
the catalyst powder were diluted in 250 mg silicon carbide 
(115 mesh) and placed in the reactor (bed height of about 4 
mm). Prior to the measurement, the sample was heated in 
Ar (20 ml/min) to 423 K (10 K/min) followed by an iso-
thermal period of 30 min at 423 K. 
 
 
In situ X-ray diffraction 
 

In situ X-ray powder diffraction experiments were 
performed using a STOE Bragg-Brentano diffractometer 
(Cu Kα radiation, secondary monochromator, scintillation 
counter). Reduction of the calcined CuO/ZnO precursors 
was carried out in an in situ cell (Bühler HDK S1) as de-
scribed above. XRD patterns were recorded at 523 K under 
methanol steam reforming conditions in a 2θ range from 
28.0° to 93.0° with a step width of 0.04° (counting time: 2 
s/step). A sum of pseudo-Voigt profile functions and an 
appropriate background function were refined to the in situ 
XRD patterns of the Cu/ZnO catalysts according to the 
Pawley method (“full pattern refinement”). Lattice con-
stants of Cu and ZnO, a linear zero shift in the 2θ scale, 
four coefficients of the background polynomial, peak inten-
sity and Gaussian and Lorentzian part of the pseudo-Voigt 
profile of each individual hkl line were allowed to vary in 
the refinement. The volume-averaged copper crystallite 
size (diameter) and microstrain were determined from the 
Lorentzian and Gaussian part of the individual profile func-
tions. [24] An alternative method to determine crystallite 
size and microstrain by analyzing X-ray diffraction line 
profiles is described by Williamson and Hall [25]. How-
ever, an isotropic distribution of both size and strain is a 
prerequisite for a linear correlation between d* = 2sinθ/λ 

and ß* = βcosθ/λ and the applicability of the Williamson-
Hall analysis. 
 
 
In situ X-ray absorption spectroscopy 
 

In situ XAS experiments were performed in a flow 
reactor in transmission geometry at the Cu K-edge (E= 
8.979 keV) at the Hamburger Synchrotron Radiation Labo-
ratory (HASYLAB, beamline E4 and X1). The CuO/ZnO 
precursors were diluted in boron nitride and pressed for 1 
min at 1.5 t into a pellet of 5 mm in diameter. Reduction of 
the precursors was performed as described above. Time-
resolved XANES (X-ray absorption near edge structure) 
measurements at the copper K edge (time resolution = 100 
s/spectrum; energy range 8.9 to 9.1 keV) enabled to deter-
mine phase composition and kinetics during reduction. The 
number of reference spectra required to reconstruct the set 
of experimental XANES spectra was obtained by a princi-
ple component analysis (PCA) [26, 27]. The fraction of the 
reference spectra in each XANES spectrum was determined 
by a least-squares fit of a linear combination of the refer-
ence spectra to the experimental spectra.  

After reduction of the CuO/ZnO precursor, the ex-
tended X–ray absorption fine structure (EXAFS) of the 
resulting Cu/ZnO catalyst was measured under methanol 
steam reforming conditions at 523 K. A copper foil was 
used as reference for energy calibration. Two polynomials 
were employed for background subtraction and normaliza-
tion, and the atomic background in the EXAFS region was 
determined by cubic splines. The radial distribution func-
tion was obtained by Fourier transformation of the k3 
weighted experimental spectrum χ(k) (k range from 2.3 Å-1 
to 11.5 Å-1) in the R space. Multiple and single scattering 
paths in an fcc Cu model structure were calculated using 
FEFF 8 [28] in a range from 1.5 Å to 6.0 Å (5 % lower 
limit with respect to the strongest scattering path). Refine-
ment of the Cu model structure to the experimental EXAFS 
spectrum was carried out in R space. Structural parameters 
refined include the single scattering shell distances (R), the 
Debye Waller factors of the single scattering paths (σ2), 
and one E0 shift for all scattering paths. The coordination 
numbers (CN) were kept constant because of the rather 
large Cu crystallite sizes (> 70 Å). In addition, refinement 
of the Debye Waller factor of a particular multiple scatter-
ing path was used as indicator for structural disorder 
(strain). This particular scattering path corresponds to a 
linear arrangement of backscatterers in the Cu fcc structure. 
Because of the so-called focusing effect, this path exhibits 
an exceptionally high contribution to the overall pseudo 
radial distribution function FT(χ(k)*k3) and is particularly 
susceptible to deviations from a linear arrangement (i.e. 
disorder and strain). 
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Results 
 
Characterization of the calcined CuO/ZnO pre-
cursors 
 

Figure 1a shows the CuO crystallite size of the cal-
cined precursors (CuO/ZnO) in comparison to the Cu parti-
cle size of the reduced Cu/ZnO catalyst determined by line 
profile analysis of XRD patterns of the precursors and the 
reduced Cu/ZnO catalysts. A strong decrease in CuO crys-
tallite size can be seen for the precursors obtained from 
crystalline precipitates (30 min and 120 min ageing) com-
pared to the precursors obtained from amorphous precipi-
tates (0 min and 15 min ageing). Deviations in the lattice 
constants of CuO obtained by XRD refinement of a CuO 
model structure (ICDD-PDF-2: 5-661) to the experimental 
patterns of the CuO/ZnO precursors are depicted in Fig-
ure 1b. 
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Figure 1: (a) Crystallite size of CuO in CuO/ZnO precur-
sors and of Cu in the reduced Cu/ZnO catalysts as function 
of precipitate ageing determined from XRD line broaden-
ing. (b) Deviations in the lattice constants of CuO in 
CuO/ZnO precursors as function of precipitate ageing. 
 
For the CuO/ZnO precursors obtained from precipitates 
aged for 0 min and 15 min, the lattice constants determined 
deviate significantly from those of ideal CuO. Conversely, 
only minor deviations in the lattice constants of CuO were 
observed for the CuO/ZnO precursors obtained fom pre-
cipitates aged for 30 min and 120 min. The distinct distor-
tion of the CuO short-range structure of the CuO/ZnO 
precursors obtained from precipitates aged for 0 min and 15 

min is also visible in the Cu K edge FT(χ(k)*k3) (Figure 2). 
The first peak in the FT(χ(k)*k3) which is attributed to Cu 
surrounded by oxygen in a square-planar coordination and 
the second peak, which is attributed to the first Cu shell in 
CuO, exhibit a strong decrease in intensity for the precur-
sors obtained from precipitates aged for 0 min and 15 min. 
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Figure 2: Experimental Cu K edge FT (χ(k)*k3) of 
CuO/ZnO precursors obtained from precipitates aged for 0, 
15, 30, and 120 min. 
 
 
Reduction of the CuO/ZnO precursor 
 

The consumption of hydrogen during temperature-
programmed reduction (TPR) of two CuO/ZnO precursors 
(0 min and 120 min ageing) in the temperature range from 
300 K to 523 K is depicted in Figure 3. Both TPR traces 
exhibit characteristic shoulders left to the main reduction 
peak. Compared to the narrow reduction peak at 454 K of 
the CuO/ZnO precursor obtained from a 120 min aged pre-
cipitate, the TPR traces of the CuO/ZnO precursor obtained 
from a non-aged precipitate is much broader and shifted to  
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Figure 3: Hydrogen consumption during temperature-
programmed reduction (TPR) of two CuO/ZnO precursors 
(0 min and 120 min ageing) in the temperature range from 
300 K to 523 K (heating ramp 6 K/min). 
 
higher reduction temperatures (503 K). The onset tempera-
ture of reduction and the shape of the TPR traces of the 
CuO/ZnO precursor obtained from precipitates aged for 15 
min and 30 min are in good agreement with the TPR traces 
of the 0 min and 120 min aged precursors, respectively. 
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PCA of time-resolved XANES spectra measured during 
reduction yielded three reference compounds (CuO, Cu2O, 
Cu) required to reconstruct the set of experimental XANES 
spectra. Target transformed XANES spectra of CuO and 
Cu are in good agreement with the first and the last ex-
perimental spectrum. Differences between the Cu K edge 
spectrum of crystalline Cu2O and the corresponding target-
transformed spectrum can be attributed to a different crys-
tallite size and the high disorder of the Cu2O formed during 
reduction. A quantitative phase analysis was obtained from 
a least-squares fit of a linear combination of the Cu and 
CuO reference spectra and the target transformed spectra of 
Cu2O to each experimental XANES spectrum measured 
during reduction of the CuO/ZnO precursor. The resulting 
evolution of the phase composition during reduction of 
CuO/ZnO (15 min ageing) and the corresponding H2O 
evolution are shown in Figure 4. A sequential reduction 
pathway from CuO to intermediate Cu2O and, eventually, 
to Cu metal was found, which is in good agreement with 
previous investigations [10,11].  
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Figure 4: Evolution of phase composition (CuO, Cu2O, 
and Cu) and H2O signal during temperature-programmed 
reduction of a CuO/ZnO precursor (15 min aged precipi-
tate) in 2% H2 (300 K to 523 K; 6 K/min) obtained from 
time-resolved Cu K edge XANES measurements. 
 

Evolution of the relative mass of the four CuO/ZnO 
precursors during TPR is depicted in Figure 5. The differ-
ence in the mass loss after reduction of the CuO/ZnO pre-
cursors obtained from precipitates aged for 120 min and 0 
min (Figure 5) is caused by a different composition of the 
materials. A quantitative determination of the Cu content in 
the catalyst obtained from the copper K edge jump and zinc 
K edge jump exhibits a decrease in copper content from 75 
mol-% (0 min ageing) to 73 mol-% copper (120 min age-
ing) with respect to the metals. Moreover, different 
amounts of residual nitrates and carbonates remain in the 
CuO/ZnO precursors after preparation. The evolution of the 
gas phase composition during TPR of CuO/ZnO obtained 
from precursors aged for less than 30 min clearly indicates 
the decomposition of residual nitrates (NO, m/e = 30) and 
carbonates (CO2, m/e = 44). The amount of residual car-
bonates and nitrates in the precursors decreases with in-
creasing ageing time. Residual copper oxide phases 
indicating an incomplete reduction of the CuO/ZnO precur-

sors were not detected (detection limit of XAFS analysis ~1 
%). 
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Figure 5: Evolution of relative weight during temperature-
programmed reduction of CuO/ZnO precursors obtained 
from differently aged precipitates (0, 15, 30, and 120 min) 
(2% H2, 300 K to 523 K; 6 K/min). 
 
 
Methanol steam reforming on Cu/ZnO catalysts 
 

The H2 production rate during methanol steam re-
forming on the Cu/ZnO catalysts as determined in the in 
situ XAS cell and the methanol conversion as determined 
in the tubular reactor as a function of ageing time are com-
pared in Figure 6. The activity of the Cu/ZnO catalysts in 
the tubular reactor strongly increased between 15 min and 
30 min ageing time from initially 36 % methanol conver-
sion (XAS cell: 600 µmol/g*s H2 prod. rate; 15 min ageing) 
to 60 % conversion (XAS cell: 900 µmol/g*s H2 prod. rate; 
30 min ageing). A similar dependence of the methanol 
steam reforming activity of the Cu/ZnO catalysts on the 
ageing time was found for the in situ XRD experiments. 
The good agreement between the catalytic performance 
measured in the in situ XAS cell and the steel reactor (Fig-
ure 6) indicates that the structural data obtained from in situ 
XAS experiments under conditions of differential conver-
sion (~ 10 % methanol conversion in XAS cell) permit 
deducing reliable structure-activity relationships.  
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Figure 6: Methanol steam reforming activity of Cu/ZnO 
catalysts at 523 K as a function of precipitate ageing. The 
methanol conversion determined in a packed bed reactor is 
depicted in comparison to the H2 production rate obtained 
during the in situ XAS experiment. 
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Figure 7: (a) Specific copper surface area of Cu/ZnO cata-
lysts as a function of precursor ageing determined by N2O 
titration and estimated from the XRD copper particle size 
(Figure 8, Cu 111). (b) Normalized H2 production rate ac-
cording to Figure 6 as a function of the specific copper 
surface area. 
 

In Figure 7, the specific copper surface areas as de-
termined by N2O decomposition are compared to those 
calculated from the respective volume-averaged copper 
crystallite size (i.e. diameter, XRD) assuming spherical 
crystallites. An increasing ageing time resulted in an in-
crease in the Cu surface area from initially 13 m2/gcat after 
0 min ageing (20 m2/gcat by XRD) to 21 m2/gcat after 120 
min ageing (33 m2/gcat by XRD). Both methods revealed 
similar trends in the evolution of the Cu surface area as a 
function of precipitate ageing. Cu/ZnO support interactions 
that reduce the accessible Cu surface area and a non-
spherical morphology of the Cu particles may account for 
the deviations in the Cu surface areas obtained, in addition 
to a bimodal particle size distribution or re-oxidation of 
partially reduced ZnO. The normalized H2 production rates 
measured during the in situ XAS measurements as a func-
tion of the specific Cu surface area are depicted in Figure 
7b. The H2 production rate is normalized to the activity of 
the most active catalyst in the steam reforming of methanol 
(30 min ageing).  
 
 
 

Long-range order from in situ X-ray diffraction 
 

Quantitative phase analysis of the in situ XRD pat-
terns of the reduced Cu/ZnO catalysts (0, 15, 30, and 120 
min) measured under steam reforming conditions at 523 K  
revealed a phase composition of 68 mol-% copper and 32 
mol-% zinc oxide [17]. While the phase composition of the 
four Cu/ZnO catalysts was very similar, the profiles of the 
individual copper diffraction lines in the patterns of the 
catalysts exhibited significant differences. Analysis of the 
Cu (111) line profile as a function of precipitate ageing 
revealed a decrease of the copper crystallite size from ini-
tially 110 Å (0 min ageing) to 70 Å (120 min ageing) (Fig-
ure 8b) accompanied by an increase in copper microstrain 
from initially 0.09% (0 min ageing) to 0.25% (120 min 
ageing) (Figure 8a). [17] In comparison, copper particles 
obtained from the reduction of CuO (obtained by calcina-
tion of malachite, Cu2(OH)2(CO3)) exhibited a particle size 
of 300 Å and a microstrain of 0.06 %.  
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Figure 8: (a) Copper microstrain (b) and crystallite size as 
function of precipitate ageing determined from the Cu 111, 
200, and 220 XRD lines of Cu/ZnO catalysts under metha-
nol steam reforming conditions at 523 K. 
 

Crystallite size and microstrain obtained from the 
analysis of three different copper diffraction lines (111, 
200, 220) as function of precipitate ageing is shown in Fig-
ure 8a and 8b. Distinct deviations in both crystallite size 
and microstrain obtained from different copper lattice 
planes can be seen. The Cu/ZnO samples analyzed here 
exhibited a preferred orientation in the [111] direction and 
a maximum in microstrain in the [100] direction. Neverthe-
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less, a decrease in crystallite size and an increase in mi-
crostrain as a function of precipitate ageing were observed 
for all individual copper diffraction lines. A Williamson-
Hall plot based on the XRD patterns of the four Cu/ZnO 
catalysts confirmed the strong anisotropy (non-linearity 
between β* and d*) in the Cu/ZnO catalysts visible in Fig-
ure 8. Hence, the crystallite size and the microstrain had to 
be determined by analyzing individual X-ray diffraction 
lines.  
 
 
Short-range order from in situ X-ray absorption 
spectroscopy 
 

X-ray absorption spectra of the Cu/ZnO catalysts 
were measured at the Cu K edge under methanol steam 
reforming reaction conditions at 523 K. The resulting 
pseudo radial distribution functions (FT(χ(k)*k3)) of the 
four Cu/ZnO catalysts obtained from differently aged pre-
cipitates are compared in Figure 9. The FT(χ(k)*k3) of the 
catalysts are very similar above 3 Å, whereas the peak at R 
= 2.2 Å (not phase-shift corrected), which is attributed to 
the first Cu-Cu distance in fcc copper metal, exhibits a 
strong increase in amplitude with increasing ageing time.  
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Figure 9: Experimental Cu K edge FT(χ(k)*k3) of Cu/ZnO 
catalysts obtained from precipitates aged for 0, 15, 30 and 
120 min under methanol steam reforming conditions at 523 
K. 
 

The result of a refinement of the Cu fcc model struc-
ture to the experimental Cu FT(χ(k)*k3) of a Cu/ZnO cata-
lyst (120 min ageing) together with the linear focusing 
multiple scattering paths are shown in Figure 10. The good 
agreement between theory and experiment indicates that no 
additional phases (e.g. copper oxides) are detectable in the 
EXAFS spectrum. The Debye-Waller factor of the multiple 
scattering path (Figure 10) used to estimate the amount of 
microstrain in the Cu/ZnO catalysts is given in Figure 11. 
An increase in the Debye Waller factor with ageing time is 
detected. Conversely, the simultaneous decrease of the 
amount of Zn in the copper phase should yield a decrease 
in the Debye-Waller factor (i.e. an increase in amplitude) as 
seen in the first Cu shell of the corresponding Cu/ZnO cata-
lysts (Figure 9). Therefore, the behavior of the particular 
“focusing” multiple scattering path as a probe for mi-

crostrain in the copper phase is in good agreement with the 
increase of microstrain as a function of precipitate ageing 
as obtained by XRD line profile analysis. 
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Figure 10: Refinement of a theoretical EXAFS function 
(dashed) to the experimental Cu K edge FT(χ(k)*k3) (solid) 
of a Cu/ZnO catalyst (120 min ageing) under methanol 
steam reforming conditions at 523 K. The four most promi-
nent single-scattering paths (dotted) in the EXAFS function 
together with one multiple-scattering path (arrow in unit 
cell) are depicted. 
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Figure 11: Debye-Waller factors of the multiple-scattering 
path indicated by the arrow in Figure 10 as function of 
precipitate ageing obtained by refinement of a theoretical 
Cu EXAFS function to the experimental FT(χ(k)*k3) of 
four Cu/ZnO catalysts (0, 15, 30, and 120 min ageing) 
measured at 523 K together with (b) the contribution of a 
Cu-Zn shell to the Cu K edge FT(χ(k)*k3) of the Cu/ZnO 
catalysts as function of precipitate ageing. 
 

In addition, the distances of the first Cu shell in the 
four FT(χ(k)*k3) of the Cu/ZnO catalysts were obtained 
from the EXAFS analysis. Figure 12 shows the evolution of 
the deviations in the distance of the first Cu shell (relative 
to a = 3.615 Å for bulk fcc copper metal) in comparison to 
the copper lattice constants determined by XRD refine-
ment. The decrease in the distance of the first Cu shell co-
incides with the decrease in copper lattice constant with 
ageing time. The lattice expansion of the Cu crystallites in 
the Cu/ZnO catalysts obtained from precipitates aged for 0 
min and 15 min may indicate the presence of Zn occupying 
copper lattice sites as previously observed in Cu/ZnO cata-
lysts with varying molar ratios. [11] In order to quantify the 
amount of Zn in the Cu nanoparticles, an additional Zn  
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Figure 12: Variation of the Cu lattice parameter deter-
mined by XRD under methanol steam reforming conditions 
at 523 K and deviations in the distance of the first Cu shell 
obtained from an EXAFS refinement to the experimental 
Cu K edge FT(χ(k)*k3) as a function of precipitate ageing. 
 
shell at a Cu-Zn distance of 2.66 Å [8] was included in the 
EXAFS refinement. The distances of the Cu-Cu and the 
Cu-Zn scattering paths were kept constant, while the sum 
of the coordination numbers of the Cu-Cu and Cu-Zn scat-
tering paths was constrained to be 12 in the refinement. The 
amount of Zn scatterers necessary to simulate the first shell 
of the experimental spectra of the four Cu/ZnO catalysts is 
shown in Figure 11 indicating a decreasing amount of Zn 
occupying Cu lattice sites in the catalysts obtained from 
precipitates aged for 30 min and 120 min. The increase in 
Cu-Cu distance of ~0.016 Å in the Cu/ZnO catalysts ob-
tained from short-aged precipitates is about one order of 
magnitude larger than the corresponding lattice expansion 
of 0.0014 Å as detected by XRD. This discrepancy may be 
accounted for by the XAFS refinement procedure em-
ployed, which considers an average of the Cu-Cu distance 
(RCu-Cu = 2.55 Å) and the Cu-Zn distance (RCu-Zn = 2.66 Å) 
in the first shell. This may result in larger distance devia-
tions in the short-range order compared to the long-range 
lattice expansion as determined by XRD. 
 
 
Discussion 
 
Structure of the CuO/ZnO precursors 
 

The long-range (Figure 1) and short-range structure 
(Figure 2) of the four CuO/ZnO precursors exhibit a char-
acteristic dependence on the crystallization of the initially 
amorphous precipitates that occurs after about 30 min age-
ing. [18] The decrease in the CuO crystallite size of the 
calcined CuO/ZnO precursor with increasing ageing time 
coincides with the decreasing Cu crystallite size of the re-
duced Cu/ZnO catalysts (Figure 1a). Moreover, the CuO 
lattice constants of CuO/ZnO precursors obtained from 
precipitates aged for 30 min or 120 min show a remarkable 
shift towards those of regular CuO (Figure 1b). The devia-
tions in the CuO lattice constants of CuO/ZnO precursors 
obtained from short-aged precipitates (0 min and 15 min) 
can be assigned to the formation of a Zn-doped CuO (Cu1-

xZnxO). [29, 30]  

The deviations in the short-range order structure of 
the CuO/ZnO precursors obtained from short-aged and 
long-aged precipitates are in good agreement with the cor-
responding long-range order structure of the materials 
(Figure 2). The first peak in the XAFS FT(χ(k)*k3) which 
corresponds to four oxygen atoms in a square-planar coor-
dination and the second peak, which corresponds to the first 
Cu shell in CuO, (Figure 2) exhibit a strong increase in 
intensity for the precursors obtained from precipitates aged 
for 30 min and 120 min. A similar increase is also visible in 
the FT(χ(k)*k3) of the corresponding reduced Cu/ZnO 
catalysts (Figure 9). The increase in FT(χ(k)*k3) amplitude 
of the CuO/ZnO precursor and the Cu/ZnO catalysts may 
be explained by (i) an unlikely decrease in the Debye-
Waller factor, which at least for the Cu/ZnO catalysts is in 
contrast to the increase in microstrain detected by XRD and 
NMR [17], (ii) an increase in the apparent coordination 
number because of changes in crystallite size, which can be 
excluded because of the rather large crystallites (> 70 Å 
[31]) and the overall decrease in crystallite size with age-
ing, or most likely (iii) a decreasing amount of Zn in the 
CuO phase and the resulting copper catalyst. Hence, it may 
be concluded that the deviations in the “real” structure of 
CuO in the calcined precursors obtained from short-aged 
precipitates (Figure 1b and Figure 2) are caused by Zn cen-
ters in the CuO structure. Similarly, Zn in the calcined 
CuO/ZnO precursors was proposed for Cu/ZnO catalysts 
with various Cu to Zn ratios. [10] 
 
 
Reduction of the CuO/ZnO precursors 
 

The four CuO/ZnO precursors studied can be sepa-
rated into two groups with respect to the onset temperature 
of reduction (Figure 3 and Figure 5). CuO/ZnO precursors 
obtained from precipitates aged for 0 min and 15 min ex-
hibit a higher onset of reduction (~ 450 K), compared to 
precursors obtained from precipitates aged for 30 min and 
120 min (~ 500 K). The lower reduction temperature of the 
precursors obtained from long-aged precipitates compared 
to those obtained from short-aged precipitates is caused by 
the smaller CuO crystallite size (~60 Å and ~90 Å, respec-
tively (Figure 1a.)) the higher amount of strain and disor-
der, and the more homogeneous microstructure. [32] The 
increase in crystallite size during reduction of the non-aged 
CuO/ZnO precursor (~90 Å) to the corresponding Cu/ZnO 
catalyst (~110 Å) indicates a pronounced sintering of the 
copper particles. Similar to the increased onset of reduc-
tion, this lowered stability towards sintering is consistent 
with the larger amount of isolated copper particles and the 
diminished interface between Cu and ZnO in the catalysts 
obtained from short-aged precipitates. [32] Conversely, the 
more homogenous particle size distribution and the im-
proved interface between copper and zinc oxide in the 
Cu/ZnO catalysts obtained from long-aged precipitates 
increase the degree of dispersion and prevent sintering of 
the copper particles during reduction (~65 Å for Cu and 
CuO) (Figure 1a).  
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A quantitative XANES analysis (Figure 4) permits to 
assign a sequential reduction pathway to the two peaks 
observed during TPR (Figure 3) according to CuO  Cu2O 

 Cu. This is in good agreement with previous reports on 
the reduction of CuO in the CuO/ZnO/ZrO2 system [33] 
and the reduction of CuO and Cu2O in H2 [34]. Further-
more, it can be seen that the H2O evolution measured dur-
ing the in situ XAFS experiments correlates with the phase 
composition during reduction (Figure 4) and the TPR 
measurements (Figure 3). The first maximum in the H2O 
evolution indicates the formation of intermediate Cu2O, 
while the second maximum corresponds to the formation of 
Cu metal.  

The narrow TPR peak of the aged precursor (Figure 
3) is in good agreement with the homogeneous microstruc-
ture of the corresponding single-phase Cu/ZnO catalyst. 
[32] The heterogeneous microstructure of the Cu/ZnO cata-
lysts obtained from non-aged precipitates can already be 
inferred from the broad high-temperature TPR peak of the 
corresponding CuO/ZnO precursor. The characteristic 
grouping of the CuO/ZnO precursors obtained from short-
aged (0 and 15 min) and long-aged (30 and 120 min) pre-
cipitates clearly reflects the dominant influence of the age-
ing procedure not only on the structure of the precipitate 
but also on the structure of the CuO/ZnO precursors (Fig-
ure 1 and Figure 2), the reduction behavior (Figure 3 and 
Figure 5), and, eventually, the resulting Cu/ZnO catalyst 
(Figure 6). The CuO/ZnO precursors and the Cu/ZnO cata-
lysts exhibit a “chemical memory” on the ageing of the 
hydroxycarbonates during the first stages of preparation 
and neither calcination nor reduction appear to erase the 
characteristic structural differences. 
 
 
Correlations between copper structure and MSR 
activity 
 

The crystalline hydroxycarbonate precipitates ob-
tained after prolonged ageing result in Cu/ZnO catalysts 
that show a pronounced increase in MSR activity compared 
to the catalysts obtained from amorphous precipitates (Fig-
ure 6). The Cu/ZnO catalysts obtained from long-aged pre-
cipitates exhibit a smaller copper crystallite size (Figure 8b) 
and a larger copper surface area (Figure 7a). Figure 7b 
shows a nearly linear correlation between normalized activ-
ity of the catalysts and the specific Cu surface area. Appar-
ently, the specific copper surface area is the dominating 
factor for structure-activity correlations of Cu/ZnO cata-
lysts. However, more evident examples for a non-linear 
behavior of activity and Cu surface area have been shown 
recently, [35] indicating that additional structural parame-
ters govern the activity of the specific copper surface. The 
structural and catalytic properties of the Cu/ZnO materials 
studied confirm that in addition to the copper surface area, 
the increased microstrain in the nanostructured Cu particles 
as detectable by XRD (Figure 8a) and XAS (Figure 11) 
correlates with the improved MSR activity of Cu/ZnO. 
Evaluation of various XRD lines in the patterns of the re-

duced Cu/ZnO catalysts revealed a strong anisotropy in Cu 
particle size and microstrain (Figure 8). TEM images of the 
Cu/ZnO catalysts described here show a number of epi-
taxial relations between Cu and ZnO (e.g. Cu [111] ⎪⎪ ZnO 
[110]), [32] which explains the anisotropic distribution of 
microstrain in the copper particles. The anisotropy in cop-
per crystallite size appears to be more pronounced for the 
catalysts obtained from short-aged precipitates (Figure 8), 
which is consistent with the heterogeneous microstructure 
of these materials. In addition to determining the mi-
crostrain in the copper nanoparticles by in situ XRD (Fig-
ure 8) and EXAFS (Figure 11), we could show that ex situ 
63Cu nuclear magnetic resonance (NMR) spectroscopy 
investigations of the freshly reduced catalysts are in good 
agreement with the XRD results concerning the evolution 
of copper particle size and microstrain as a function of 
precipitate ageing. [17] Moreover, tensile strain in the Cu 
nanoclusters was also reported by Wagner et al. based on 
Cu LIII edge ELNES measurements of Cu/ZnO model cata-
lysts. [36] However, with a combined change in crystallite 
size, composition (i.e. Zn content), and microstrain as a 
function of precipitate ageing, the catalysts studied here are 
not suitable to unambiguously address the correlation be-
tween strain in copper and catalytic activity. Using other 
model systems, such as the recently reported thin Cu films 
on Si, [37] it may be feasible to unravel the effect of strain 
on the electronic structure of Cu and, thus, on the catalytic 
activity. 

The correlation between microstrain in the copper 
nanoparticles (Figure 8a) and catalytic properties (Figure 6) 
clearly indicates that the improved interface between Cu 
and ZnO in the long-aged catalysts has a considerable in-
fluence on the microstructure of the Cu nanoparticles. [32] 
Moreover, it emphasizes the role of ZnO in determining the 
microstructure of the copper phase in addition to dispersing 
the copper particles and reduce sintering. The characteristic 
crystallization of the hydroxycarbonate precipitates during 
ageing coincides with the increase in activity of the result-
ing Cu/ZnO catalysts (Figure 6). TEM investigations show 
that calcination of the amorphous precipitates results in a 
heterogeneous microstructure with a majority of separated 
Cu and ZnO crystallites and, hence, a less active Cu/ZnO 
catalyst upon reduction. Conversely, calcination and reduc-
tion of the crystalline precipitates obtained after ageing 
yields catalysts where Cu and ZnO are distributed in a ho-
mogeneous microstructure with small and disordered Cu 
crystallites possessing a distinct interface with ZnO. [32] 

In addition to the microstrain detected in the copper 
particles, the presence of Zn in both the CuO in the precur-
sor and the Cu in the resulting catalyst emphasize the de-
fect-rich state of the “real” structure of the copper phase in 
Cu/ZnO catalysts (Figure 11). The increase in the copper 
lattice constant (~3.616 Å) and the distance of the first Cu 
shell (Figure 12) of Cu/ZnO catalysts obtained from short-
aged precipitates indicates a larger amount of Zn in the 
copper phase compared to the Cu/ZnO catalysts obtained 
from long-aged precipitates (Figure 11). α-brass (i.e. Cu Zn 
alloy) formation should only occur at temperatures above 



Effect of precipitate ageing on the microstructural characteristics of Cu/ZnO catalysts for methanol steam reforming, B.L. Kniep et al., J.Catal., 236 (2005), 34-44   
 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

10
 
580 K. [3] At a temperature of 523 K the concentration of 
Zn in Cu amounts to about 1 % Zn [38]. A higher oxygen 
vacancies concentration at the ZnO surface may increase 
the tendency of α-brass formation in the copper bulk due to 
an enhanced diffusion rate through the Cu/ZnO interface 
and an improved miscibility of Cu and Zn in the real struc-
ture of the Cu/ZnO catalyst. It is more likely though, that 
the formation of α-brass during reduction at 523 K results 
from the presence of Zn in the CuO phase in the CuO/ZnO 
precursors (Figure 1 and Figure 2). It is evident from Fig-
ure 11 that the amount of Zn in the copper nanoparticles 
exhibits a negative correlation with the microstrain in the 
copper phase and the performance of the Cu/ZnO catalysts 
(Figure 6). Apparently, the presence of Zn in the copper 
particles is not the main source of the microstrain observed 
and is not required in the “real” structure of a more active 
Cu/ZnO catalyst. 
 
 
Model of nanostructured Cu/ZnO catalysts as 
function of precipitate ageing 
 

The effect of precipitate ageing on the microstruc-
tural properties of the resulting Cu/ZnO catalyst is sche-
matically depicted in Figure 13. The short-aged precipitates 
(0 min and 15 min) exhibit on average larger Cu and ZnO 
particles upon calcination and reduction (Figure 8), which 
are more separated in these materials and possess a reduced 
Cu/ZnO interface. Assuming that copper microstrain origi-
nates from an epitaxial orientation of copper on ZnO, the 
lower strain in the copper particles is indicative of this re-
duced Cu/ZnO interface. Hence, less active Cu/ZnO cata-
lysts obtained from short-aged precipitates exhibit a larger 
Cu crystallite size, a reduced interaction between Cu and 
ZnO, and a lower degree of microstrain in the copper crys-
tallites. 
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Figure 13: Schematic model of the microstructural charac-
teristics of Cu/ZnO catalysts obtained from differently aged 
precipitates (amorphous (< 30 min), crystalline (> 30 min)). 
Increasing ageing time leads to a more homogenous micro-
structure, a decrease in average copper crystallite size of 
the Cu/ZnO catalysts, and an increase in the microstrain in 
the copper clusters because of the improved interface be-
tween Cu and ZnO. Additionally, increased precipitate 
ageing results in a decreased amount of Zn in Cu. 

Increasing the ageing time of the precipitates (30 min 
and 120 min) results in a more homogeneous microstruc-
ture of the resulting Cu/ZnO catalysts, which exhibits on 
average smaller Cu and ZnO crystallite sizes and higher 
copper surface areas. The improved interface between Cu 
and ZnO in these materials is indicated by the higher de-
gree of microstrain in the copper crystallites. Apparently, 
the crystalline precipitates obtained after prolonged ageing 
time possess a well-defined distribution of Cu and Zn cen-
ters in the hydroxycarbonates. Upon calcinations and re-
duction, this results in a reduced amount of Zn centers in 
both the calcined CuO/ZnO precursors and the reduced 
Cu/ZnO catalysts. Hence, Cu/ZnO catalysts obtained from 
long-aged precipitates exhibit a higher catalytic activity in 
methanol steam reforming that correlates with a homoge-
neous microstructure, a smaller Cu crystallite size, a narrow 
crystallite size distribution, and a higher degree of mi-
crostrain. 

From the various methods described for the prepara-
tion of Cu/ZnO materials (impregnation, sol-gel synthesis, 
hydrothermal synthesis, chemical vapour deposition, me-
chanical milling) co-precipitation was found to be most 
suitable to prepare highly active Cu/ZnO catalysts. [39] 
Each precipitation parameter (pH, temperature, solvent, 
precipitation agent, additives, solution composition, and 
ageing) as well as the post-treatment of the precipitates 
(washing, drying, calcination and reduction) may affect the 
microstructure of the resulting Cu/ZnO catalyst. From the 
work described here, it emerged that the effect of precipi-
tate ageing on copper crystallite size and microstrain of the 
resulting Cu/ZnO catalyst can be readily adjusted by proper 
control of temperature and pH. However, the time of transi-
tion from an amorphous to a crystalline precipitate and, 
hence, from a heterogeneous microstructure of a less active 
Cu/ZnO catalysts to a homogeneous microstructure of a 
more active catalysts, may depend on the amount of pre-
cipitate formed and may deviate from the ~30 min reported 
here. 
 
 
Conclusions 
 

We investigated the microstructural characteristics of 
the copper phase in Cu/ZnO catalysts for methanol steam 
reforming as a function of ageing of the precipitated hy-
droxycarbonates during catalyst preparation. The structure-
activity correlations presented here indicate that crystallin-
ity, phase composition, and homogeneity of the resulting 
hydroxycarbonate strongly influence the microstructural 
properties of the final copper catalyst. Hence, the structural 
characteristics of the precipitates as adjusted by an appro-
priate ageing procedure govern the properties of the final 
catalyst (“chemical memory” effect). The schematic model 
proposed for the structural characteristics of the active 
Cu/ZnO catalyst as a function of precipitate ageing empha-
sizes the defect-rich nature of the Cu and ZnO phases in the 
“real” structure of Cu/ZnO catalysts (“structural complex-
ity”) and its implication for the catalytic activity in the 
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steam reforming of methanol. Formation of a homogeneous 
microstructure with a similar chemical composition yielded 
a strong increase in catalytic activity. It emerges, that mi-
crostructure design of improved heterogeneous catalysts 
has to start at the very first stages of catalyst preparation 
followed by optimizing the calcination and reduction con-
ditions. Hence, in addition to studying structure-activity 
relationships of solid catalysts, the “chemical memory” of 
the material needs to be elucidated and considered in a 
rational catalyst design. 
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