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In situ X-ray absorption spectroscopy XAFS at the Cu and Zn K-edge has been used to unravel the Cu/Zn interaction and identify
the possible active site of Cu-based methanol synthesis catalysts in the Cu/ZnO/SiO, ternary system. These highly dispersed silica
supported catalysts, whose activity increases sharply as a function of the reduction temperature, were studied calcined, reduced at
200, 300, and 400 °C, and for each reduction temperature under passivation/rereduction and methanol synthesis conditions. Results
showed that the calcined form consists mainly of a mixed Cu/Zn hydrosilicate that is progressively transformed as the reduction
temperature increases into (i) Cu metal particles, (ii) increasingly dispersed ZnO species on SiO,, and (iii) finally a Zn metallic
phase forming segregated bimetallic Cu—Zn a-brass alloy particles. These different structures and Cu/Zn interfaces may
correspond to different active phases and activities in methanol synthesis. After reduction at 200 and 300 °C, Cu® is likely
composing most of the active phase, whereas above 300 °C, the sharp increase in the number Zn"-based sites formed as a function of
the reduction temperature could explain the major role played by this parameter in controlling the activity of these catalysts. The
dynamic Cu/Zn interaction as a function of the temperature and gas environment pointed out in this ternary system may be at the
origin of the existence of different and sometimes contradictory models to account for the mechanisms of the methanol synthesis.

1. INTRODUCTION

Cu/ZnO based catalysts are highly selective and active for the
low pressure synthesis of methanol," which is a principal feed-
stock for the production of many organic compounds and an
important power supplier in fuel cells.” Although these copper
catalysts have been investigated for some decades, the nature
of the active sites as well as the role of promoters is still debated.
As a consequence, catalyst design and optimization are rather
empirical.

Three main theories may be distinguished concerning the
active state of copper in catalysts for methanol synthesis, viz.,
Cu’ Cu'", and a Cu—Zn alloy.* * Depending on the gas phase
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and temperature, dynamic behavior of the structure has been
observed for which various models® have been developed:
wetting/nonwetting phenomena of ZnO by metallic Cu
particles,”® flat epitaxial Cu particles on top of ZnO balanced
by dissolved protons,” and coverage of Cu particles or mixed
oxide by ZnO, species."’

A major factor that is influencing the nature of the active site
and the catalytic activity of these Cu/Zn catalysts is the reduction
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temperature.“713 Indeed, after reduction at 400 °C, SiO,-
supported Cu/Zn catalysts feature a sharp increase in the rate
of methanol synthesis corresponding to a large dispersion of the
Cu/ZnO phase on the support."* This enables tuning of the
catalyst activity by varying the reduction temperature, and allows
systematic investigations on the nature and formation of the
active site. Another factor that will significantly influence the
active phase concerns the nature of the calcined state before
reduction. However, this aspect has received less attention so far.
Fujitani et al." already observed that formation of an intimately
mixed Cu/Zn/carbonate aurichalcite phase during the prepara-
tion stage enhanced the creation of a Cu—Zn alloy, which they
identified as the main active site in methanol synthesis after
calcination and reduction. Similarly, under nonhydrothermal
conditions the formation of a copper—zinc hydrosilicate phase
of the zincsilite-type was demonstrated in the Cu/ZnO/SiO,
(CZS) system by Yurieva et al.'®'” using XRD, HRTEM, and IR.
The occurrence of this phase was further confirmed in a more
recent investigation of the CZS system that pointed out a linear
increase of the activity in the methanol synthesis with the Zn
content, indicating the active site may also be closely related to
the Zn phase.'®

In order to get a better understanding of the structure as well
as the nature and formation of the active surface in these ternary
CZS catalysts, an extensive characterization under various gas
and temperature treatments was performed using in situ XRD,
N,O chemisorption, HRTEM, ICP-AES" and LEIS.'**° An
important result of these investigations was that they showed
that the surface of the most active catalyst reduced at 400 °C was
strongly enriched with ZnO, species (0 < x < 0.8). However due
to the complex and disordered nature of these CZS materials,
a clear picture of the real structure could not be unambiguously
drawn from the previous characterization methods.

To complete these techniques, we present here a systematic
in situ X-ray absorption fine structure (XAFS) study at the Cu
and Zn K-edge in the CZS system. XAFS is element specific
and enables extensive structural characterization of materials that
lack detectable long-range order and is particularly well suited to
study the active phase of bimetallic catalysts.*" For these reasons,
XAFS was applied successfully to characterize several types of
binary Cu/ZnO systems.>** " If a large variety of this catalyst
was investigated at the Cu K-edge, few measurements at the Zn
K-edge®**3%*! have been reported due to the bulk nature of the
ZnO phase when used as a support. In a recent study, XAFS
carried out at both the Cu and Zn K-edge on ball-milled Cu/ZnO
catalysts allowed us to identify new highly mixed phases in the
Cu/ZnO system.>**> However, no XAS studies have been
reported on Zn promoted silica supported Cu catalysts.

The metals oxidation state and coordination in the ternary
CZS system have been studied ex situ after calcination, and
in situ during reduction at 200, 300, and 400 °C corresponding to
increasing catalytic activity.*'* The reduction treatment was
followed by a passivation/rereduction cycle to probe the nature
of the active site located on the surface, and a subsequent
methanol synthesis to monitor in situ the changes occurring to
the active phase under working conditions. This sequence was
shown to fully preserve the enhanced catalyst activity, rendering
it relevant to practical applications.® To evaluate the role of
the different constituents 2 additional binary systems have
been included in this study: a nonpromoted Cu/SiO, (CS)
and a copper free Zn/SiO, (ZS) material. Similarly, to study the
influence of the reduction temperature, a CZS material reduced

ex situ at 627 °C and subsequently passivated was investigated.
This detailed investigation is essential to address the central
question concerning the nature and the formation of the active
surface in Cu/Zn0O/SiO, catalysts and the crucial role played by
the Cu-ZnO interface.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Catalysts. Cu/SiO,, Cu/ZnO/SiO,,
and ZnO/SiO, catalysts were prepared by homogeneous deposi-
tion precipitation of copper nitrate trihydrate (Merck, > 99.5%
pure) and/or zinc nitrate hexahydrate (Janssen, > 98% pure)
onto Aerosil 200 silica (Degussa) according to Van der Grift
et al.>® During precipitation the pH was raised by decomposition
of urea (Aldrich, >98% pure) at 90 °C; three equivalents urea
were used per equivalent of metal. The required amounts of
metal nitrates, urea and 10 g silica were added to 1 L of doubly
distilled water and adjusted to pH 3.0 using a 0.1 M nitric acid
solution. Subsequently, the temperature was raised to 90 °C and
kept for 24 h while vigorously stirring. The precipitate was
washed twice with doubly distilled water and dried at 90 °C
overnight. Subsequently, the precipitate was crushed and sieved
to obtain the required size of the silica particles of 125—212 um.
The metal loading of the prepared catalysts determined by
inductively coupled plasma atomic emission spectroscopy
amounted to Cu/SiO, (12.9 & 0.5 wt % Cu), Cu/ZnO/SiO,
(12.9 £ 0.5wt % Cu, 4.8 & 0.2 wt % Zn, Cu/Zn = 2.8, (Cu+Zn)/
Si = 0.09), and ZnO/SiO, (9.2 £ 0.4 wt % Zn). Catalysts were
calcined in a Setaram TG-8S thermobalance by heating 200 mg
of as-prepared material in a porous basket in a flow of 2 cm®/s dry
air at 477 °C for 12 h."

2.2. X-ray Absorption Spectroscopy. X-ray absorption data
were collected on beamline DUBBLE (BM26A) at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France), oper-
ating under beam conditions of 6 GeV, 200 mA, 2 x 1/3 filling
mode. It is equipped with a Si (111) double-crystal monochro-
mator and a vertically focusing Si mirror that suppresses
higher harmonics. XAS signals were measured in transmission
mode both at the Cu K-edge (8978.9 eV) and the Zn K-edge
(9658.6 eV). Cu,0, CuO, and ZnO powder (Aldrich 99.999%)
and zingsilite (Zn3Si,0,0(OH), 4(H,0) prepared at the
Boreskov Institute of Catalysis'® were used as reference samples.
The ionization chambers were filled with Ar/He gas mixtures.
For each treatment, EXAFS spectra were measured at the
beginning and at the end of each treatment. whereas shorter
XANES spectra were recorded continuously throughout the
treatment. Both Cu and Zn K-edges were collected in the same
data set with acquisition times of less than 30 min for the XANES
measurements and up to 90 min for the EXAFS measurement
(5 to 25 s/point). Energy resolution was better than 0.5 eV in the
XANES regions of Cu and Zn K-edges. Exact calibration of the
X-ray energy for detailed comparison of the XANES features was
achieved by simultaneously recording a Cu foil spectrum in the
monitor position with a third ionization chamber.

Data reduction of experimental X-ray absorption spectra
was performed with the program EXBROOK.** Pre-edge back-
ground subtraction and normalization was carried out by
fitting a linear polynomial to the pre-edge region and cubic
splines to the postedge region of the absorption spectrum. A
smooth atomic background was then obtained. EXAFS refine-
ments were performed with the EXCURV98 package.** phase
shifts and backscattering factors were calculated ab initio using
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Hedin-Lundgvist potentials. Refinements were carried out using
k* weighting typically in the range 3.5 to 12 A~". As anharmonic
motion at high temperatures of the surface atoms of small metal
particles can lead to a reduction of the EXAFS amplitude,
materials containing a metallic phase were analyzed with the
cumulant expansion approach implemented in EXCURV98>*
usin§ the coefficient of linear expansion of Cu metal (17.1 x
107° m/m/°C) and a weighted Zn metal coefficient of 10 x
10~° m/m/°C. Metallic shells consisting both of Cu and Zn that
possess similar scattering properties were fitted with a mixed
site®* (Cu/Zn) corresponding to a 0.5Cu:0.5Zn occupancy to
improve the quality of the fit and the accuracy of the bond
distance. The AFAC factors (amplitude reduction due to many-
electron processes) calibrated from the fit of the Cu metal foil
and Zn metal foil were respectively fixed at 0.9 at the Cu K-edge
and 1.0 at the Zn K-edge. Due to the amorphous character of the
Cu phases, the oscillations of the Cu K-edge EXAFS continuing
beyond the Zn K-edge are significantly damped at k > 13— 14 A ",
and did not affect the EXAFS analysis at the Zn edge.

All XAS measurements were carried out in our in-house
controlled atmosphere cell®> operating at 1 bar. Appropriate
amounts of sample were finely ground with boron nitride and
pressed (2 bar) into 0.7 cm” rectangular pellets in a sample
holder producing a suitable edge jump. The calcined CZS
catalyst was reduced in three different experiments correspond-
ing to three temperatures, ie., 200 (CZS-R200), 300 (CZS-
R300), and 400 °C (CZS-R400), whereas the monometallic
samples CS and ZS were only reduced at the highest temperature
of 400 °C (CS-R400 and ZS-R400). In each case the reduction
was carried out in a flow of 67% H, in argon (120 mL/min) with
a temperature ramp of 72 °C/h. The sample remained 1 h at the
final temperature and after measurement was slowly cooled in
the reducing flowing gas. Reduced samples were then passivated
by flushing the cell with a gas mixture consisting of 1% N,O in
argon (120 mL/min) at 90 °C during 1 h. After measurements,
passivated samples were then rereduced in a flow of 67% H, in
argon (120 mL/min) at a ramp of 15 °C/min with a reduction
temperature 23 °C lower than the corresponding first reduction
temperature and measured again in these conditions. Finally
CZS catalysts reduced at 200, 300, and 400 °C as well as Zn free
CZ rereduced at 377 °C were measured in reaction conditions
(methanol synthesis) by flushing them with a syngas mixture of
75% H,/25% CO, (7.5 mL/min) during 3 h at 200 °C.

3. RESULTS AND DISCUSSION

3.1. Calcined CZS Sample. 3.1.1. Cu K-Edge. The calcined
CZS XANES spectrum (Figure 1a) is clearly related to the CuO
reference in terms of edge position but features a different profile,
as suggested by the higher intensity of the white line. This
difference is more obvious when one compares the first derivative
of these spectra along with CuO, Cu,0, and Cu metal references
presented in Figure 1b. The absence of the ~8981 eV feature
corresponding to the strong pre-edge dipole-allowed 1s—4p
transition characteristic of Cu'" in Cu,O indicates that copper
in CZS consists entirely of Cu>*.>**” The weak peak at ~8977.5
eV in CuO that is generally present in all Cu** compounds
corresponds to a 1s-3d quadrupole allowed pre-edge transition
that gains intensity in a noncentrosymmetric environment,***
In CZS the energy of this pre-edge is shifted down by 0.5 eV and
its intensity increases 25% relative to CuO reference, suggesting a
stronger ligand donor set and a slightly less centro-symmetric Cu
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Figure 1. (a) Cu K-edge background subtracted and normalized
XANES spectra and (b) first derivatives of the Cu/Zn/SiO, material,
calcined (CZS), reduced at 400 °C (CZS-R400), passivated in N,O,
rereduced at 377 °C, and under working conditions at 200 °C along with
reference bulk samples Cu metal, CuO, and Cu,O.

environment.*® The peak at ca. 8983.5 eV in CuO attributed to a
Ls—4p transition with shakedown contributions,***” character-
istic of tetragonal Cu”* compounds, is shifted up in energy by
2 eV to ~8985.5 eV in CZS suggesting a different ligand charge
transfer between the two materials. Finally the second peak at
~8991 eV in CuQ assigned to a normal Is-4p transition®® is
located at the same energy both in CuO and CZS. The shoulder
at ~8992 eV in CZS corresponding to the edge absorption
maximum due to multiple scattering effects, indicates a slightly
altered Cu local geometric structure in CZS compared to CuO.*’
The XANES analysis suggests that, although copper in this
material has an oxidation state of 2+, it is forming a phase distinct
from CuO.

The main peak around 1.9 A of the CZS phase corrected
Fourier transforms (FTs; Figure 2a) corresponds to an O shell,
while the smaller peak around 3.1 A corresponds to a Cu/Zn
shell.

The low intensity of the latter peak and the absence of peaks at
higher distances indicate that this material is significantly amor-
phous or disordered on a nanometer scale. This is in line with
the XRD measurements that showed the absence of detectable
Bragg peaks.'” Compared to bulk CuO, the main Cu—O peak is
slightly shifted toward higher R, whereas the second peak is
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Figure 2. (a) phase-corrected FTs of the Cu K-edge k3-weighted
EXAFS of the Cu/Zn/SiO, material, calcined (CZS), reduced at 400 °C
(CZS-R400), passivated in N,O, rereduced at 377 °C and under
working conditions at 200 °C along with reference bulk samples Cu
metal, CuO, and Cu,O; (b) phase-corrected FTs of the Zn K-edge
k3—weighted EXAFS of the Cu/Zn/SiO, material, calcined (CZS), reduced
at 400 °C (CZS-R400), passivated in N, O, rereduced at 377 °C and under
working conditions at 200 °C along with calcined binary Zn/SiO, (ZS)
material and reference bulk samples Zn metal, ZnO, and zincsilite.

located between the peaks that correspond to the typical first and
second Cu—Cu shell of the CuO tenorite structure.

The EXAFS analysis (Table 1) shows that Cu is 4-fold
coordinated to O with a Cu—O bond distance of 1.951 A, similar
to the typical Cu—O bond distance of 1.956 A in bulk CuO,*
whereas the second shell consisting of 2.2 Cu/Zn atoms at
2.965 A does not correspond to the typical Cu—Cu bond
distances of 2.90 or 3.083 A*' in tenorite. Due to the strong
Jahn—Teller effect that characterizes Cu* (d° configuration),
the copper coordination in the CuO tenorite structure actually
consists of highly elongated octahedra with two extra oxygen
located at 2.78 A. Since the contribution of the latter O-shell is
very weak (long distance, low coordination and high disorder)
and did not improve the fit of the CuO reference it was not

considered in the EXAFS analysis. Consequently, the geometry
of Cu cations in CZS material more likely corresponds to
highly tetragonally distorted octahedrons. In agreement with
the XANES analysis, these results confirm that the Cu atoms do
not form a CuO-type phase in CZS.

3.1.2. Zn K-Edge. CZS XANES (Figure 3a) also exhibits a
significantly different profile from the ZnO reference compound.
On the other hand, a clear resemblance with the profile of
zingsilite is observed with a similar wiggle at ~9686 eV. Edge
positions measured at half the normalized jump are ~9662.3,
~9662.7, and ~9663 eV for ZnO, CZS, and zincsilite. An edge
position similar to the one in zincsilite (9663 eV) is also observed
in ZnCOj5 in which Zn adopts a 6-fold coordination.**

The ZnO spectrum shows a main peak located at ~9669 eV
with a shoulder at ~9663 eV, corresponding in the first derivative
(Figure 3b) to two peaks located at ~9667.5 and ~9661.5 eV,
respectively. These features can be assigned to the Zn>* dipole
allowed electron transitions relative to the crystallographic axis of
waurtzite ZnO 1s — 4p, 1, and 1s — 4p,, respectively.”** No s—d
transitions are expected due to the full occupancy of the d-orbital
inZn** (d'°). The broader white line observed in zincsilite seems
mostly due to the intensity increase of the 1s — 4p. shoulder
accompanied with a shift toward higher energies (~9663.4 eV)
clearly seen in the first derivative. The general pattern of the first
oscillations around 9680 eV, due to multiple scattering effects
differs substantially from that of bulk ZnO. The increase in the
white line and the first resonance peak (9680 eV) intensities
accompanied by a shift to higher energies of the edge (2 eV) have
been interpreted as the indicators of the transformation of Zn>"
from a tetrahedral to an octahedral coordination*>*® and corre-
spond here to the phase transition from zincsilite (octahedral
Zn”") to ZnO (tetrahedral Zn**).*” CZS, whose first derivative
main peak is located halfway between those of ZnO and zincsilite,
likely consists of an intermediate phase between these two
compounds.

For comparison, Figure 3, panels a and b, also present the
XANES spectrum of the Cu-free ZS material. The CZS spectrum
profile exhibits a more intense white line and marked oscillations
compared to the ZS spectrum, indicating that the Zn environ-
ment in ZS is structurally more disordered than in CZS.
Comparison of the ZS edge position (~9661.6 €V) as well as
the 1s — 4p. shoulder position (~9662 eV) shows that these
values correspond to an intermediate value between those of
CZS and ZnO. The ZS XANES profile demonstrates a very close
resemblance to those obtained for highly dispersed Zn oxide
species on silica at the highest Zn content (30 mol % Zn) in
reference®® suggesting the formation in ZS of highly dispersed
ZnO species on SiO,.

The FT’s of CZS and ZS (Figure 2b) exhibit two peaks, the
first at ca. 1.9 A corresponds to the oxygen contribution and the
second at ca. 3.2 A to a metal shell. The first peak in CZS is shifted
toward higher distances compared to that of ZS whereas the
position of the second peak in both materials is closer to that of
zingsilite than the one of ZnO. In line with the XANES analysis,
the lower intensity of the second peak in ZS shows that the Zn
phase in this material has a more disordered structure than in
CZS. The EXAFS analysis (Table 2) shows that the first shell
corresponds to ca. 5.3 O at 2.024 A in CZS and 43 O at 1.973 A
inZS. In CZS the coordination number corresponding to the first
O shell is intermediate between the tetrahedral coordination in
ZnO and the octahedral coordination found in zincsilite (6.1),
whereas the Zn—O bond distance lies halfway between that of
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Table 1. Summary of the Structural Results of Cu K-Edge EXAFS Refinements of Cu/Zn0O/SiO, and Cu/SiO, Materials under

Different Treatments”

sample treatment T(°C) R (%)
bulk Cu na. RT 21.8
bulk Cu,O n.a. RT 12.4
bulk CuO n.a. RT 29.6
Cu/Zn0/SiO, (CZS) calcined RT 19.4
CZS-R400 CZS reduced (CZS-R400) 400 29
passivated/N,O 90 30.7
rereduced 377 27.4
working Cond. 200 29.5
CZ$-R300 CZS$ reduced (CZ$-R300) 300 249
passivated/air RT 202
rereduced 277
working cond 200 26.8
CZS-R200 CZS reduced (CZS-R200) 200 30.2
passivated/N,O 90 26.7
rereduced 177 29.6
working cond. 200 27.3
CZS-R627 passivated/N,O0+0, RT 29.1

Cu/SiO, (CS) CS-R400 passivated/N,0+0,  RT 18.9

CS-R400 rereduced 377 33.7
CS-R400 working cond. 200 30.3

—11.6 (9) 12" Cu

—95(3) 20

—9.5(9)
—9.7(9)

—10.2(9)
—9.2(9)

metal particle ~ Cu” Ry
E¢ (eV) N atoms R (A) 20° (A%) size (A) fraction
2.560 (2)  0.017(1) na. Cu®-100%
6" Cu 3.620(3)  0.029 (6)
24°Cu 4433(1)  0.025(2)
1.846 (3) 0.007 (1) na. Cu'*-100%
12" Cu 3.014(5) 0.014(3)
1.1(9) 40 1.953(7) 0.014(2) na. Cu**-100%
2bCu 2.745(9)  0.022(8)
4*Cu 2.89(3)  0.012(8)
4"Cu 3.08(3)  0.019(9)
3.1(7) 37()0 1.951(5) 0.0011(1) na. Cu**-100%
2.2(6) Cu/Zn  2.965(8)  0.0020(4)
—109(9) 9.9(9) Cu 2.578(8)  0.0381(2) 32 Cu®-100%
—9.6(9) 9.6 (9) Cu 2.563(9)  0.0240(2) 28 Cu®-100%
9.8 (9) Cu 2.574(9)  0.0369(3) 30 Cu®-100%
1L.1(9) Cu  2571(9)  0.0292(3) 85 Cu®-100%
—89(9) 93(9) Cu 2.558(7) 0.034(1) 26 Cu’-100%
—107(9) 21(1)0 1.904(7) 0.013(2) 7 Cu'*-31%
2.3 (9) Cu 2.57(2) 0026 (6) Cu**-37%
1.6 (9) Cu 294(3)  0.03(2) Cu’-32%
—9.7(9)  9.3(9) Cu 2.556(9) 0.032(2) 26 Cu’-100%
10.3(9) Cu 2.563(8) 0.0300(2) 38 Cu®-100%
7.3 (9) Cu 2.556(9)  0.0292(2) 17 Cu'*-8%
1.0 (3)0 1.94(2)  0.011(6) Cu**-20%
Cu’72%
—10.0 (9) 65(9) Cu 2.553(9)  0.025(2) 15 Cu'*-22%
1.0(3) O 191(2)  0.010(7) Cu**-13%
Cu’-65%
—105(9) 8.1(9) Cu 2.558(9)  0.028(2) 19 Cu'*-3%
0.7 (3) O 195(2)  0.011(9) Cu**-16%
Cu’-81%
—9.9(9) 8.6(9) Cu 2,560 (9) 0.029(2) 21 Cu'*-3%
05(3)0 1.94(3)  0.006(9) Cu”"-12%
Cu’-85%
—0.1(9) 14(4)0 1.92(2)  0.011(7) 12 Cu'*-24%
5.2 (8) Cu 2.572(9)  0.020(2) Cu*"-22%
Cu’-54%
43(7) 22(9)0 1.891(5)  0.002 na. Cu'*-93%
14 (5) Cu 2.93(9)  0.003 Cu**-7%
—9.6(9) 105(9)Cu  2572(9) 0.041(3) h) Cu’-100%
—92(9) 10.1(9) Cu  2.554(9) 0.029(2) 34 Cu’-100%

“ T = temperature of measurement. RT = room temperature. R = fit agreement factor. E; = contribution of the wave vector of the zero photoelectron
relative to the origin of k. N'= number of atom in the different coordination shells. R = radial distance of atoms. 20> = Debye-Waller term (with 0> =
Debye-Waller factor). Cu/Zn = mixed Cu/Zn site corresponding to 0.5 Cu: 0.5 Zn occupancy. " These parameters were kept fixed during the

refinement.

ZnO (1.972 A) and zincsilite (2.083 A). This is in line with the
results of a systematic EXAFS investigation of the correlation
between Zn—O bond distance and coordination in Zn** com-
pounds that showed that a Zn—O distance of 2.024 A in general
corresponds to an O coordination number of 5.*® The higher
R-region in CZS could be fitted with two shells of 5.1 Znat 2.92 A
and 2.9 Zn at 3.059 A which differ significantly from the Zn—Zn
distance in bulk ZnO (3.19 A) but are very similar to those of

2.88 and 3.07 A found in the zincsilite reference compound
(Table 2). These results indicate that in CZS Zn does not form a
ZnO bulk phase but rather a hydrosilicate-type phase as pro-
posed by Yurieva et al.'* '

Indeed, their studies on ternary Cu/Zn/SiO, systems with
different Cu/Zn stoichiometries have already pointed out the
formation under nonhydrothermal conditions of Zn, Cu, and
mixed Cu/Zn hydrosilicates that were stable up to calcination
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Figure 3. (a) Zn K-edge background subtracted and normalized
XANES spectra and (b) first derivatives of the Cu/Zn/SiO, material,
calcined (CZS), reduced at 400 °C (CZS-R400), passivated in N,O,
rereduced at 377 °C, and under working conditions at 200 °C along with
calcined binary Zn/SiO, (ZS) material and reference bulk samples Zn
metal, ZnO, and zincsilite.

temperatures of 650 °C. More specifically, in Zn/SiO, systems
with a Zn/Si ratio <0.75, such as in our system, formation of a
zincsilite-type structure was reported.'® This layered silicate
belonging to the trioctahedral smectite group consists of ternary
layers of tetrahedral and octahedral sheets (TOT), separated by
an interlayer of water molecules, in which Zn is expected to fill
the octahedral positions.'®** In Cu/Zn/SiO, systems, the for-
mation of a mixed copper—zinc hydrosilicate of the zincsilite-
type was reported with Cu atoms substituting Zn in octahedral
positions.17

The formation of a Cu—Zn mixed phase is confirmed by the
finding that in a similarly treated copper-free ZS material the Zn
environment is markedly different from that in CZS. The Zn—0O
bond distance (1.973 A) is significantly shorter than that found in
CZS (2.024 A), whereas the coordination number of the metal
shell at 2.86—2.92 A has decreased from 5.1 to 3.2 (Table 2).
These results indicate that a hydrosilicate-type phase does not
occur in significant amount in its pure Zn counterpart, pointing
out the crucial role Cu plays regarding the nature of the formed

phase. As suggested by the XANES analysis, ZS rather consists
mainly of ZnO species dispersed on SiO,.

Although the two Zn—Zn distances found in CZS are in very
good agreement with those of zincsilite, the O coordination and
Zn—O distances correspond to intermediate values between
ZnO and zingsilite phases. This discrepancy may originate from
disorder in the zincsilite structure caused by the presence of Cu
substituting a significant amount of Zn in the octahedral layer.
Indeed, the largely distorted octahedral-like environment of Cu**
with the presence of two long distances that may correspond to a
CuO,(OH), species typical for bivalent cations in a trioctahedral
phyllosilicate, is certainly introducing a disorder in this layer that
also affects the Zn environment. The presence of Cu atoms in
this Zn hydrosilicate-type phase is evidenced by the XANES
analysis, and by the short Cu—Cu bond distance that does not
belong to a pure CuO-type phase found at the Cu K-edge.
Another explanation to this discrepancy in the O coordination is
the presence of a limited amount of dispersed ZnO species as
observed in Cu-free ZS.

Our results show that in CZS calcination is transforming most
of the initial bulk CuO and ZnO phases into a Cu/Zn mixed
hydrosilicate-type phase related to the zincsilite-type Zn;-
[Si4010](OH),.nH,O. This is supported by the TEM micro-
graph of the CZS material (Figure 4) that exhibits randomly
stacked thin (<3 nm) plates extended from 20 to 100 nm that are
typical of many layered silicates, e.g, montmorillonite,*
nontronite,” smectite™, and zincsilite.'” Although the XRD pattern
of CZS did not exhibit any sharp reflections indicating that this
material was mostly amorphous and/or that the size of the
randomly stacked crystallites was under the detection limit of the
XRD technique,19 arecent XRD study of a similar Cu/Zn/SiO,
system showed the occurrence of two broad and weak reflections
corresponding to a zincsilite-type phase."®

Regardless of the exact type of its structure, the presence of a
hydrosilicate-type phase in the calcined material in which Cu and
Zn have a close intimacy is likely at the origin of the formation of
alarge number of homogeneously dispersed mixed Cu/Zn active
sites in the reduced catalyst that could explain the excellent
catalytic performance of the reduced material.

3.2. Reduction and Passivation of the Calcined Sam-
ples. 3.2.1. Reduction of CZS at 200, 300, and 400 °C. 3.2.1.1.
Cu K-Edge. Figure Sla shows the stacked background subtracted
and normalized XANES spectra measured in situ during the
reduction of CZS from room temperature up to 400 °C. Reduc-
tion of the copper oxide into copper metal starts at a temperature
close to 160 °C and is almost completed at 270 °C as the
progressive transformation of the Cu®* XANES spectra into Cu
metal shows.

Indeed the XANES profile of the materials reduced at 300 and
400 °C (Figure Sa) closely resemble the profile of the copper foil,
indicating that the reduction has proceeded to the apparent full
reduction of Cu®*" into Cu metal. The damped oscillations
compared to the metal foil point out the amorphous character
of this metallic phase, or more likely, the presence of nanosized
crystallites in these two materials. The slight shift of the
maximum from ~8979 eV in the Cu foil to ~8979.5 eV in
CZS-R400, -R300 and -R200 suggests that traces of Cu'* (1s-4p
pre-edge transition at 8981 eV) are present in all the CZS
reduced materials. The profile (Figure Sa) and first derivative
(Figure Sb) of CZS-R200 XANES consist of a combination of the
Cu oxide and copper metal spectra showing that in this catalyst
only a fraction of the copper atoms have been reduced into metal.
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Table 2. Summary of the Structural Results of Zn K-Edge EXAFS Refinements of Cu/Zn0O/SiO, and ZnO/SiO, Materials under

Different Treatments”

sample

bulk ZnO

bulk zincsilite

Cu/Zn0/Si0, (CZS)

CZS-R400

CZS-R300

CZS-R200

CZS-R627

treatment

calcined

CZS reduced (CZS-R400)

passivated/N,O

rereduced

working cond.

CZS reduced (CZS-R300)

passivated/air

rereduced

working cond.

CZS reduced (CZS-R200)

passivated/N,O

rereduced

working cond.

passivated/N,0/O,

T (°C)

RT

RT

RT

400

90

377

200

300

RT

277

200

200

90

177

200

RT

R (%) E;
26.1 —4.3(7)
22.1 —0.2(7)
16.7 1.1(9)
17.2 1.8(9)
18.8 —2.5(8)
20.9 0.9(9)
20.8 —1.4(9)
24.7 0.5(9)
24.3 —1.7(8)
24.5 —1.0 (9)
23.0 —1.2(8)
17.0 3.1(5)
17.6 2.7(5)
182 2.1(6)
16.5 1.8(5)
21.6 33(9)

20181

N atoms

40

12" Zn
o)

6" Zn
6.1(7)0
4.6 (9) Zn
7.4 (9) Zn
2.8 (9) Si

53(4)0

5.1(9) Zn
29 (7) Zn
5.5(9) Zn

32(2) 0

2.4 (8) Cu/Zn
1.7(9) Zn
37(2) 0

1.2 (8) Cu/Zn
2.5(9) Zn
33(2) 0
33(9)Cz
34 (9) Zn
35(2) 0
3.1(9) Cu/Zn
24 (9) Zn

3.8(3)0
1.2 (9) Cu/Zn
33(9) Zn
42(3)0
2.5(9) Zn
0.7 (9) Zn
3.6(2)0
1.1 (9) Zn
0.4 (8) Zn
39(2)0
1.0 (9) Zn
0.3 (8) Zn

46(3) 0
3.7 (9) Zn
1.0 (8) Zn
48(3) 0
3.8 (9) Zn
1.1(8) Zn
46(3) 0
3.8(9) Zn
1.0 (8) Zn
45(2) 0
3.6 (9) Zn
1.1 (2) Zn
33(3)0
42 (9)Cz
2.2 (9) Zn

R (A)

1.968 (4)
3.215(6)
3.73 (2)
4.60 (2)

2.083(8)
2.88 (9)
3.07(2)
3.30(6)

2024 (6)
2.92(9)
3.059 (6)
4.66(2)

1.945(8)
2.58(9)
2.85(4)
1.957 (6)
2.62(4)
2.87 (2)
1.940(9)
2.59 (5)
2.86(3)
1.945(8)
2.60 (3)
2.86(3)

1.945(8)
2.61(9)
2.87(9)
1.981(7)
2.90 (9)
3.07 (6)
1.962 (8)
2.83 (2)
3.0(1)
1.963 (7)
2.88(9)
3.04(9)

1.985(5)
2.89(9)
3.02(1)
1.989 (5)
2.91(9)
3.03 (1)
1.983 (6)
2.91(9)
3.02(1)
1.985(6)
2.88(1)
3.02(4)
1.938(8)
2.57(2)
2.90 (2)

207 (A?)

0.012(2)
0.019 (1)
0.016 (6)
0.012 (4)

0.022 (3)
0.04 (6)
0.02 (1)
0.010 (6)

0.031(2)
0.0 (4)
0.02 (1)
0.04(2)

0.025(2)
0.04(9)
0.042(4)
0.018(2)
0.03 (2)
0.033(1)
0.025(2)
0.05 (2)
0.04(1)
0.022(2)
0.04 (2)
0.04 (1)

0.024 (2)
0.04 (4)
0.04 (4)
0.022 (2)
0.03 (4)
0.01(2)
0.024 (2)
0.02(5)
0.01(3)
0.023 (2)
0.02(S)
0.01(4)

0.030 (2)
0.05 (4)
0.02 (2)
0.030 (2)
0.05(5)
0.02 (2)
0.029 (2)
0.05 (5)
0.02 (2)
0.028 (2)
0.04 (4)
0.03 (1)
0.017 (2)
0.04 (1)
0.03 (1)
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Table 2. Continued
sample treatment T (°C)

Zn0/Si0, (ZS) calcined RT

7S reduced (ZS-R400) 400

R (%) E;¢ N atoms R (A) 207 (A?)
16.6 2.1(5) 43(2) 0 1.973(5) 0.022 (1)
32(9) Zn 2.86(8) 0.05 (6)
0.6 (5) Zn 3.03(1) 0.01(1)
13.7 4.6(5) 3.6 (1) O 1.947 (4) 0.026 (1)
0.5 (5) Si 3.03(4) 0.001(5)
0.2 (2) Zn 3.00(4) 0.001(1)

T = temperature of measurement. RT = room temperature. R = fit agreement factor. E¢ = contribution of the wave vector of the zero photoelectron
relative to the origin of k. N'= number of atom in the different coordination shells. R = radial distance of atoms. 26> = Debye-Waller term (with 0> =
Debye-Waller factor). Cu/Zn = mixed Cu/Zn site corresponding to 0.5 Cu:0.5 Zn occupancy. ” These parameters were kept fixed during the refinement.

Figure 4. TEM micrograph of calcined CZS; experimental details are
described in ref 16.

In particular the peak at ~8991 eV (Cu>" 1s-4p transition) has a
significant intensity indicating that a large part of the copper
atoms have not been reduced and may still be part of the
hydrosilicate phase. FT’s of the CZS reduced at 200, 300, and
400 °C (Figure 6a) all feature a main peak at 2.5 A and 2 or 3 low
intensity broad peaks located respectively at ca. 4.1, 4.9, and 5.9 A
corresponding all to Cu metallic shell distances. In addition,
CZS-R200 shows an extra contribution at ca. 2 A corresponding
to an oxygen shell.

EXAFS analysis (Table 1) using the cumulant expansion
approach gives coordination numbers in very good agreement
with the corrected values determined by Clausen et al.”>*>>* The
main peak of the FT corresponds to 9.9 Cu atoms at 2.578 A in
CZS-R400 and 9.3 Cu atoms at 2.558 A in CZS-R300. These
distances are very close to the typical Cu—Cu distance in bulk
metallic copper (2.563 A)*' and together with the absence of any
oxygen shell, show the full reduction of the Cu oxide phase into
Cu metal. The second and third copper metal Cu—Cu shells
featuring low coordination and large structural disorder were
not included in the EXAFS model since they did not improve the
quality of the fit.

The relatively low coordination number as compared to the
value of a bulk fcc structure (12) indicates that the Cu phase is
forming nanosized Cu metallic particles. In CZS-R200 the first
peak can be fitted with ca. 1 O at 1.94 A and the main peak with
7.3 Cu at 2.556 A. In line with the XANES analysis these results
demonstrate that the reduction at 200 °C is incomplete with both
Cu oxide and Cu metal present in the material.

(a)

Normalized absorbance [a.u]

1 1 I 1 1 T I
8970 8980 8990 9000 9010 9020 9030
Energy [eV]

(b)

€8 377 °C
—

400 °C
———

300 °C
|

1st derivative absorbance [a.u.]

200 °C

T T
8970 8975 8980 8985 8990 8995
Energy [eV]

Figure S. (a) Cu K-edge background subtracted and normalized
XANES spectra and (b) first derivatives of the Cu/Zn/SiO, material
(CZS) reduced at 200, 300, and 400 °C along with binary Cu/SiO, (CS)
rereduced at 377 °C and reference bulk samples Cu metal, CuO, and
CuZO.

Because EXAFS can determine distances in a very reliable way
(£0.02 A), the Cu—O distance can be used as a guide to evaluate
the extent of oxidation as well as the relative amount of different
phases in a multiphasic material.>>*® If we consider that copper is
coordinated to 4 O located at ca. 1.96 A in bulk tenorite CuO as
well as in the hydrosilicate phase and to 2 O at 1.85 A in bulk
cuprite Cu,0,*" the relative amount 0,0 and O¢yoo of the Cu®
and Cu'* phases in the incompletely reduced CZS-R200 material
can be roughly estimated using the Cu—O bond distance R¢,,—o
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Figure 6. (a) Phase-corrected FTs of the Cu K-edge k*-weighted
EXAFS of the calcined Cu/Zn/SiO, material (CZS) reduced at 200,
300, and 400 °C along with binary Cu/SiO, (CS-R400) rereduced
at 377 °C and reference bulk samples Cu metal, CuO, and Cu,0;
(b) phase-corrected FTs of the Zn K-edge k*-weighted EXAFES of the
calcined Cu/Zn/SiO, material (CZS) reduced at 200, 300, and 400 °C
along with binary Zn/SiO, (ZS) reduced at 400 °C and reference bulk
samples Zn metal, ZnO, and zincsilite.

determined from EXAFS and weighted by the respective co-
ordination number of the two Cu oxide phases. Solving the
equations Ry, o = 4 X 1.960cu0 + 2 X 1.850cuw0/40cuo +
20cw0 and Ocuo + Ocuzo =1 gives the respective Cu** ratio
relative to the total Cu oxide phase that is 0c,0100 = 69%.
Although coordination numbers in EXAFS are generally deter-
mined with much less accuracy (£20%) than the distances, the
amount of copper metal in CZS reduced at 200 °C can be
estimated by comparing the total oxygen coordination number
corresponding to the Cu'*/Cu** ratio derived from R¢,_ o bond
distance Noy, = 40cu0 + 20cw20 = 34 and the coordination
number of ca. 1 found in the fitting process giving a ratio of
0Cuox100 & 28% of Cu atoms belonging to the oxide phase and
72% of Cu atoms to the metallic phase. The relative atomic ratio
of the Cu’ Cu'*, and Cu®" species present in CZS-R200
amounts then to 72, 20, and 8% as shown in Table 1.

Conversely, important information such as the size of the
metal nanoparticles can be derived from the coordination
number. Evaluation of the particle size has been made using an
interpolation of the rigorous analytical formulas derived by
Benfield®” assuming that the metal particles adopt a geometry
close to the cuboctahedron. The size of the copper metal particles
in CZS reduced at 200, 300, and 400 °C obtained from the
coordination numbers that amount to 17, 26, and 32 A, respec-
tively, are in good agreement with the corresponding sizes
determined by XRD (28 A for CZS reduced at 227 °C and
40 A for CZS reduced at 327 and 400 °C)."” The smaller sizes
obtained from EXAFS likely originate from the fact that XRD is
only sensitive to long-range order whereas EXAFS is additionally
sensitive to nanoscale or amorphous regions presenting a large
fraction of low coordinated atoms.>®

Like the structures found in a previous study of Cu/ZnO ball-
milled materials,* the metallic particle size found in CZS-R200
likely corresponds to the core of a core—shell particle consisting
of a Cu’ core surrounded by an unreduced Cu”* phase with some
Cu'" species at the interface while the metal particle in CZS-
R300 corresponds to a pure copper phase with a small amount
of Cu'" species at Cu’/ZnO interface. The relatively large size of
the metallic particle in CZS-R400 combined with the enlarged
Cu—Cu metal bond distance (2.578 A) indicate that the metallic
core, which consists of almost pure Cu (Zn’-depleted) is
surrounded by an outer layer of a Zn“-enriched Cu—Zn alloy.

For comparison the Zn-free CS-R400 material rereduced
in situ (Table 1) presents fully reduced copper metallic particles
that are slightly larger (42 A) than in CZS-R400 (32 A). This
indicates that the presence of Zn in the material is apparently
increasing the dispersion of the copper metallic phase. However,
the absence of a ZnO layer around the particle that is normally
expected to flatten the metal particle® (see sections 3.3 and 3.4)
may also explain this apparent limited size increase.

3.2.1.2. Zn K-Edge. Figure S1b shows the stacked background
subtracted and normalized XANES spectra of the in situ reduc-
tion of CZS from room temperature up to 400 °C. Reduction
starts producing significant structural changes on the Zn hydro-
silicate phase only above 190 °C. Contrarily to the Cu K-edge
XANES measurements, the evolution of the XANES profile at
the Zn K-edge as a function of the temperature is very smooth
and regular during the whole heating process. The reduction of
the copper phase that occurs at a temperature ranging from 160
to 270 °C does not strongly affect the Zn K-edge XANES profile,
showing that the segregation and reduction of the Cu** into Cu
metal particles is a smooth phenomenon. The building up of
the ~9658 eV feature, typical of Zn metal, in the zoomed view
(Figure Slc) is a clear indication of the formation of zn°.
This feature appears at 190 °C and slowly increases to become
significant at temperatures above 300 °C. Although Zn reduction
starts at 190 °C, Zn® is probably only present in the form of
traces at this temperature. It can be clearly detected at 300 °C as
shown by the small bump at ~9658.5 eV in the first derivative of
CZS-R300 and becomes significant at 400 °C as a larger bump in
CSZ-R400 shows.

During reduction the white line intensity and edge energy is
monotonously decreasing whereas the first resonance peak is
progressively damped indicating a change of Zn>* coordination
from octahedral to tetrahedral.**® This is clearly seen in the
comparison of the XANES spectra (Figure 7a) of the CZS
material reduced at 200, 300, and 400 °C. These effects are
more evident in the corresponding first derivatives (Figure 7b)
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Figure 7. (a) Zn K-edge background subtracted and normalized
XANES spectra and (b) first derivatives of the calcined Cu/Zn/SiO,
material (CZS) reduced at 200, 300, and 400 °C along with binary Zn/
Si0, (ZS) reduced at 400 °C and reference bulk samples Zn metal, ZnO,
and zincsilite.

that shows a regular shift in energy and decrease in intensity of
the Zn>* 1s—4p peak from ~9663 eV in the calcined material to
~9662.5 eV in CZS-R200 and CZS-R300, ~9662.0 eV in CZS-
R400, and finally down to ~9661.5 eV in the ZnO reference
compound. XANES of CZS-R400 closely resembles that of ZS
and likely also corresponds to the formation of highly dispersed
ZnO species on $i0,.*® This indicates that, as the reduction
temperature increases, the Zn-based phase is undergoing a
regular transformation from the mixed hydrosilicate-type in
which Zn possesses an octahedral geometry to a highly dispersed
and amorphous ZnO phase with Zn in tetrahedral coordination.
As the XANES analysis of the calcined state showed, the energy
shift of the Zn>" 1s-4p peak is a direct measure of the reduction in
the O coordination number and the level of dispersion of the
ZnO phase in the catalyst during reduction.

In order to elucidate the influence of Cu on the reduction of
Zn, the XANES first derivative of CZS-R400 has been compared
to that of a Cu free ZS material measured after reduction at the
same temperature (Figure 7b). It is clear that the formation of a
Zn metallic phase at 400 °C can only occur in the presence of Cu
as shown by the absence of any Zn® feature in the first derivative

of the ZS material around ~9658.5 eV. In the meantime, the
Zn>" 1s—4p peak in the first derivative of ZS-R400 has retained
the same shape and position (~9662.5 eV) as in the calcined
state (Figure 3b). This means that highly dispersed ZnO/SiO, in
ZS undergoes only limited changes during the reduction process.

Comparison of FT’s of the reduced CZS materials (Figure 6b)
and ZS-R400, show that the main broad peak at ca. 2 A
corresponding to oxygen atoms is gradually shifted toward
shorter distances as the reduction temperature increases, whereas
in the meantime a shoulder on the main peak at ca. 2.5 A is
building up in CZS-R400. As the reduction temperature in-
creases to 300 and 400 °C, the intensity of the second peak at ca.
3.2 A (metal shell) decreases and its position shifts to lower
R-values indicating that in addition to the dispersion, a phase
transformation is taking place. Copper-free ZS-R400 features a
much thinner main oxygen peak with very weak higher R peaks
supporting the presence of a highly dispersed and amorphous
phase. EXAFS fitting (Table 2) confirms these observations with
aZn—0 bond distance varying from 2.024 A in the CZS calcined
material to 1.985, 1.947, and 1.945 A in the same material
reduced at 200, 300, and 400 °C, respectively. In the meantime,
the oxygen coordination number is decreasing from 5.3 in the
calcined material to 4.6 in CZS-R200, 3.8 in CZS-R300, and 3.2
in CZS-R400. The first Zn—Z7n bond distance decreases from
2.92 in the calcined material to 2.85 A in CZS-R400, whereas the
second Zn shell at 3.06 A, still present in CZS-R200 but with a
shorter value of 3.02 A, is absent in the two other reduced
materials. These results, in line with the XANES analysis, are
pointing out the regular transformation of the Cu/Zn hydro-
silicate phase into a dispersed ZnO/SiO, phase as a function of
the reduction temperature.

In Cu-free ZS-R400, reduction produces a phase in which Zn is
surrounded by 3.6 O at 1.947 A, 0.2 Zn at 3.00 A, and 0.5 Si at
3.03 A. This is significantly different from the Zn environment in
CZS reduced at the same temperature. The Zn coordination of
0.2 in ZS-R400 compared to a typical value of 1.7 in CZS-R400,
shows that phases in ZS calcined and reduced materials are more
dispersed and amorphous when no Cu is present. In line with
XANES analysis this confirms that reduction has a limited effect
on ZS since it only increases the dispersion of the ZnO/SiO,
phase already present in this material.

The metal shell located at 2.58—2.62 A in the CZS-R400 and
CZS-R300 series does not belong to a Zn oxide phase but to a
Cu—Zn alloy, as these distances lie between the typical Cu—Cu
(2.56 A) and Zn—Zn (2.66 A) distances in pure Cu and Zn
metallic phases. This is in good agreement with the results at
the Cu K-edge that showed a Cu—Cu first neighbor distance
(2.58 A) slightly larger than the expected bulk value (2.56 A).
The coordination number of this mixed Cu/Zn shell varies from
1.2 in the CZS-R300 to 2.4 in CZS-R400, pointing out quantita-
tively the amount of Zn effectively reduced as a function of the
reduction temperature. The formation of a Cu—Zn alloy during
reduction of the same system has already been reported by
Nakamura et al.*® Moreover, these results are in good agreement
with our previous LEIS measurements that clearly pointed out
a surface enrichment in Zn metal as a function of the reduction
temperature from a ratio of 0.02 Zn® at 200 °C up to 0.19 Zn® at
400 °C." The presence of a Zn rich Zn—Cu alloy at the surface
of the particles could also explain the results of chemisorp-
tion measurements that pointed out a surprising difference in
oxygen uPtake of 47% between Zn promoted and unpromoted
catalysts.'” Indeed, the oxidation of Zn° into Zn>* requires twice
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as much oxygen as the oxidation of Cu® into Cu'*. More recently
the formation of a Cu—Zn a-brass with 24% Zn was clearly
evidenced by XRD on a similar Cu—Zn—SiO, system with a
lower Cu/Zn ratio of 0.41 (Cu 18.6 wt % and Zn 44.8 wt %),
prepared with the same method and reduced above 600 °C."*

This indicates that, as the reduction temperature increases, the
Cu/Zn hydrosﬂxcate phase in CZS is progressively transformed
into (i) Cu’, (i) increasingly dispersed ZnO species on SiO,, and
(iii) finally into a Zn metallic phase forming Cu—Zn a-brass alloy
particles. This is in line with LEIS results showing that dispersed
ZnO is covering the Cu particles but also the SiO, support with a
51gn1ﬁcant1y more pronounced effect in CZS-R400 than in CZS-
R300.° This is probably resulting from ZnO havmg a substan-
tially lower surface energy than Cu and S$i0,.%° In order to
minimize the surface energy, ZnO tends to segregate to the
surface and spread over Cu and the silica support.

A strong evidence of this transformation is clearly visible in
CZS-R200 in which Zn has an intermediate coordination be-
tween 4 and S of 4.6, and an intermediate Zn—O bond distance
between 2.024 and 1.945 A of 1.985 A. Together with the results
obtained at the Cu K-edge, this shows that a large amount
of copper has not been reduced into copper metal and that the
Cu/Zn hydrosilicate and the dispersed ZnO/SiO, phase still
coexist in CZS-R200 because the low reduction temperature has
stopped the transformation process halfway.

In summary, the reduction of calcined CZS in a narrow
range ¢ of temperatures (160 to 270 °C) induces the segregation
of Cu®" ions from the mixed Cu/Zn hydrosilicate structure into
possibly Cu'" in a first quick stage, and finally into Cu” particles.
According to the reduction temperature, copper is either fully
reduced into metal particles with sizes of 26 and 32 A for
reduction temperatures of 300 and 400 °C, respectively, or
partially reduced into core—shell particles consisting of a small
metallic core (72%) of 17 A covered by an amorphous interface
layer of Cu'* (8%) surrounded by a shell of Cu®* when the
reduction temperature is lower (200 °C). In the meantime this
segregation provokes in a first stage a smooth transformation of
the Cu/Zn mixed hydrosilicate phase into a dispersed ZnO phase
on SiO,, whose level of dispersion increases with the tempera-
ture. In CZS-R200, the Cu/Zn mixed hydrosilicate and the
dispersed ZnO/SiO, phases still coexists. Dispersed ZnO species
are likely to concentrate around the Cu metal particles as
confirmed by the reduction of Zn>" into Zn® and the formation
of a Cu—Zn alloy. Increasing further the reduction temperature
up to 627 °C (see section 3.2.2.4) not only provokes the
reduction of a larger number of Zn atoms at the Cu metal
surface, but also their diffusion toward the very core of the metal
particle.

3.2.2. Passivation and Rereduction of the Reduced Sam-
ples. 3.2.2.1. CZS-R200 Passivated in N;O. As discussed in the
previous section, the copper phase in CZS-R200 has not been
fully reduced and consists of a mixture of Cu’, Cu'*, and Cu**
species. Passivation of CZS-R200 in N, O slightly decreases the
amount of Cu’, as evidenced by the slight intensity reduction of
the XANES (Cu K-edge) first derivative metal peak (~8979 eV)
in Figure S4a. In the meantime a shoulder building up at ca.
~8981.5 eV (Cul” 1s-4p) indicates the formation mainly of
Cu'* and to a lesser extent of Cu®* durlng the process. After
rereduction at 177 °C the amount of Cu® returns to a slightly
larger value than in the reduced material as the hlgher intensity
of the metal peak and the disappearance of the Cu'* shoulder
shows.

In agreement with the XANES analysis, Cu K-edge FT’s in
Figure S5a shows that except for changes in intensity and shape
of the peaks due mainly to the different measurement tempera-
ture, only limited effects of the passivation-rereduction cycle are
observed in CZS-R200. EXAFS analysis (Table 1) indicates that
the copper metal particle size first decreases from 17 to 15 A
during the passivation, and subsequently increases to 19 A during
rereduction, i.e., a value larger than the particle size in the reduced
material. In the meantime the Cu—O distance and O coordina-
tion number in the fraction of copper belonging to the different
phases show that passivation is transforming surface Cu’ into Cu'".
This Cu'" fraction increases from ca. 8% in the reduced material
up to 22% in the passivated sample, and decreases back to 3% in
the rereduced material, whereas the Cu®" fraction is undergoing
less significant changes (13 to 20%). After a full passivation-
rereduction cycle, the fraction of Cu’ in the catalyst (81%) is
larger than in the initially reduced material (72%).

At the Zn—K-edge the effect of passivation and rereduction in
CZS-R200 is almost nonexistent as shown by the absence of any
changes in the XANES derivative (Figure S4b) as in the FTs
(Figure SSb). This is confirmed by the stability of the EXAFS
fitting results (Table 2) showing that the Zn oxide phase is
relatively stable toward N,O passivation.

3.2.2.2. CZS-R400 Passivated in N,0. Similarly to CZS-R200,
passivation of CZS-R400 has a very limited effect on the copper
phase since the metal peak (~8979 €V) in the Cu K-edge
XANES derivative (Figure 1b) has almost the same intensity in
the passivated and the reduced material. However, a little
shoulder that appears on the right-hand side of the metal peak
indicates that traces of Cu'" are also formed. As expected the
rereduction at 377 °C removes the shoulder on the metal peak
corresponding to Cu'* and transforms the Cu oxide phase back
into a metallic state. As passivation is probing the nature of the
reactive phases present at a material surface, the relative insensi-
tivity of the copper phase due to this treatment suggests that
copper atoms in CZS-R400, contrarily to CZS-R200, may not
be located directly at the surface of the particles but rather are
protected by an outer layer of a Zn-based phase.

No noticeable changes are affecting the FTs at Cu K-edge
either (Figures 2a), and EXAFS analysis shows that during the
passivation-rereduction treatment copper in CZS-R400 remains
always metallic and only slight changes affecting the coordination
numbers can be detected. These changes translated into particle
size indicate that the passivation only slightly reduces the
apparent size of the copper particles from 32 A in the reduced
material to 28 A in the passivated sample, and back to 30 A in the
rereduced material. This effect has to be taken with caution due
to the relative large errors associated with these figures, since it
might be due to an enlargement of the metallic particles by the
reduction of a significant amount of Zn atoms (see section
322.4).

In order to assess the role of Zn in this binary catalyst, zinc free
CS-R400, passivated in N, O and further exposed to air has been
investigated. EXAFS results indicate that in this material Cu’
metal has been entirely converted into Cu'" (93%) and Cu**
(7%) whereas in all passivated CZS materials a metallic core
could be detected. This demonstrates that Cu metal oxidation is
never complete in the presence of Zn suggesting that dispersed
ZnO present around the metallic particles is protecting them
from oxidation.

At the Zn K-edge, passivation provokes a significant decrease
of the Zn metal feature at ~9658 eV and a proportional increase
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of the main Zn oxide peak (Zn** Is—4p at ~9662.0 V) of the
XANES derivative as shown in Figure 3b. Rereduction at 377 °C
has a reverse effect almost transforming the material back into its
original reduced state. The fact that a passivation - rereduction
cycle is reversibly oxidizing part of the Zn metallic phase back
into Zn oxide without affecting the Cu phase, is further support-
ing the coverage of the Cu metal particles by a Zn metallic phase
that protects them from reactive atmospheres.

Except a peak magnitude change due to different measure-
ment temperatures the FT's at Zn K-edge (Figures 2b) before and
after passivation are very similar. This is confirmed by the EXAFS
analysis (Table 2) showing that, except for a slight increase of
the Zn—0 bond distance from 1.945 to 1.957 A that probably
originates from some back transformation of dispersed ZnO
phase into hydrosilicate, the Zn oxide phase is relatively stable
toward N,O passivation.

Contrarily, passivation induces significant changes to the
second metal shell at ca. 2.6 A. The coordination number
decreases from 2.4 in the reduced material down to 1.2 in the
passivated sample, whereas in the meantime the bond distance
increases from 2.58 to 2.62 A. This effect is partially reversed by
the rereduction process that increases the coordination number
back to 3.5 Cu/Zn, but leaves the bond distance unchanged at ca.
2.59 A. This corresponds to the nearly reversible changes of the
Zn metal features observed in the first derivative of the XANES
spectra. The Zn—Cu/Zn bond distance can be used as a direct
evaluation of the relative concentration of the Zn atoms in the
Cu/Zn metallic phase. If a Zn—Cu/Zn distance of 2.58 A, found
in reduced CZS-R400 that is close to the Cu—Cu bond distance
in pure Cu metal, corresponds to a situation in which Zn atoms
are very diluted in the copper matrix, a Zn—Cu/Zn distance of
2.62 A, closer to the Zn—Zn bond distance in the pure Zn
metallic phase found in passivated CZS-R400, would correspond
to a low concentration of Cu in a Zn matrix. These results
show that during the treatment, Zn atoms are undergoing a large
rearrangement by migration inside the metallic particles.
A possible interpretation is that the reduction process transforms
ZnO/SiO, at the metallic particle surface into Zn° that is
migrating toward the core of the particle, yielding a dispersed
distribution of Zn atoms among the Cu metallic matrix. Contra-
rily, when the external atmosphere becomes more oxidizing Zn
atoms segregate back toward the surface of the particles to get
oxidized into ZnO/SiO, and tend to form a highly concentrated
outer layer of Zn metal at the surface of the particle.

3.2.2.3. CZS-R300 Passivated in Air. To test the role of N,O
in the passivation process, CZS-R300 was passivated directly
in air. As expected, the oxidation has proceeded to a deeper
oxidation of the copper phase into similar amounts of Cu'* and
Cu®*, and a relative small amount of Cu® remains in the material
as shown by the presence of three peaks in the Cu K-edge
XANES first derivative (Figure S2a), corresponding to Cu’,
CuO, and Cu,O phases, respectively. This oxidation process is
entirely reversed by the rereduction treatment which transforms
the whole Cu phase back into a metallic phase as in the first
reduction process.

EXAFS fitting at Cu K-edge (Table 1) indicates that the Cu
phase is roughly divided in three equal parts: 37% Cu®", 31% Cu'",
and 32% Cu’, confirming the XANES analysis. The structural
model corresponding to these results is probably a Cu®/Cu'*/
Cu™ core shell structure with a copper metal core of less than
10 A. Compared to CZS-R400 passivated in N,O the relative
amount of Cu® oxidized has doubled, illustrating the stronger
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Figure 8. (a) First derivative of the Cu K-edge background subtracted
and normalized XANES spectra of calcined Cu/Zn/SiO, (CZS), CZS-
R200 and CZS-R400 passivated in N,O, CZS-R627 (reduced ex situ)
passivated in N,O + O, and exposed to air along with binary Cu/SiO,
material (CS-R400), rereduced at 377 °C, and passivated in N,O and
reference bulk samples Cu metal, CuO, and Cu,O. (b) First derivative of
the Zn K-edge background subtracted and normalized XANES spectra
of calcined CZS, CZS-R200 and CZS-R400 passivated in N,O, CZS-
R627 (reduced ex situ) passivated in N,O + O, and exposed to air along
with reference bulk samples Zn metal, ZnO, and zincsilite.

oxidizing potential of air compared to N,O. However, passiva-
tion in air is not lowering the potential catalytic properties of this
material since the rereduction transforms the copper phase
entirely back into a metallic phase having the same size as in
the material treated in the first reduction process.

EXAFS results at Zn K-edge (Table 2) shows clearly the
transformation of the Zn phase back into the Zn hydrosilicate
with a large Zn—O distance of 1.981 A and the presence of a low
magnitude Zn shell at 3.07 A corresponding to a typical Zn—Zn
distance as in the calcined material.

3.2.2.4. CZ5-R627 Passivated in N,O and Air ex Situ. In
order to evaluate the effect of a higher reduction temperature on
the structure of these materials, a CZS material was reduced
ex situ at a high temperature of 627 °C, passivated in N,O, and
then exposed to air. The first derivative (Figure 8a) shows clearly
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Figure 9. Phase-corrected FTs of the Zn K-edge k3—weighted EXAFS of
CZS-R200 and CZS-R400 passivated in N,O and CZS-R627 (reduced
ex situ) passivated in N,O + O, and exposed to air along with reference
bulk samples Zn metal, ZnO, and zincsilite.

the presence of a high amount of Cu'" as the maximum of the
derivative at ~8980.5 eV coincides with the Cu'* 1s—4p peak.
However, the shoulder at the left side of this peak corresponding
to the maximum of the Cu metal derivative indicates that Cu
metal is still present in the material. Similarly, the small feature at
~8986.5 and ~8991 eV shows that to a lesser extent Cu”* can
also be found in the material, probably in a silicate phase.

This is confirmed by the EXAFS analysis that shows the
presence of an oxygen shell at 1.92 A corresponding to two
different Cu oxide phases and a metal shell at 2.57 A correspond-
ing to a Cu metallic phase. The relative ratio of the different
phases derived from the Cu—O distance and the O shell
coordination number show that nearly half of the Cu atoms
are in a metallic phase corresponding to an average particle size of
12 A. The second half of the Cu atoms contains equal amounts of
Cu'* and Cu®* phases. These results support the formation of a
core shell structure after passivation, as in passivated CZS-R300,
with a small Cu® core surrounded by a Cu'* shell that is in turn
covered up with a Cu®" phase. Cu oxide phases are mostly
amorphous and the XANES analysis shows that most of Cu®*
probably consists of dispersed CuO species on SiO,.

The first derivative of XANES spectrum at the Zn K-edge
(Figure 8b) is very similar to the corresponding derivative of
passivated CZS-R300 and CZS-R200, except for the presence of
a small feature at 9658.1 eV close to the Zn” peak that indicates
the presence of a significant amount of Zn metal in this passivated
material.

This is confirmed by the FT at the Zn K-edge (Figure 9) that
shows that, in addition to the expected Zn oxide phase, the Zn
metal is surprisingly present in significant amounts in this fairly
oxidized material. The presence of a dispersed ZnO/SiO, phase
with short Zn—O bond distance (1.938 A) indicates that contra-
rily to CZS-R300 passivated in air, this phase has not been
transformed back into hydrosilicate. A plausible explanation
would be that at this high reduction temperature, the ZnO
dispersed layer surrounding the copper particles is of sufficient
thickness to resist oxidation. The EXAFS analysis also indicates

the presence of a Zn metal shell containing a relatively high
number of 42 Cu/Zn atoms at 2.57 A. This bond distance
corresponds to a Cu—Zn alloy in which Zn is present in a
relatively low concentration in the Cu matrix. The fact that a
significant amount of Zn® is not oxidized during passivation and
air exposure indicates that these atoms are likely intimately mixed
with Cu” atoms up to the very core of the metallic particle since
only a small part of the reduced metallic particle remains after
passivation. The presence of Zn metal in a passivated material has
also been observed in CZR-R400, be it in a relatively small
amount. This would imply that as the reduction temperature
increases, the amount of metallic Zn increases and that Zn atoms
migrate toward the very core of the bimetallic particle. This
increase in the amount of Zn® atoms may be accompanied with
the increase in ZnO dispersion and the coverage of the metallic
particles.

In summary, passivation in N,O softly oxidized the outer shell
of the Cu metal particles mostly into Cu'". Further exposure to
air after passivation increases the amount of Cu'* and Cu®" and
can, when no Zn is present as in CS-R400, almost entirely
transforms the Cu phase into Cu'*. On the contrary, passivation
of CZS-R400 that surprisingly induces the formation of only a
limited amount of Cu'* suggests that copper may not be located
directly at the surface of the metal particles. In the meantime, the
fact that passivation is oxidizing a significant part of the Zn°
atoms present in the material into dispersed ZnO would imply
that the copper metal particle is coated by a superficial Zn metal
layer. This metallic layer is in turn covered up by a layer of
dispersed ZnO whose thickness increases with the reduction
temperature. Passivation in CZS-R400 seems to induce a dy-
namic migration or segregation of the Zn atoms dispersed in the
Cu metallic matrix toward the surface of the particles suggesting
that the nature of the surface of the copper metallic particles is
changing from pure Cu metal phase into a Zn- rich Cu—Zn alloy
according to the reduction temperature. Reduction and passiva-
tion are fully reversible and cycles of these processes can even
accentuate the original level of reduction by producing a larger
fraction of metallic Cu and Zn. As passivation principally affects
the surface of the particles, the XAFS study of the passivated and
rereduced materials has allowed for an indirect characterization
of the phase present at the surface of the metallic particles.

3.3. Rereduced Catalysts under Methanol Synthesis Con-
ditions. The first derivatives of the Cu K-edge XANES spectra
of the 3 rereduced samples CZS-R400, CZS-R300, and CZS-
R200 (Figures 1b, S2a, and S4a, respectively) does not show any
visible change in either of the two materials compared to the
original rereduced state. Under working conditions at 200 °C,
Cu remains in a pure metallic phase in CZS-R400 and CZS-
R300, and a mixture of Cu’, Cu'*, and Cu®* in CZS-R200. This is
corroborated by the FT's of CZS-R300 and CZS-R200 (Figures
S3a and SSa) that present no visible differences with those of the
corresponding rereduced materials.

However in CZS-R400, the FT (Figure 2a) exhibits a sharp
increase in the main peak magnitude. Although EXAFS analysis
(Table 1) confirms that no major changes are occurring in the
composition of the three materials under working conditions, the
coordination number of the first Cu shell in CZS-R400 increases
from 9.8 in the rereduced sample up to 11.1. Translation of these
coordination numbers into apparent copper particle sizes points
out a large increase in the particle size from 30 A in the rereduced
material up to 85 A. Even if the accuracy of the particle size
determined from the EXAFS coordination number diminishes
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sharply as the coordination number gets closer to its bulk value of
12, the significant difference between the coordination numbers
suggests that this effect is real. This apparent enlargement is
observed to a lesser extent in CZS-R300, in which the metal
particle size increases from 27 A in the rereduced sample up to 38
A in the material under working conditions.

As for the Cu K-edge data, comparison of the XANES
derivatives of CZS-R400, CZS-R300, and CZS-R200 at the Zn
K-edge (Figures 3b, S2b, and S4b) reveals no obvious differences
between the rereduced state and that under the working condi-
tions. Similarly the FT’s of the three rereduced samples
(Figures 2b, S3b, and SSb) and the EXAFS fitting results at the
Zn K-edge (Table 2) seem almost identical before and during
working conditions.

However, a careful inspection of Zn K-edge XANES derivatives
(Figure 3b) shows that in CZS-R400 the main peak at ~9662 eV
(Zn>* 1s—4p) of the material under working conditions is almost
overlapping the corresponding peak in the passivated material. In
the meantime the intensity of the ~9658 eV feature (Zn®) is close
to the one in the rereduced material. A plausible interpretation is
that, unlike the passivation process, the loss of a significant
amount of dispersed ZnO around the metal particle in CZS-
R400 transformed back into a hydrosilicate-type phase and
probably is not compensated by the oxidation of the Zn metal
present in the alloyed bimetallic particles.

A possible explanation of an actual enlargement of the metallic
particle size could be sintering, or alternatively the reduction into
Zn° of a large number of Zn ions from the surrounding Zn oxide
phase. However, a sintering effect should be excluded since no
indications were found in a previous in situ XRD study'® where
no visible increase in the amount of metallic Zn atoms was
observed either in the XANES nor in the EXAFS analysis at the
Zn K-edge. A more plausible interpretation of this phenomenon
could be a change in the shape of the particles from flat into
a more rounded shape. Indeed, such a shape change would
be associated with a sharp diminution in the number of low
coordinated surface atoms that in turn would sharply increase the
mean coordination number determined by EXAFS analysis. This
change in the particle shape has already been observed in the
literature upon changing the oxidation potential of the synthesis
gas and was interpreted in terms of change in the particle
dispersion due to a wetting/non wetting phenomenon of small
Cu particles on the ZnO support.® An increase in the oxidation
potential (wet conditions) generates nonwetting of the support,
ie, the Cu particles become more spherical giving relatively
higher coordination numbers. A subsequent decrease in the
oxidation potential (dry conditions) results in wetting of the
support, i.e., the particles become more disk-like resulting in low
coordination numbers. Calculation of the relative surface and
interface free energies of a particle based on the Wulf®' con-
struction showed that the change in contact free energy could be
related to the changes in the number of oxygen vacancies at the
interface between the Cu particle and the ZnO support. This
change may be in line with the observed decrease in the amount
of dispersed ZnO at the surface of the particles that is generally
expected to flatten the particles.® The role of the Zn phase in this
phenomenon is evident when one compares to the Zn free
material CS-R400 that in contrast exhibits a diminution of the
metallic particle size from 42 A in the rereduced material to 34 A
under working conditions (Table 1).

3.4. Proposed Catalyst Structure and Nature of the Active
Interface. The catalytic activity and the Cu/Zn interaction in the
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Figure 10. Schematic cross sections representating an average view of
the zones of different composition centered on a copper metallic particle
of the Cu/Zn/SiO, catalyst calcined, and reduced at 200, 300, and
400 °C.

CZS system have been shown to vary significantly according to
the catalyst treatment and more specifically as a function of
the reduction temperature employed. Depending on the feed
mixture, a reduction temperature of 400 °C produces a catalyst
featuring a huge 3 to 10-fold increase in methanol synthesis
activity (50 nmol s ' g~ " cat) compared to the same materials
reduced at 300 °C.%"® This suggests that a significant change in
the very nature of the active site in the ternary CZS catalyst could
be at the origin of the enhanced catalyst performance.

A summary of the proposed structures and catalytically active
interface/phases formed in Cu/ZnO/SiO, system reduced at
different temperatures (200, 300, and 400 °C) is illustrated in
Figure 10. This schematic representation corresponds only to an
average view centered on a copper metallic particle of the cross
sections of the catalysts. Different metallic particle sizes asso-
ciated with different fractions of Cu and Zn species probably
coexist in the materials. It is noteworthy that the concentric zones
in these schemes do not correspond to phases but represent
zones that differ by chemical composition. Thus, the zone
denoted as Cu'* represents the Cu'* species lying at the interface
between the metallic core and the CuO shell. The three zones
denoted as Cu’, Cu—Zn alloy and Zn° represent the same
Cu—Zn a-brass alloy phase, which segregates to form the Zn-
depleted core, Zn-enriched surface and Cu—Zn alloy subsurface
layer. On the other hand, the zone denoted as ZnO/SiO,
corresponds to the two-phase polycrystalline shell of the particle.

In CZS-R200, the metal interface likely consists of a core of
a pure metallic copper of 17 A surrounded by a Cu'* outer layer
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that is in turn covered up by a Cu®" layer At this temperature
no significant dispersion of ZnO was observed. No direct Cu/
ZnO interaction is expected to occur in this material except in
a marginal CuO/ZnO solid solution located around the metal
particle as depicted in the Yurieva model.®* The active interface
within this material could consist of Cu’ in contact with Cu'".
This catalyst features a very low activity,”'* possibly because the
metal interface consisting of a Cu’/Cu'" transition is covered by
an additional shell of Cu®" oxide.

In CZS-R300, the Cu phase is entirely reduced into Cu metal
particles of 26 A with a small amount of superficial Zn®, in turn
covered with a significant layer of dispersed ZnO. A very thin
coverage of the Cu metal particles by dis?ersed ZnO species
as envisaged in the previous investigations © may also exist. In
this case the active phase could consist of Cu’ in contact with
Zn0/Si0,.

Finally, in CZS-R400 the result of the passivation to rereduc-
tion cycle shows clearly Cu—Zn alloyed bimetallic particles of
32 A consisting of a rather pure copper, i.e., Zn-depleted metal
core and a Zn-enriched Cu—Zn alloy shell. This layer is probably
forming a progressive interface from the copper metal core to
arather pure Zn metal surface and gradually to a highly dispersed
ZnO phase on the outer layer of the particle. Only very small
amounts of Cu'" are formed during the passivation whereas
under reaction conditions no visible trace of Cu'* could be
observed. The concomitant presence of Cu'" and a significant
amount of Zn metal is unlikely in an intimately mixed Zn/Cu
bimetallic phase since Zn metal has a higher affinity for oxygen
than Cu metal and would be oxidized before Cu in the material.
This much higher activity may be at the origin of the dramatic
change in the particle morphology observed in this catalyst under
working conditions since no change in the coordination number
under the same working conditions is observed in the Zn-free
material. In this ternary system Zn is forming a a-brass Zn—Cu
alloy that segregates with Zn® active sites at the surface of the
Cu metal particles that are in contact with a dispersed ZnO
layer enhancing dramatically the activity of the Cu catalyst for
methanol synthesis. The number of these sites as well as the
thickness of the ZnO layer increase as a function of the reduction
temperature. Further increase in the reduction temperature
favors the Cu/Zn brass formation with Zn present at the core
of the metal particles provoking a decrease in the methanol
activity."> This general interpretation is in line with the more
recent results obtained on a similar Cu—Zn—SiO, catalysts with
a different Cu/Zn ratio that demonstrated a sharp increase of the
activity in the methanol synthesis as a function of the Zn content
as well as the reduction temperature employed.'® On a compar-
able Cu/Zn/SiO, catalyst (39 wt % Cu, 13 wt % Zn, Cu/Zn = 3),
the activity k varied from 7.8 X 10~ for the material reduced at
220 °C to 2.3 x 10 * reduced at 250 °C. Similarly, when the Zn
content increased to 44.8 wt % the k value increases sharply
to 3.07 x 10~ * when reduced at 220 °C up to 1 x 10" for the
material reduced at 250 °C."*

Formation of Zn" active sites on the surface of copper particles
in Cu/Zn catalysts would be in very good agreement with the
work of Fujitani et al.">*® These authors that combined methanol
synthesis activity measurements on Cu/SiO, and ZnO/SiO,
mixtures with the study of Zn-deposited Cu(111) surface by
techniques clearly showed that the metallic Cu—Zn surface alloy
is catalytically active for the conversion of methanol. They
suggested that methanol synthesis could be divided in two parts,
the formation of formate species from CO, and H, and its

hydrogenation into methanol. Zn metal in the reaction mechan-
ism would promote formate hydrogenation into methoxy species
as the Cu—Zn site was found to remain basically metallic during
the methanol synthesis. Similarly, the ZnO phase may adsorb and
stabilize the formate species up to 873 °C. This could be in line
with our observations that indicate that if Cu and Zn remain
metallic under working conditions, the dispersed ZnO/SiO,
phase is undergoing a slight oxidation.

This model would also be in line with the wetting to nonwet-
ting mechanism® since we observed the covering of the copper
metal particles by dispersed ZnO species during the reduction
process. Furthermore, we also reported a large change in the
coordination number under working conditions in CZS-R400
and to alesser extent in CZS-R300, which may be due to a change
in the particle morphology under more oxidizing syngas condi-
tions.® However, the moving species should not be restricted to
Zn metal since we observed that even when the particle appears
to take a round-like shape, a significant amount of Zn metal is still
present in the particle.

The Yurieva model® proposed for binary Cu/ZnO solid
solutions with low Cu/Zn ratio consists of three different states.
The initial state is a solid solution of Cu”* in a ZnO matrix that is
transformed in the presence of H, into a reduced state in which
a portion of the Cu® ions are substituted for protons. In the
meantime the corresponding amount of Cu’ is forming an
epitaxially bonded phase over the surface. Finally, an activated
state is formed during methanol synthesis from CO, and H,,
consisting of Cu'*—O—Cu'" sites on the metal Farticle surface.
The presence of visible amounts of Cu'* or Cu”" could not be
evidenced in CZS-R400 from our measurements. Moreover the
concomitant presence of a large amount of Zn metal and Cu oxide
is more likely to be associated to the structural state of the catalysts
at a reduction temperature lower than 400 °C. However, an
epitaxial copper metal layer formed on top of ZnO is probably
not occurring in our ternary system with a high Cu/Zn ratio.
Indeed, this Cu layer would be extremely sensitive to any passiva-
tion process that would oxidize this metal phase entirely. This was
not the case in this studgr since in our CZS catalyst we always retain
more than 60% of Cu’ whereas only traces of Cu'* in the CZS
catalysts reduced at 200 and 300 °C could be suspected.

4. CONCLUSION

This in situ XAFS study has allowed for a detailed and
exhaustive structural characterization of ternary silica supported
copper/zinc (CZS) catalysts. This investigation is bringing
valuable new insight on the complex and dynamic Cu/Zn
interaction that is occurring in these materials at all stages of
their treatment. According to the reduction temperature very
different structures and Cu/Zn interfaces are formed explaining
why this parameter is playing such a major role in designing the
properties and controlling the overall activity of these catalysts.
This variety of Cu/Zn interactions may also partly explain the
existence of different and apparently contradictory theories to
account for the mechanism of the methanol synthesis. In good
agreement with our previous investigations, this study pointed
out the formation of a Cu—Zn a-brass alloy highly concentrated
in Zn at the surface of the metal particles that might be a major
active site in the highly active silica supported Cu/ZnO catalyst
reduced at 400 °C. This investigation should lead to a better
control of the structure and therefore the catalytic properties of
the Cu/Zn system.
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