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In order to better understand the critical influence of the synthesis parameters during preparation of
Cu/ZnO catalysts at the early stages of preparation, the aging process of mixed Cu,Zn hydroxide
carbonate precursors was decoupled from the precipitation and studied independently under different
conditions, i.e. variations in pH, temperature and additives, using in situ energy-dispersive XRD and

in situ UV-Vis spectroscopy. Crystalline zincian malachite, the relevant precursor phase for industrial
catalysts, was formed from the amorphous starting material in all experiments under controlled conditions
by aging in solutions of similar composition to the mother liquor. The efficient incorporation of Zn into
zincian malachite can be seen as the key to Cu/ZnO catalyst synthesis. Two pathways were observed:
direct co-condensation of Cu>* and Zn>" into Zn-rich malachite at 5 > pH > 6.5, or simultaneous initial
crystallization of Cu-rich malachite and a transient Zn-storage phase. This intermediate re-dissolved and
allowed for enrichment of Zn into malachite at pH > 7 at later stages of solid formation. The former
mechanism generally yielded a higher Zn-incorporation. On the basis of these results, the effects of
synthesis parameters like temperature and acidity are discussed and their effects on the final Cu/ZnO

catalyst can be rationalized.

1. Introduction

Due to the enormous economical relevance of solid catalysts in
the chemical industry,' their skillful synthesis and phenomeno-
logical optimization often is far more advanced than the under-
standing of the rationale behind the resulting individual values
of synthesis parameters. Modern analytical methods can help to
develop phenomenological catalyst synthesis towards know-
ledge-based design. The Cu-based methanol synthesis catalyst is
a prominent example for this evolution.

Binary Cu/ZnO samples (Cu: Zn ca. 70 : 30) serve as a model
system for the industrially applied Cu/ZnO/Al,O5 catalyst, which
contains ca. 5-10 mol% Al,O; as a structural promoter. Perform-
ance of the catalysts scales linearly with the accessible Cu
surface area, but only within certain families of the Cu/ZnO cata-
lyst, which were prepared by a similar method, e.g. by co-pre-
cipitation or from citric acid melts.”> This observation highlights
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the crucial influence of the synthesis route on the catalytic prop-
erties of Cu/ZnO,* which is also termed the “chemical memory”
of the system.* The differences among the material families are
attributed to intrinsic promoting effects. Cu dispersion and
intrinsic activity are beneficially influenced by the presence and
homogeneous distribution of ZnO in the catalyst. Firstly, it
stabilizes small Cu nanoparticles acting as a geometrical spacer
between them.’ Secondly, strong metal-oxide interactions
between ZnO and Cu are assumed to contribute to the in situ for-
mation of catalytically active sites. Different models for this
latter synergetic effect are discussed in the literature.® '3

The most successful and industrially applied synthesis route
of Cu/ZnO catalysts follows a multi-step procedure in which
mixed metal hydroxide carbonate precursors are formed by pH-
and 7T-controlled co-precipitation from aqueous Cu/Zn/(Al)
nitrate solutions using soda solution as a precipitating agent.'*
Subsequently, the precipitate is aged in the mother liquor
without further pH-control, filtrated, washed, dried, calcined and
finally reduced to yield the active catalyst. It is described in the
literature that aging is a crucial step during synthesis of the pre-
cursor and that it is essential for preparation of a successful
catalyst.*'*"!” Best catalysts have been found for co-precipitation
and aging at pH 6.5 and 65 °C.2

In the following, we will discuss the influence of aging con-
ditions on the properties of the catalyst prepared by this method
on the basis of the recently published model of hierarchical
meso- and nano-structuring of industrial methanol synthesis
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Fig. 1 (a) Cartoon of the preparation of Cu/ZnO catalysts comprising
precipitation of zincian georgeite, aging to form zincian malachite
(meso-structuring), decomposition in CuO/ZnO aggregates (nano-struc-
turing) and activation by reduction to Cu/ZnO. (b) pH evolution during
precipitation and aging of a typical binary sample with change in sample
color and crystallinity during aging (insets). The marked reflections in
the XRD pattern refer to the aurichalcite by-phase, (Cu,
Zn)s(OH)s(CO3),. All other reflections are due to zincian malachite (Cu,
Zn),(OH)»(CO3).

catalysts, which explains the benefit of the hydroxide carbonate
precursor method for preparation of Cu/ZnO catalysts
(Fig. 1a)."® In brief, the co-precipitate undergoes two micro-
structure directing steps during preparation. Firstly, a mixture of
zincian malachite crystallizes from the initially amorphous co-
precipitate zincian georgeite'® during aging, both with the
elemental formula (Cu,Zn),(OH),(CO5)."® This step is associ-
ated with a minimum in pH and a color change from blue
to bluish green (Fig. 1b). Small amounts of aurichalcite,
(Cu,Zn)s(OH)(CO3), are often observed as a side-phase.
Further aging was reported to lower the fraction of the aurichal-
cite phase in favor of zinc enriched malachite.'*'® Crystallization
of zincian malachite occurs preferably in the form of very thin
and interwoven needles, which leads to the proper porous meso-
structure. Secondly, the nano-structuring of the individual pre-
cursor needles upon thermal decomposition yields aggregates of
CuO and ZnO nanoparticles. Thus, the hierarchical pore struc-
ture of the final catalyst is already predetermined at the stage of
the precursor. Here, the Zn concentration in zincian malachite
needles is the crucial parameter, since significant amounts of
atomically distributed Zn in the joint cationic lattice of zincian
malachite lead to an effective stabilization of the Cu phase in
high dispersion in the decomposition product (Fig. 1a).'® Due to
solid state chemical constraints, the minimal Cu : Zn ratio in the
zincian malachite phase is near 70 : 30.%° For an efficient nano-
structuring, the highest possible fraction of the available Zn
amount should be incorporated into the zincian malachite precur-
sor during aging.

The Zn fraction in this phase can be determined from the peak
position of the 201 reflection in the XRD pattern of zincian
malachite. A low corresponding d-spacing is indicative of a high
Zn content, which can be explained by a gradual contraction of
this net plane distance caused by the average lowering of Jahn—
Teller distortions of the octahedral MOg building blocks in

malachite as Cu”" is gradually replaced by Zn**."®2! The shift of
the 201 reflection in the XRD pattern is, thus, a direct measure
of the desired incorporation of Zn** into the malachite structure
and serves as an estimate of the Cu dispersion in the final
catalyst.

Hence, aging, i.e. the period of crystalline phase formation of
the precursor, plays a key role in catalyst preparation and in the
so-called chemical memory of Cu/ZnO catalysts. However, the
effects of synthesis parameters like pH, temperature or mother
liquor composition on the precipitate are not well understood
and are so far related to the catalytic performance of the resulting
Cu/ZnO catalyst in a merely phenomenological manner. This
lack of understanding can be seen as a major hindrance for
further rational optimization of the Cu/ZnO/(Al,O3) system and
requires a systematic and fundamental study of the chemistry of
precipitate aging. Such a study is complicated by the fact that
variation of a given parameter affects upstream precipitation as
well as aging. The ambiguity if an observed change in the prop-
erties of the precipitate is a result of modified chemistry of aging
or of changes in the precipitation process (resulting in a different
starting material for downstream aging) requires experimental
decoupling of both events to produce a master batch of the
unaged co-precipitate that can be studied during aging. In this
study, we have used this approach and simulated the conditions
of the aging process in the conventional catalyst synthesis with
systematic variation of selected aging parameters for aliquots of
the same starting material. The transformations happening
during aging of the co-precipitate have been monitored by appli-
cation of in situ methods. In situ energy-dispersive X-ray diffrac-
tion (EDXRD) has been shown to be a powerful method to
study the mechanism?* and kinetics>® of solid state reactions,”**
e.g. under hydrothermal conditions®® or in intercalation/de-inter-
calation reactions.”’” In this work, we have combined in situ
EDXRD with in situ UV-vis spectroscopy to study the mechan-
ism of Cu/ZnO catalyst precursor aging.

2. Experimental
2.1 Precursor preparation

Decoupling of precipitation and aging was realized by continu-
ously feeding the initial amorphous co-precipitate slurry directly
into a spray-dryer in order to suppress aging by fast drying. This
“quenching technique” was necessary due to the fact that zincian
georgeite is quite unstable in the mother liquor against crystalli-
zation. In the course of the preparation, constant pH co-precipi-
tation was performed in an automated laboratory reactor
(Mettler—Toledo LabMax, 2 L, prefilled with 400 mL water) at
T =338 K and pH 7 from a 1.6 M aqueous Na,CO; solution and
a 1 M aqueous metal nitrate solution (Cu:Zn = 70:30). It is
noted that the conditions of co-precipitation correspond to the
conventional preparation process described in the literature and
were similar to the conditions of industrial catalyst preparation.
A graphical representation of the precipitation log file can be
found as ESI (Fig. S17). The resulting slurry was continuously
removed from the co-precipitation reactor at the rate of addition
of solutions (23 mL min~") and directly spray-dried (Niro Minor
Mobile, Tinee = 473 K, Touger = 373 K) after an estimated resi-
dence time of less than 20 min in the reactor and the connecting
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tubes. This is well below the aging period necessary for crystalli-
zation of the precursor material considering that pH minimum
and color change are not expected before ca. 30 min of stirring
in the mother liquor under these conditions.'® Thus, the dried,
solid product was X-ray amorphous except for some NaNOj
resulting from crystallization of the counter ions during spray-
drying (not shown). To remove NaNO; the precursor was
thoroughly washed with cold water and spray-dried again
leading to completely X-ray amorphous zincian georgeite. The
Cu : Zn ratio of the solid was confirmed to be 73 :27 (£2%) by
XRF. The resulting precursor is referred to as “unaged” despite
its residence time of 20 min in the mother liquor because of the
fact that it still was amorphous. Using this procedure, which is
schematically summarized in Fig. S2,1 we were able to employ a
batch of unaged zincian georgeite as identical starting material
for aging experiments under different conditions (7, pH, addi-
tives) in mother liquor-analogous media without affecting the
co-precipitation process.

2.2 In situ EDXRD and UV-Vis spectroscopy during simulated
aging

In order to simulate the aging process, 200 mg of the precursor
were suspended in 2 mL of aging solution in a glass tube
(internal diameter: 10 mm; volume: 7 mL). To keep the concen-
trations of the relevant ions in the aging solution near the con-
centrations in the real mother liquor, it was freshly prepared by
mixing appropriate amounts of the basic precipitating agent
(1.6 M alkaline carbonate solution A,COs3;, A = Na, K) and
HNO; at a concentration corresponding to that of the mixed
metal nitrate solution (1 M) until the desired pH was reached and
stable. The in situ measurements were started directly after prep-
aration of the suspension. The uncovered glass tube was placed
in a metal block, whose temperature was controlled by an oil
bath. The suspension inside the glass tube was stirred during the
aging experiment using a magnetic stir bar.

All in situ aging investigations were carried out at the beam-
line F3 at HASYLAB/DESY, Hamburg, Germany. The beamline
station receives white synchrotron radiation from a bending
magnet with a critical energy of 16 keV and gives a positron
beam energy of 4.5 GeV allowing detection of an energy range
from 10 to 60 keV with a maximum in intensity at about 20 keV.
An energy dispersive germanium detector was used to monitor
the diffracted beam after transmission through the sample at a
fixed angle, which was chosen as approximately 3.6° covering a
d-spacing range of 2.6 to 12.2 A. The beam was collimated to
100 x 100 um. An acquisition time of 120 s yielded time-
resolved X-ray powder patterns with sufficient counting stat-
istics. The time span from placing the sample in the sample
holder to the start of recording the first diffraction patterns was
less than 60 s. The resulting spectra were evaluated using the
EDXPowd?® program package. More details on the experimental
setup used can be found in the ESI (Fig. S3t) and literature.”’
Phase evolution was followed by plotting the integral intensity
of selected well-resolved reflection as a function of time.
Additionally, the change of the color of the samples was tracked
by UV-Vis spectroscopy in order to monitor the conversion of
blue amorphous zincian georgeite to green crystalline zincian

malachite. Diffuse reflectance measurements were performed
with an OceanOptics optical fiber probe placed in the suspension
well above the synchrotron beam. The probe was connected with
a TopSensorSystems halogen lamp and an OceanOptics high
resolution spectrometer HR2000CG-UV-NIR. The acquisition
time was set to 120 s per spectrum.

2.3 Ex situ characterization

All samples subjected to EDXRD measurements were cooled to
room temperature after the in situ experiments within 5 min,
filtrated and washed with water. Conventional X-ray diffraction
(XRD) measurements were performed with a STOE STADI P
transmission diffractometer equipped with a primary focusing
Ge monochromator (Cu-K,; radiation) and a position-sensitive
detector to determine the peak positions more accurately than
was possible with EDXRD. All XRD patterns are presented as
ESI (Fig. S41). The samples were mounted in the form of a
clamped sandwich of small amounts of powder fixed with a
small amount of grease between two layers of a thin polyacetate
film. Refinements were done in the 26 range 4-80° using the
software package TOPAS.*° Domain sizes were determined from
the XRD peak widths and are given as volume weighted mean
column heights. Surface area determination was performed in a
Quantachrome Autosorb-6 machine by N,-adsorption—deso-
rption using the BET method. Cu : Zn ratios of the samples were
obtained from X-ray fluorescence (XRF) measurements using a
Bruker S4 Pioneer X-ray spectrometer.

3. Results and discussion
3.1 General

Using the method of sample preparation described in the Experi-
mental section allowed simulating the aging process of an amor-
phous binary zincian georgeite co-precipitate under controlled
conditions similar to those used in the course of preparation of
industrial methanol synthesis catalysts (Fig. 1). In situ EDXRD
and UV-Vis measurements allowed insight into the chemistry of
aging, which is of crucial importance for the phase formation of
the catalyst precursor and, thus, for the preparation of highly
active catalysts.

The catalyst precursor was aged at different temperatures
(323-343 K), starting acidities (pH 5.0-8.0) and using different
counter cations (Na“ and K*). SEM revealed that during aging
the morphology of the precipitate has changed from roundish
particles of approximately 100-200 nm in diameter to smaller
rod- and needle-like crystallites (ESI, Fig. S57). Crystalline
zincian malachite (Cu,Zn),(OH),(CO;5) was finally detected by
XRD after aging for all conditions applied (ESI, Fig. S47). It is
interesting to note that minor amounts of aurichalcite are typi-
cally observed for the Cu: Zn ratio of 70: 30, e.g. after aging in
a conventional 2 L batch reactor at 338 K and pH of 7.0 (see
also marked reflections in Fig. 1b).'"® The presence of aurich-
alcite was barely detectable in the samples after simulated aging
by ex situ XRD (ESI, Fig. S47). Inclusion of the aurichalcite
phase in the Rietveld fits led to improved R-values for some
samples and resulted in varying amounts of aurichalcite between
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Table 1 Summary of aging parameters and aging results. The sample ID 0 refers to the unaged precursor

Aging conditions In situ results (EDXRD data)

Ex situ results (recovered samples after EDXRD measurement)

A'in  NaZn Onset Reaction Aurichalcite  dso7 Zn inzM® BET FWHM-LVol° Cu:Zn
ID pH T[K] A,CO; inter-mediate [min] time” [min] [wt%] (5%) [A] [%] [m? g"] [nm] [mol%] (£2%)
0o — — — — — — — — — 15 — 73.3:26.7
1 5 333 Na* — 20 — 6 2.757 29.2 85 9.9 73.2:26.8
2 6 333 Na* — 34 — 8 2.759 285 81 9.7 72.3:27.7
3 6.5 333 Na* — 36 — 8 2.760 28.4 83 10.0 72.8:27.2
4 7 333 Na* X 12 30 0 2.767 26.2 82 9.6 73.8:26.2
5 7.5 333 Na* X 12 34 0 2.767 26.3 80 9.8 72.1:27.9
6 8 333 Na* X 14 34 0 2.768 26.0 83 9.6 72.5:27.5
7 7 323 Na* X 24 98 0 2.775 23.8 81 9.2 73.9:26.1
8 7 343 Na* X 6 16 0 2.765 26.7 72 10.9 73.9:26.1
9 7 333 K" — 56 — 13 2.767 26.2 77 9.8 72.3:27.7
10 7 343 K" — 18 — 11 2.775 238 69 10.0 72.0:28.0

“Time interval between appearance and complete consumption of the intermediate.

b 7n content in zincian malachite (zM) calculated from d,o7

values; see also Fig. 7. ¢ Crystallite sizes of zincian malachite determined from the half width of the XRD peaks using the TOPAS refinement

software.

520~ 1
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Fig. 2 Rietveld refinement of the ex situ XRD pattern of the sample
aged in situ at pH 6.5 and 333 K (ID 3) for quantitative analysis of the
phase composition. Experimental data (circles), background (dotted),
background peak (dashed, due to the grease used as a sticking agent to
keep the sample in place on the sample holder), calculated pattern
zincian malachite (green), calculated pattern aurichalcite (orange), total
calculated curve (red) and difference curve (grey, offset —100). This plot
is representative for the other aged samples. In this case the ratio of
zincian malachite to aurichalcite was calculated to be 92% to 8%.

0 and 13 wt% (Table 1). However, due to the poor crystallinity
of the sample and the low amount of this phase the error is esti-
mated to be at least £5 wt%. A typical graphical representation
of a typical Rietveld fit is given in Fig. 2. In addition to the
small differences in phase composition among the aged samples,
variations in crystallinity, Zn content of the zincian malachite
phase and specific surface area as a result of different aging con-
ditions are reflected in the XRD domain sizes scattering between
9.2 and 10.9 nm, the dp7 value ranging between 2.757 and
2.775 A and the BET surface areas being between 69 and 85 m* g~
(Table 1). These observations confirm the sensitivity of

relevant properties of the Cu,Zn precursor to the exact conditions
of crystallization for the same starting material and a systematic
discussion will be given in the following.

3.2 Phase evolution

The phase evolution during precursor aging will be discussed for
the experiment conducted at 7= 323 K and pH 7.0 using a Na"
containing aging solution (ID 7 in Table 1). Despite the X-ray
amorphous dry starting material, some very weak XRD peaks
are already observed in the first in situ pattern of the slurry
recorded after less than 180 s after starting the experiment
(Fig. 3a).

After some minutes of aging, a steep increase in Bragg peak
intensity is observed and two phases can be clearly distinguished
(Fig. 3b): sodium zinc carbonate, NazZn3(CO3)4-3HZO,31 and
the target material zincian malachite, (Cu,Zn),(OH),(CO5).>* At
the end of the experiment, only zincian malachite was observed
as the final product (Fig. 3c). Sodium zinc carbonate Na,Zn;-
(C0O3)43H,0 has been reported before in the literature in the
context of Cu/ZnO catalyst preparation. It was identified as the
initial precipitate in Zn-rich or pure Zn systems, which upon
aging transformed into aurichalcite or hydrozincite.'>** In one
study, it has probably also been detected in a Cu-rich system as a
transient phase during aging,>* but was assigned as “crystalline
zincian georgeite”.

One suitable, well resolved peak of both phases was chosen
for further EDXRD data evaluation. The phase fraction of
zincian malachite was represented by the integral intensity of the
201 peak, sodium zinc carbonate by the 222 peak. The phase
evolution with time is shown in Fig. 4a. The sodium zinc car-
bonate phase crystallizes in parallel to the zincian malachite
phase and re-dissolves upon prolonged aging. The onset of crys-
tallization occurs after 24 min and the re-dissolution of the
sodium zinc carbonate occurs over 98 min without a significant
increase in the zincian malachite phase.

The amorphous starting material (“zincian georgeite™) is hard
to comprehensively characterize. IR-spectroscopic studies of the
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Fig. 3 EDXRD patterns (converted to °26 values of Cu K,, radiation)
during aging of the amorphous precursor at pH 7 and 323 K (ID 7) after
two (a), 26 (b) and 98 min (c). At the bottom PDF 7275 (green bars)
and PDF 1-457 (red bars) are shown as references for zincian malachite
(Cu,Zn),(OH),(CO;) and for sodium zinc carbonate Na,Zns-
(CO3)43H,0, respectively. The in situ EDXRD spectra are representa-
tive for all conducted experiments. The position of the 20T peak of
zincian malachite is shifted compared to the pure malachite reference
because of zinc incorporation (see the text).
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Fig. 4 (a) Integral intensity of selected EDXRD peaks of detected
phases vs. aging time; in Na,COs; pH = 7; 7= 323 K (ID 7). Zincian
malachite, (Cu,Zn),(OH),(COs), is represented by the 201 peak (green),
sodium zinc carbonate Na,Zn3(CO3),-3H,0 by the 222 peak (red). (b)
Corresponding d-spacing of the 201 peak of zincian malachite.

unaged material have shown the presence of both hydroxide as
well as carbonate anions.*' Here, we describe the starting pre-
cipitate as an amorphous double-salt with unknown anionic
composition:  a-Cug 7(OH)(CO3)g.7-x2"Zng 3(OH),(CO3)0.3y12-

In the presence of varying amounts of H,O, OH™ 4 and CO32_acl
we can write for the two steps of the aging reaction:

a— CUOA7(OH)x(CO3)o.77x/2 ) Zn0-3(OH)y(CO3)O.37y/2 +2Na'y
— (Cu>0,7Zn<0,3)2 (OH)2C03 =+ 2/2 NaZZn3 (C03)4 . 3H20
— (CquZno'g)z(OH)zCO} + zNa+aq

(1)

If we assume Na,Zn3(CO3)4-3H,0 to be a pure Zn-phase with
no Cu incorporation, the initially formed zincian malachite
should be poor in Zn. In the following aging step, the sodium
zinc salt acts as a Zn storage phase slowly deliberating its Zn
content by dissolution. This fraction of Zn can either re-precipi-
tate in the form of a Zn-phase not detectable by XRD, or — as
proposed in eqn (1) — it can be incorporated into zincian mala-
chite by re-crystallization increasing the Zn-content of this
phase. The latter possibility is supported by the evolution of the
201 peak position (Fig. 4b). As the Zn storage phase re-dis-
solves, the peak is shifted to a lower d-spacing, indicating further
incorporation of Zn into zincian malachite. It is noted, however,
that a final proof of this mechanism is still lacking as there is a
peak overlap of the 201 of zincian malachite around 32.8° 26
(for Cu K,, radiation) and the 422 of the sodium zinc salt located
at 32.2° 26 according to PDF 1-457. The intensity ratio of these
two peaks is around 5:1 in this stadium. Diminishing of the
latter peak due to dissolution may alone result in an artificial
profile shift to higher angles in the EDXRD patterns. Unfortu-
nately, the quality of the in siftu EDXRD patterns is not sufficient
for a whole pattern refinement. After all, the above made
assumption of an intrinsic peak shift of the 201 of zincian mala-
chite seems reasonable, because no narrowing of the peak profile
with time was observed, which would be associated with
decrease of a shoulder (see ESI, Fig. S67). Furthermore, the
intensity of the 422 of sodium zinc carbonate is only 20% of the
most intensive reflection of that phase, while the 201 of zincian
malachite is the strongest reflection of this phase. In Fig. 3a,
where only the sodium zinc carbonate phase is present, no sig-
nificant intensity due to the 422 can be seen at a position corres-
ponding to ca. 32° 260 for Cu K, suggesting that the
contribution of the overlapping to the peak position of the phase
mixture has only a minor influence.

The UV-Vis diffuse reflectance spectra of the suspension cor-
responding to the starting material and the final product (aging
conditions pH 7, 323 K, ID 7) are shown in Fig. 5a. The change
of the position of the broad signal from 505 to 515 nm reflects a
change in crystal field splitting around the Cu®" ions and the
transition from blue to bluish green.*® Difference plots of the
normalized in situ recorded spectra are shown in Fig. 5b. It can
be seen that several smaller bands contribute to the spectra. The
presence of an isosbestic point near 510 nm was observed for all
experiments and suggests that the starting material directly trans-
forms into a single optically active product. This does not contra-
dict the transient presence of the sodium zinc carbonate phase,
but rather confirms the assumption that this phase does not
contain Cu®" ions and does not contribute to reflectance in the
Vis-range of the optical spectrum. The green part of the spectrum
does hardly change and it can be seen that the change of color
from blue to green is mostly due to an increase in reflectance in

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 UV-vis results for simulated aging in Na,COj3 at pH 7; 323 K
(ID 7). (a) Measured diffuse reflectance before and after aging. (b)
Difference of normalized spectra relative to the initial spectrum at ¢ =
2 min. (c) Wavelength of the maximum intensity in the UV-vis spectra
in the range of 425 to 900 nm as a function of time.

the yellow regime of the spectrum, which is much stronger com-
pared to the increase in the blue part. The temporal evolution of
the UV-vis spectrum shows only minor changes in the beginning
of the reaction up to aging times of 22 min. During this period a
slight decrease of reflectance in the yellow and blue part is
observed, which started directly as the starting material was in
contact with the aging medium. In accordance with the EDXRD
results, abrupt changes occur at an aging time of 24 min and
reflectance in these parts of the spectrum sharply increases. Inter-
estingly, the color change is finished almost immediately (after
less than 4 min) and again only little changes are observed at
26 <t < 120 min, while the process of phase formation observed
by EDXRD persists for 98 min. This clearly shows that the
change of the color of the precursor slurry is not a suitable indi-
cator for the end of the chemical changes happening during
aging. UV-vis spectroscopy probes changes on the molecular
level, which naturally precede the detection with an (ED)XRD
technique as crystallization requires “oversaturation” of the
newly formed complexes, which happens over a longer time
scale under the conditions applied. In Fig. 5c, the maxima of the
broad reflectance signal are shown as a function of aging time,

showing again the step-like change at the time of crystallization
of malachite.

No residual sodium zinc carbonate or other by-phases were
detected after 120 min of aging. In particular, no aurichalcite
was detected in the in situ EDXRD patterns. Aurichalcite might
play a similar role as a Zn-uptake phase during aging.

Waller et al.'* investigated the aging mechanism of a Cu: Zn
=67 :33 system and observed that at first a mixture of crystalline
zincian malachite (Cu: Zn ~ 85: 15) and aurichalcite (Cu : Zn ~
60:40) was formed and subsequently transformed into zinc
richer malachite (Cu:Zn = 67:33) at the expense of aurichal-
cite. We previously found that for conventional batch aging of
binary precursors (Cu:Zn = 70:30) for 2 h at 338 K low
amounts of the zinc richer phase aurichalcite co-exist with
zincian malachite showing a Zn content of 27%.'®*® As men-
tioned above, low amounts of aurichalcite were detected by
ex situ XRD indicating that this phase indeed may act as a stable
sink for Zn, but its amount probably is too little to be detected
by in situ XRD or that it has crystallized only upon drying of the
samples.

3.3 The effect of temperature

At an aging temperature of 323 K, the sodium zinc carbonate
storage phase was re-dissolved within 16-98 min upon aging at
pH 7.0, depending on the temperature (Fig. 4a and 6a,b, Table 1,
ID 7, 4, 8). The change of the color, assigned to the beginning
formation of crystalline zincian malachite, always occurred
within a few minutes and was tracked by UV-Vis-spectroscopy
(Fig. 5c¢).

Increasing the temperature from 323 K to 333 or 343 K
changed the kinetics of aging and led to an earlier onset of crys-
tallization and a shorter time period of existence of the sodium
zinc phase (Fig. 6a,b and Table 1, ID 4, 7 and 8), but no changes
in the mechanism of aging were observed. The monotonous shift
to lower d»o71 values (Fig. 6e and f) indicates the incorporation of
Zn into zincian malachite with time after crystallization. Ex situ
XRD was applied on the recovered samples, which allows for a
more accurate determination of the absolute peak positions than
in situ EDXRD due to higher instrumental resolution, longer
acquisition time, more precise calibration and lower contribution
of the background. The effect of temperature on the final degree
of Zn incorporation into zincian malachite is reflected in the shift
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Fig. 6 Measured features vs. aging time for samples noted in the plot
(¢f Table 1). Top row a—d: Integral intensity of selected EDXRD peaks
of zincian malachite (201) (green) and sodium zinc carbonate (222)
(red). Bottom row e—h: Evolution of do7 values of zincian malachite.
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of the dyo1 spacing (Table 1, ID 4, 7 and 8). While dpo7 was
similar for the higher temperatures, it was found to be signifi-
cantly larger for the zincian malachite sample prepared at 323 K
indicating a lower final degree of Zn incorporation at this temp-
erature. This observation shows that, despite stemming from the
same amorphous starting material, the degree of Zn incorpor-
ation can be affected by the aging conditions. The detrimental
effect of low preparation and aging temperatures has been
reported in the literature.>*® A lack of Zn has been also observed
for ternary Cu/ZnO/Al,O5 catalysts prepared at low pH or low
temperature.® Our results suggest that this effect can be explained
with a lack of Zn in the zincian malachite precursor phase. This
is consistent with observations recently made during titration
experiments®’ showing that the precipitation pH of Zn*" is
shifted to higher pH values as temperature decreases. Thus, the
applied aging pH may not be sufficiently basic to keep all Zn in
the solid state at low temperatures and Zn*" may be leached out
of the precipitate at low temperatures and pH values. Interest-
ingly, XRF measurements of the sample recovered after aging at
different temperatures all showed the same average Cu : Zn ratio
near 70:30 (Table 1). This result is in agreement with local
EDX measurements of the selected sample presented in the ESI
(Table S2). We thus conclude that the final pH is high enough
to completely precipitate Zn>" also at 323 K, but suggest that
during the crystallization process, which is associated with an
intermediate minimum in pH peaking roughly a full pH unit
below the initial aging pH under these conditions'® (Fig. 1b), a
transient leaching of Zn>" from the starting material may occur at
low temperatures during the pH minimum. This can explain a
lack of Zn in the zincian malachite phase due to (partial) Zn dis-
solution at the time of its crystallization. Later re-precipitation
leads to formation of low amounts of undetected Zn-rich phases
resulting in the same average composition, but in an inhomo-
geneous and thus unfavorable Zn distribution in the product.

Thus, eqn (1) has to be revised as (Cug7Zng3)2(OH),CO3 is
not an appropriate representation of the final product, which
exhibits variations in its Cu:Zn ratio. We add an unknown Zn
phase denoted Zn| as sink for “extra-lattice” Zn. The nature of
this phase may be residual but undetected sodium zinc carbon-
ate, amorphous or due to low abundance undetectable crystalline
aurichalcite or another form of Zn-containing hydroxide or basic
carbonate. Unfortunately, further structural characterization of
this phase by electron microscopy or element-specific techniques
is complicated due to the finely dispersed state of this phase and
the large amount of Zn-containing malachite in the sample. As a
function of the aging conditions this phase is present in various
amounts and affects the Cu:Zn ratio in zincian malachite by
limiting the available amount of Zn:

a— Cu0-7(OH)x(CO3)0‘7—x/2 ’ Zn0-3(OH)y(CO3)O.3—y/2 + ZNa+aq
— (Cu>>o,7Zn<<o'3)2(OH)2CO3 + Z/Z Na2Zn3 (CO3)4 . 3H20
— (Cus07Zn<93),(OH),CO3 +zNa+aq +wZn |

()

A quantification of the Zn-content in the final zincian mala-
chite phase is possible by assuming a Vegard-type behavior of
this lattice spacing and calibrating the obtained d,o7 values with
reference values from (zincian) malachite samples far from its
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Fig. 7 Calibration of the d,o7 values versus the Zn content in zincian
malachite. The three solid data points stem from reference samples
described in ref. 18 and 21 and were used for linear extrapolation. The
open data points positioned onto the extrapolated line refer to the values
observed in this study (from ex situ XRD). The resulting Zn-contents are
given in Table 1.

limit of Zn incorporation. This is shown in Fig. 7. If the data
points are arranged on the extrapolated line, they cover variations
in the Zn-content of zincian malachite between 23.8 and 29.2%
Zn as a function of different aging conditions (Table 1). The
largest Zn-contents determined with this method are very close
to the nominal Cu: Zn-ratio applied during synthesis of 70 : 30,
but exceed the Zn-content of the starting material determined by
XRF. This discrepancy is attributed to the difference of the two
methods and their calibration errors. In the case of the sample
obtained at 323 K the Zn content in zincian malachite is only
23.8%, while the rest of the Zn is trapped in a relatively large
amount of the Zn-sink phase Zn|. At 333 or 343 K, the amount
of Zn| is lower and the Zn-content in zincian malachite is 26.2
and 26.7%, respectively.

It is noted that a beneficial effect of lowering the temperature
on the crystallite size is observed, which decreases with tempera-
ture from 10.9 nm at 343 K to 9.2 nm at 323 K. Accordingly, the
lowest BET surface areas were found for the samples prepared at
343 K (Table 1).

In summary, the effect of increasing temperature accelerates
the crystallization kinetics, leads to larger crystallites and, thus,
is detrimental for the meso-structure of the catalyst precursor.
Lowering the temperature to 323 K, however, leads to intermedi-
ate leaching of Zn®" from the co-precipitate and to an unfavor-
able Zn distribution resulting in a lower degree of Cu,Zn-
substitution of the zincian malachite phase. This hinders an
effective nano-structuring of the catalyst. Thus, the empirically
optimized aging temperature around 338 K can be understood
from the chemistry of aging of the precursor and envisaged as
the optimum of two antagonistic trends.

3.4 The effect of acidity

The effect of different pH values during aging was investigated
at 333 K with Na“ containing aging solutions. The phase
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evolution data for aging at pH 7.0 are shown in Fig. 6a and only
minor differences were observed if the experiment was con-
ducted at a higher pH of 7.5 or 8.0 (Table 1, ID 4-6, ESI:
Fig. S7+). Also the crystallite sizes, specific surface areas and Zn
contents of the resulting zincian malachite precursors were
similar. Reducing the pH, however, strongly affected the mech-
anism of the aging process. Most striking is the absence of the
sodium zinc carbonate phase at low pH associated with a delay
of crystallization (Table 1, ID 1-3). Only for pH > 7 sodium
zinc carbonate was detected, while zincian malachite crystallized
from the amorphous starting material at pH < 6.5 without par-
ticipation of any other EDXRD-detectable phase. The corre-
sponding evolution of crystalline phases is presented in Fig. 6¢
for aging at pH 5 and as ESI for the other pH values (Fig. S77).
The decrease of intensity shown in Fig. 6¢ is probably due to
partial dissolution of zincian malachite at a low pH value.
Fig. 6g shows that dpo7 is constant or even slightly increasing
directly after the crystallization period suggesting that there is
hardly any change of the Zn-content in zincian malachite with
aging time for these samples. Thus, a second, simpler mechan-
ism of aging is present with only one detectable step:

a— Cug.7(OH),(CO3)7_y /5 - Zno3(OH),(CO3)g5_,
— (Cu>o,7Zn<0_3)2(OH)2CO3 + wZn l (3)

It can be seen from Table 1 that this mechanism of crystalliza-
tion seems kinetically hindered as longer isothermal induction
periods are required compared to reactions following the mech-
anism of eqn (2) at the same temperature. The preferred Zn-sink
phase Zn| for this mechanism can be identified as aurichalcite
(Table 1).

Interestingly, despite the presence of significant amounts of
aurichalcite, there was a significantly higher degree of Zn-incor-
poration into the resulting zincian malachite if crystallized in the
absence of the sodium zinc carbonate according to eqn (3).
Accordingly, ex situ XRD evaluation suggested the presence of
two groups of precursors (Fig. 8): the precursors crystallized
without sodium zinc carbonate obtained at low pH with large
amounts of Zn incorporated into the cationic lattice of zincian
malachite (small d5o7, 28.4-29.2% Zn in zincian malachite) and
the ones obtained at higher pH with significantly lower amounts
of Zn on Cu-sites (large dso7, 26.0-26.3% Zn in zincian mala-
chite). The overall Cu:Zn ratio of the recovered solid detected
by XRF was always near the starting composition for all samples
(Table 1) suggesting again that other non-detectable Zn-rich by-
phases Zn| are present and act as a sink for Zn, in particular if
crystallization occurred at high pH in the presence of sodium
zinc carbonate. The highest Zn incorporation of this study
was detected for the samples obtained at 7 = 333 K and
pH 5. According to Fig. 7, the Zn content of zincian malachite is
29.2%.

The successful minimization of any form of Zn segregation —
like the transient crystallization of sodium zinc carbonate or the
formation of the Zn-rich aurichalcite phase — helps to prepare a
homogeneous precipitate capable of efficient nanostructuring
during thermal decomposition according to the scheme presented
in Fig. la.
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Fig. 8 do1 values of zincian malachite (from ex situ XRD) depending
on the pH value of simulated aging. Two different groups can be
observed: The zincian malachite samples crystallized without intermedi-
ate formation of sodium zinc carbonate (pH 5-6.5) show low dsy1
values indicating a high Zn content. Crystallizations via the intermediate
(pH 7-8) led to high d»o1 values or low Zn content, respectively. Lines
are guides for the eye.

3.5 The effect of potassium counter ions

In the case of the mechanism described by eqn (2), it is tempting
to relate the lack of Zn in the zincian malachite precursor to the
amount of Zn, which has intermediately formed the sodium zinc
salt. In order to test this hypothesis, analogous experiments were
performed using an aging solution based on neutralized K,COj3
solution. The absence of Na+aq should suppress the formation of
the transient sodium salt also at higher pH and therefore may
have a promoting effect on the desired incorporation of Zn into
zincian malachite under these conditions.

The experiments at pH 7 (T = 333, 343 K) were repeated
using K,COj instead of Na,COj in the aging medium (Table 1,
ID 9, 10). As expected, no sodium zinc carbonate and no other
by-phases were found in contrast to the aging experiment with
Na,COj; under the same conditions. This observation highlights
the unexpected influence of the alkali metal counter ion on the
chemistry of aging under these conditions. The crystallization of
zincian malachite in the absence of Na“ was strongly delayed
(Fig. 6a and d ¢/ ID 4 and ID 9 F; Table 1, ¢f. ID 4, 8 and 9,
10). With the exception of the first two patterns, there was no
significant down-shift in do7 indicating the absence of any other
transient Zn-storage phase (Fig. 6h). Surprisingly, although the
transient formation of sodium zinc carbonate was suppressed, the
final d,o7 values of the resulting zincian malachite phase were
comparable to those obtained with Na,COj;. The crystallization
of (Cu-rich) malachite can happen faster if a transient storage
phase for Zn can form, but the final degree of Zn incorporation
into zincian malachite is similar at a given pH value. This indi-
cates that Zn incorporation is rather determined by the acidity of
the aging medium, i.e. by thermodynamics, than affected by the
transient segregation chemistry, i.e. by kinetics. It is the avail-
ability of H', which seems to promote or limit the zinc incorpor-
ation into zincian malachite and balances the ratio of Zn
deposited into the Zn-sink phase Zn| (Fig. 8) via the one or the
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other pathway. The lower limit of the pH value is, however,
given by the partial dissolution of Zn*" in an acidic environment
leading to incomplete solidification®® or leaching and unfavor-
able Zn distribution (¢f. section 3.4).

4. Conclusion

The aging process of mixed Cu,Zn hydroxycarbonate precursors
was decoupled from the precipitation and studied independently
using in situ EDXRD and in situ UV-Vis spectroscopy. Crystal-
line zincian malachite, the desired precursor phase for Cu/ZnO
catalysts, was successfully formed from the amorphous starting
material in all experiments by aging in solutions with a compo-
sition near to the mother liquor under controlled co-precipitation
conditions. As a function of different aging conditions, a vari-
ation of the Zn content in zincian malachite between ca. 24 and
29% was observed despite the same nominal Zn-content in the
starting material of 30% indicating that a varying fraction of Zn
was present in an undetected phase “Zn]” acting as a sink for
Zn. Two mechanisms to approach the maximal Zn incorporation
into the zincian malachite catalyst precursor were observed: by
direct co-condensation of Cu®" and Zn>" into Zn-rich malachite,
or by first simultaneous crystallization of Cu-rich malachite and
a transient Zn-storage phase, which in the course of aging re-dis-
solved and allows for later Zn-enrichment of malachite. The
latter mechanism is favored at pH > 7 in the presence of Na®
leading to crystallization of sodium zinc carbonate as a Zn-
storage phase. The former mechanism was observed at 5 > pH >
6.5 and yields a higher Zn-incorporation into zincian malachite.
The radar plots shown in Fig. 9 summarize the effects of pH,
temperature and alkali cations on the aging process. It can be
seen that variation in pH changes the aging mechanism, while
variation of temperature (at pH 7) leads to gradual changes.
Thus, the acidity of the aging medium was identified as the most
critical synthesis parameter to determine the final Zn-content in
zincian malachite. Interestingly, Zn incorporation is independent
of the crystallization mechanism. Even in the absence of Na®,
suppressing the transient crystallization of the sodium zinc car-
bonate storage phase, a lower degree of Zn incorporation was
observed in the final sample at pH 7, although the reaction was
following the direct co-condensation mechanism. The effect of
individual synthesis parameters like temperature or acidity
during catalyst preparation can be better rationalized on the basis
of the complex chemistry of precursor aging. They should be
optimized to give a low amount of Zn| and a maximal Zn-sub-
stitution in malachite approaching the nominal Cu:Zn ratio of
the synthesis.

In general, this study shows that by dissecting coupled steps
of precipitation reactions like solidification and aging, the
influence of synthesis parameters on the target material can sys-
tematically be investigated for the individual steps. It further-
more highlights the value of careful in sifu investigations to get
insights into the crystallization and aging mechanisms of precipi-
tated inorganic solids. Such insights are not only valuable for a
retrospective understanding of empirically optimized synthesis
recipes as reported here, but also have great potential for a
further and more rational optimization of the preparation of this
and other catalyst materials.
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Fig. 9 Radar plots illustrating the influence of the aging parameters pH
value (a, at 7 =333 K) and temperature (b, at pH = 7) on the aging reac-
tion and the properties of the resulting zincian malachite material. Vari-
ation of pH leads to different aging mechanisms below pH 6.5 (a,
broken lines) and above pH 7 (a, full lines) and affects the Zn content of
the catalyst precursor. Temperature leads to a gradual change of the
aging kinetics (b, full lines). Substitution of Na* by K in the aging solu-
tion at the same temperature (a, dotted lines) has a pronounced effect on
the aging reaction and the phase composition, but not on the Zn content
of the zincian malachite precursor. As a function of temperature, a vari-
ation of the Zn content is observed with Na"” and K.
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