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Abstract
In recent years, methanol has attracted much attention since it can be cleanly manufactured by the combined use of atmos-

pheric CO» recycling and water splitting via renewable energy. For the concept of “methanol economy”, an active methanol
synthesis catalyst should be prepared in a sophisticated manner rather than by empirical optimization approach. Even though
Cu/ZnO-based catalysts prepared by coprecipitation are well known and have been extensively investigated even for a century,
fundamental understanding on the precipitation chemistry and catalyst nanostructure has recently been achieved due to com-
plexity of the necessary preparation steps such as precipitation, ageing, filtering, washing, drying, calcination and reduction.
Herein we review the recent reports regarding the effects of various synthesis variables in each step on the physicochemical
properties of materials in precursor, calcined and reduced states. The relationship between these characteristics and the cata-
lytic performance will also be discussed because many variables in each step strongly influence the final catalytic activity,
called “chemical memory”. All discussion focuses on how to prepare a highly active Cu/ZnO-based catalyst for methanol
synthesis. Furthermore, the preparation strategy we deliver here would be utilized for designing other coprecipitation-derived
supported metal or metal oxide catalysts.

Keywords: methanol synthesis, Cu/ZnO, coprecipitation, chemical memory effect

state[5]. The conventional feedstock for its manufacture is a mixture
of CO, CO; and H, with small amount of CHy4 being industrially pro-

1. Introduction

Recently, George Olah, awarded a Nobel Prize in Chemistry in
1994, suggested a new concept about efficient utilization of oil and gas
[1-4]. This is called “Methanol Economy”, where methanol plays a
central part and the products include dimethyl ether and hydrocarbons.

Methanol is the smallest and easiest to store and transport as a liquid
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duced via incomplete combustion and reforming of fossil fuels, mainly
natural gas or coal, by contact with steam or carbon dioxide in some
cases[1,6-10]. Additionally, chemical recycling of CO, from the ex-
haust gases of fossil fuel-burning power plants as well as other in-
dustrial and natural sources has been realized[3,9,10]. Even atmos-
pheric CO; itself can be captured and recycled through catalytic or
electrochemical conversion[3,9,10-15]. This represents a chemical re-
generative carbon cycle alternative to natural photosynthesis.

The methanol synthesis catalyst was developed about a century ago.
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Figure 1. Overall scheme of the coprecipitation method. In each step
are several variables adjusted for the production of an active
CwZnO-based catalyst.

In the 1920s, the catalyst composed of zinc oxide and chromium oxide
was used for high-pressure methanol synthesis process, commercialized
by BASF[16]. While feedstock purification, especially for sulfur re-
moval, was the stringent challenge in 1960s, Cu-based catalysts had
been studied in Imperial Chemical Industries (ICI) for the low-pressure
and low-temperature process[16-20]. Finally, chromium oxide was re-
placed by aluminum oxide, which has been still adapted in industrial
Cu/ZnO/AL,O; catalysts.

Cu/ZnO-based catalyst is usually prepared by coprecipitation method
consisting of a series of the steps such as precipitation, ageing, wash-
ing, filtering, drying, calcination and reduction as depicted in Figure 1[21].
The catalyst synthesis starts from the precipitation induced by contact-
ing a basic precipitation agent and a mixed solution of Cu*" and Zn**
in a controlled manner. The next step is ageing of the precipitate that
is a key for meso-structuring because the initial amorphous phase is
transformed into the crystal phase accompanying color change from
blue to green[22]. Prior to drying, the aged precipitate is washed and fil-
tered repeatedly to remove anions of the metal precursor and cations of
the precipitating agent (precipitant) completely. The resulting dried precip-
itate, usually called “precursor catalyst”, shows different crystal structures
depending on the Cu/Zn ratio : malachite (Cuy(OH),COs), zincian mala-
chite ((CujZn,)2(OH):COs), rosasite ((Cu,Zn),(OH),CO;), aurichalcite
((CuvZny)s(OH)s(COs),), and hydrozincite (Zns(OH)s(COs)2)[21,23]. The
precursor catalyst is then decomposed thermally into nano-structured CuO
and ZnO particles, followed by H, activation for producing a final
Cu/ZnO-based catalyst with good Cu dispersion[21].

Consequently, the coprecipitation step is of great importance because
the physicochemical properties and further catalytic performance is in-
fluenced by changing a variety of preparation variables. This is named
“chemical memory effect”[16,21]. Since such variables has been de-
termined by the empirical optimization rather than knowledge-based
one, many research groups in academia have extensively tried under-
standing the precipitation chemistry. Herein, we review the recent
progress in making a linkage between the catalytic performance and
the properties of a precursor catalyst, a calcined mixed oxides and a
final catalyst containing reduced Cu particles. For clarification, dis-
cussion is made step by step according to the preparation procedure,
where the effect of the preparation variables on the catalytic activity
is a key point in each step.
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2. Step 1: Coprecipitation

The coprecipitation is simultaneous solidification of at least two dif-
ferent metal species upon mixing with a precipitant[16,24]. Since each
metal ion would be solidified at different rates due to its ionic atmos-
phere, homogeneous precipitation is desired. This can be achieved suc-
cessfully by adjusting many preparation variables, such as the temper-
ature (T), time (t), metal concentration (Cw), precipitant concentration
(Cp), flowrate (F), and stirring speed (¢ ), in an appropriate manner.
All the variables except temperature affect the pH of the precipitate
suspension significantly in the event of coprecipitation. Therefore, the
main variables are temperature and pH in this step. Another variable
we have to tune is the Cu/Zn ratio because it can determine the specif-
ic structure of precursor catalysts even though the above variables are
well controlled.

2.1. Effect of the temperature

A few reports have described the effect of the temperature together
with the effect of the pH in the coprecipitation. In the early study by
Li and Inui, Cu/Zn/Al precursors were precipitated and subsequently
aged at the same temperature[25]. The favorable precipitation occurring
at the temperatures higher than 323 K (best at 343 K along with pH
of 7) is explained by the presumption that a higher temperature allows
the precipitation to proceed under less oversaturated conditions and
thereby at a lower rate. This resulted in a more uniform precipitate
where Cu and Zn were homogeneously distributed, which was evi-
denced by both a shift of thermal decomposition to higher temperatures
for precursor catalysts and a shift of oxidation to lower temperatures
for reduced catalysts. However, they concluded that the ageing temper-
ature plays a more important role in the preparation of the precursor
because the effect of the precipitation temperature became less obvious
due to rearrangement of the structure during ageing.

Recently, Baltes et al. conducted the systematic work on finding the
precipitation temperature 303-343 K and the pH 4.5-10 for the prepara-
tion of a highly active Cuw/ZnO/Al,O; catalyst containing the ration
60% Cu/30% Zn/10% Al[26]. The catalytic performance was evaluated
by methanol synthesis and normalized by the activity of commercial
benchmark catalyst (ICI Katalco 51-8). The best methanol productiv-
ities exceeding about 30% compared to that of the commercial catalyst
were shown at neutral or a little acidic pH condition (i.e., pH 6-7) and
ca. 343 K. These catalysts were strongly deactivated to the similar ex-
tent as the activity of commercial catalyst, thus being assumed that the
commercial catalyst may be a little less active. However, the precip-
itation needed to be conducted at least above pH 4.5-5 and 323 K in
order to synthesize an active catalyst, because the BET surface area
and Cu surface area of catalysts were the lowest at low temperatures
(below 323 K) and under the little acidic condition (pH 4-5). When
the precipitation temperature was increased with keeping the pH lower
than 5, the Cu surface area were below 5 m’ g'l. However, the Cu sur-
face area increased when both the temperature and pH were high:
24-28 m*> g (pH 9-10 and T > 338 K) and 25-30 m° g" (pH 6-7 and
T > 333 K). Therefore, the coprecipitation at 333-343 K and pH 6-7
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was proposed optimal for the preparation of a highly active
Cu/ZnO/AlLLO; catalyst.

On the other hand, Frei ef al. examined the influence of the precip-
itation and ageing temperatures in Cu/ZnO/ZrO, system for CO, hydro-
genation[27]. Although the different crystal structures of precursor cat-
alysts were precipitated at the temperatures between 298 and 358 K,
all final Cu/ZnO/ZrO, catalysts showed the similar methanol pro-
ductivity because the certain Cu/Zn/Zr precursor phase was trans-
formed and the active catalyst was formed under their reaction
condition.

2.2. Effect of the pH

Though the precipitation temperature is important as described
above, controlling pH in the coprecipitation step is more crucial for the
preparation of an active Cu/ZnO-based catalyst. Therefore, the precip-
itation behavior of metal ions is required to investigate during the
process.

Behrens et al. conducted the titration experiments for a single metal
component (Cu™, Zn™" and AI’") and mixed metals as increasing the
pH value relevant for precipitation[28]. In case of Cu’’, a plateau was
found at pH 3, which accounts for delay of the neutralization curve
due to precipitation. A similar phenomenon was observed for Zn”" near
pH 5. When pH reaches ca. 11 at the end of titration experiments, ten-
orite (CuO) and zincite (ZnO) crystals are developed originating from
the dehydration of Cu®* and Zn* precipitates by bridging oxygen
atoms (oxolation). In addition, olation of A’ was observed in the pH
range 2.5-3.0 and the subsequent precipitation took place at pH 5 af-
fording a colorless, amorphous precipitate (possibly aluminum hydrox-
ide) evidenced by powder X-ray diffraction (PXRD) analysis[28-32].
Furthermore, under a very basic condition (pH 11) the major structure
was dawsonite NaAl(COs;)(OH), and other minor crystal structures
were sodium nitrate and sodium carbonates such as 7 -Na,CO; and
Na,COs + HO. When the binary Cu®* and Zn®" solution was titrated by
a basic solution, Cu®" was first precipitated at pH 3, the solution color
was changed around pH 4, and then Zn*" was precipitated at pH 5.
This event is similarly observed for the ternary Cu®, Zn* and AP
solution, however, the hydrotalcite structure (Cu,Zn)i..Al{(OH)2(CO3)x
- mH>O was formed at a high pH[33].

Therefore, the pH of the precipitating suspension should be moni-
tored for preparing an initial precipitate and further crystal structure of
precursor catalyst. Practically, it can be adjusted by the method to mix
each aqueous metal (acidic) and precipitating agent (basic) solutions.
Hence, the precipitation process is classified into three modes, as de-
picted in Figure 2 : 1) addition of a precipitant solution into a metal
solution (NP, normal precipitation), 2) addition of a metal solution into
a basic solution (RP, reverse precipitation), and 3) simultaneous addi-
tion of both solutions thereby keeping pH constant[21,24]. The NP
method is conducted in a pH-increasing mode inducing precipitation of
each metal ion at different pH values. The RP method proceeds from
a high to low pH leading to homogenous precipitation. The pH-con-
stant method is achieved by a well-controlled addition of both sol-
utions and a buffer solution. However, it is quite difficult to maintain

Normal precipitation
(Low pH)

Reverse precipitation
(High pH)

Continuous precipitation
(Constant pH)

agent agent

Precipitating
agent

Figure 2. Coprecipitation routes: nommal (addition of base to acid),
reverse (addition of acid to base) and continuous (simultaneous
addition of acid and base) precipitation.

the pH at a certain level during the whole precipitation process because
a main control system is necessary for reading pH value continuously
and, in turn, sending an output signal to feed a buffer solution at an
optimal rate.

We recently reported a difference between the NP (pH-increasing
mode) and RP methods (pH-decreasing mode) in the preparation of
Cu/ZnO/AlL,Os catalysts with the ratio [Cu]/([Cul+[Zn]) = 1/6, 2/4, 4/6
and 5/6 with the ratio [Al}/([Cul+{Zn]+[Al]) fixed at 1/7[34]. The NP
and RP methods produced different structures of precursor catalysts. In
PXRD patterns of NP-series precursors precipitated by increasing the
solution pH, several phases of hydroxycarbonate structures are shown
in Figure 3 : Cuy(OH),COs, (Cuix Zn,)2(OH),CO;, Zns(OH)sCO; -
H,0, and ZngAl(OH)4COs * H2O. In the Cu-rich NP precursors, all
these reflections characteristic of malachite were distinctly seen with
the minor reflection assigned as ZneAl,(OH)16CO;. As the Cu/(CutZn)
ratio decreased, zincian malachite disappeared but the Zn-related crys-
tal phases such as Zn4y(OH)sCO; * HO and ZnsAl,(OH)i6CO; * 4H,O
became dominant. These two phases were usually observed in Cu-poor
Cu/ZnO/AlL,Os3 precursors[35]. However, the RP precursors made by
decreasing the solution pH showed very different PXRD patterns. In
the Cu-rich RP precursor, zincian malachite and hydrotalcite-like
CuZnsAlr(OH)16CO3 « 4H,O (JCPDS 38-0487) were detected. The
Cu-rich RP precursor displayed very intense PXRD reflections corre-
sponding to Cu,Zn,Al hydrotalcite. In the Zn-rich RP precursors, the
phase Zny(OH)¢CO; + H,O became dominant, as also observed in NP
precursors. The major difference between RP and NP precursors was
the formation of Cu/Zn/Al hydrotalcite phase synthesized by homoge-
neous mixing of the three metal components, which is favorable at a
high pH (i.e., RP method)[25].

The calcination of NP and RP precursors produced CuO (tenorite,
JCPDS 05-0661) and ZnO (zincite, JCPDS 36-1451) though the crystal
structure of each precursor was different. As the Zn content increased,
the reflections of ZnO became intense and, simultaneously, the re-
flection intensity of CuO diminished, which is same as the results re-
ported in the literatures[21,23]. The noticeable difference in the PXRD
patterns of NP and RP mixed oxide was the peak intensity; the in-
tensity for RP mixed oxides was less than that for NP mixed oxides.
This indicates that the crystallites sizes of the former oxides are small.
For the RP and NP mixed oxides with the ratio [Cu]/([Cu]+[Zn]) of
5/6, the CuO(111) crystal sizes were 6.7 and 8.9 nm, respectively.

Appl. Chem. Eng., Vol. 27, No. 6, 2016
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Figure 3. PXRD pattems of NP (grey) and RP (black) precursor
catalysts[34].
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Figure 4. PXRD pattemns of the Cu,Zn precursors with different Cu/Zn

ratios[36].

Therefore, the RP method leads to a homogenously-mixed precursor of
Cu2+, Zn*" and A" and, after calcination, mixed oxide particles of
small sizes. This explained a high performance of the final RP-derived
Cu/ZnO/ALO; catalysts in the hydrogenolysis of butyl butyrate.
Additionally, this work suggested a new catalyst descriptor to de-
termine the catalytic activity (discussed later).

2.3. Effect of the Cu/Zn ratio

Even though the precipitation temperature and pH are optimized for
solidification of initial precipitates, the Cu/Zn ratio is another important
parameter in controlling the structural properties of precursor catalysts
[21,23]. Upon precipitation of the single metal component cu® or
Zn*', the precursor structure is well defined. However, the synergy ef-
fect was found for the interim Cu/Zn ratios. We recently studied the
origin of this effect by several characterization works as well as the
catalytic test using the binary CuO/ZnO catalysts[36].

The PXRD reflections of CZ100/0 (Cw/Zn = 100/0) and CZ0/100
(Cu/Zn = 0/100) were identical to those of malachite and hydrozincite,
respectively (Figure 4). The malachite-like reflections were observed in
PXRD patterns of CZ90/10 and CZ70/30 precursors in the 2 0 range
10°-26°. However, in the 20 range 30°-35° the (20-1)-reflection of
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Figure 5. SEM and TEM images of the oxide samples, CZ90/10,
CZ70/30, CZ30/70 and CZ10/90. Insets indicate an selected area electron
diffraction pattem for the positions of CuO and ZnO letters[36].

malachite was shifted from 31.3° to 32.5° (arrow i), meaning that Zn**
is incorporated to malachite (zincian malachite)[21,22,37]. In the
Zn-rich precursors, the (002)-reflection of hydrozincite was also shifted
from 33.4° to 33.8° (arrow ii) indicating the formation of aurichalcite
by incorporation of Cu”* to hydrozincite[21,37]. These incorporations
were the highest in CZ70/30 and CZ30/70 precursors.

After calcination at 673 K, the morphology of CuO/ZnO mixed ox-
ides was monitored by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) as presented in Figure 5. CuO par-
ticles looked as an elongated cuboid-like surface and ZnO particles
were spherical and agglomerates of platelets. For CuO/ZnO of Cu-rich,
the overall morphology still kept that of CuO but some cuboid par-
ticles tended to be splitted into needles of a smaller size. For Zn-rich
CuO/ZnO, the platelet-like ZnO morphology disappeared in CZ10/90
and CZ30/70 and the spherical particles looked more splitted into nee-
dles with the Cu/Zn ratio increasing. Also, HR-TEM images of
CZ90/10, CZ70/30, CZ30/70 and CZ10/90 showed well intermixing of
CuO and ZnO verified by the selected area electron diffraction (SAED)
patterns. In contrast, a physically mixed sample was composed of iso-
lated CuO and ZnO crystalline particles.

The well-mixed CuO/ZnO catalysts showed two types of effects
compared to the physical mixture of CuO and ZnO : 1) promoting ef-
fect in Cu-rich oxides and 2) inhibiting effect in Zn-rich oxides. These
effects are caused by intimate intergrowth and interfacial contact of
nano-sized CuO and ZnO. Furthermore, a substitution of the second
metal ion in the single crystal structure was found to affect the cata-
Iytic activity of CuO/ZnO in the decomposition of dimethylhex-
ane-1,6-dicarbamate (HDC) to dimethylhexane-1,6-diisocyanate (HDI)
for which ZnO was reported to be an active catalyst[38]. Our study re-
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vealed that the enhanced activity of Cu-rich mixed oxides resulted
from an intimate intergrowth of nano-sized CuO and ZnO crystallites,
whereas the lower activity of Zn-rich mixed oxides was due to the in-
terfacial contact between individual CuO and ZnO nanoparticles. The
similar effect was recently investigated for CuO/NiO system in
Fenton-like decomposition of Bismarck Brown Y with H,O,[39].

3. Step 2: Ageing

The ageing is for the formation of a crystalline Cu,Zn precursor cat-
alyst with a specific structure from an initial, amorphous precipitate
[21]. The crucial synthesis parameters in the ageing step are pH, tem-
perature (T) and time (t). Since the ageing temperature is usually iden-
tical to or a little higher than the precipitation temperature[25,26], the
other variables such as the pH and time need to be carefully monitored
in the ageing process.

Generally, the ageing is kept for a few hours. About 20-30 minutes
after the start of ageing, the three events occurred such as a little pH
drop, turbidity increase and color change from blue to green (Figure 6)
[22]. These events are a result of crystallization from an amorphous to
crystalline precipitate. In case of binary Cu,Zn system of Cu rich, crys-
talline zincian malachite was formed by the crystallization of amor-
phous zincian georgeite. The former phase of small crystalline needles
(ca. 30-100 nm) showed the BET surface area from 32 to 57 m” g
Whittle et al. also found the similar effect of ageing for the binary pre-
cursor with the Cu/Zn ratio of 2/1[40].

Upon ageing, the structure transformation is possibly caused by
complex chemical reactions such as dissolution and re-precipitation via

exchanging ions[16,21,25]:
Cu* + 20H — [Cu(OH),],
[Cu(OHY)s + Zn™" + COs™ — [(Cu,Zn)(OH),COs];
[M(OH),Js + NOs” — [M(OH).1(NOs)]s + OH (M = Cu*" or Zn>)

[M{OH)2.1(NOs)]s + OH" — [M(OH)2]s + NOs.

CwzZnO =1 3HAJury 559

[M{(OH)2r.1((NOs)]s + HoO = [M«(OH)z]s + HNOs
[M{(OH){(NOs)]s + HCOs™ — [M{OH)2.i(HCOs)]s + NO5*

At first, the metal ion reacts with hydroxide ions resulting in
Cu(OH), or Zn(OH),. If the mother liquor is enough acidic, some hy-
droxide ions in the resulting complex are replaced by nitrate ion lead-
ing to metal hydroxide nitrate (gerhardtite). When the precipitate sus-
pension is neutral or little acidic, the metal hydroxide nitrate complex
can react with water, hydroxide and bicarbonate ions. During further
ageing, Cu(OH), reacts with both Zn®>" and carbonate ion for the for-
mation of (Cu,Zn)(OH)CO3 complex.

In another literature, phase evolution during ageing was observed by
in-situ energy dispersive X-ray diffraction (EDXRD)[41]. After precip-
itation of Cu”" and Zn*" by Na,CO3, NayZn3(CO3)4 + 3H,0 was formed
as an intermediate phase. This phase then disappeared due to dis-
solution and was used as a source for zincian malachite[42]. If
NaZn3(COs)4 + 3HO is a pure Zn-phase, the initial zincian malachite
should contain less Zn. In continuous ageing, Zn ions released from
sodium zinc structure would be incorporated into initial zincian
malachite. Such Zn replacement was examined by the shift of
(20-1)-reflection of zincian malachite. Therefore, it was believed that
not only crystallization of amorphous precipitates but Zn substitution
in initial zincian malachite occur at the ageing step.

We recently examined the role of ZrO, in Cu/ZnO/ZrO, with the
fixed Cu/Zn ratio of 70/30 for the ester hydrogenolysis reaction[43],
though ZrO, is known as a promoter in Cu/ZnO-based catalysts. It has
been reported that ALO; and Ga,O; are substituted in a small amount
into zincian malachite resulting in the enhanced catalytic perform-
ance[44-46]. In contrast, the (20-1)-reflection of zincian malachite was
not shifted by addition of ZrO,, indicating no change in the crystal
structure of Cu,Zn precursor.

Therefore, we investigated the effect of ageing on 7 incorporation
into the zincian malachite lattice by comparing the morphology of the
precursor CZZr-10 aged for 10 and 90 minutes (CZZr-10-10 min vs.
CZZr-10-90 min). Large spherical particles as well as randomly dis-
persed small particles are shown in the TEM image of CZZr-10-10min;
particularly, large particles consisted of Cu and Zn atoms whereas Zr
atoms were only included in small ones (Figure 7). In the progress of
ageing, large spherical particles were transformed into needles but
small Zr-containing aggregates were maintained to the finish. Cu and
Zn atoms were only observed in needle-like particles as marked by the
arrows in the micrograph. This suggested no incorporation of 7" in
zincian malachite during ageing. Therefore, it was presumed that Zr
precipitate act as a structural inhibitor like “nano-spacer”. The activity
result of Cu/ZnO/ZrO, catalysts showed the volcano-type plot as a
function of Zr content, where the maximum was achieved at the
Zr/(CutZn) ratio of 10%. This originated from nano-sized ZrO, that
prevents sintering of CuO and Cu particles in calcined and reduced

samples, respectively.

Appl. Chem. Eng., Vol. 27, No. 6, 2016
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Figure 7. TEM and element mapping images of the CZZr-10
precursors recovered after ageing for 10 and 90 min. The armrows
indicate Cu,Zn needles with no Zr atoms[43].

4. Step 3: Filtering and Washing

After precipitation and ageing, the anion of metal precursor and the cati-
on of precipitating agent need to be removed by repeated filtration and
washing because these ions can influence the catalytic activity. Particularly,
the nitrate ion can exist as NaNO; or gerhardtite phase being known to
decline the activity due to strong sintering of active Cu particles[16,21].

Bems et al. intensively studied the preparation and characterization
of the coprecipitated Cu/ZnO catalysts[21]. It was found that the
PXRD pattern of NaNOs disappeared by the first washing. However,
some amounts of NO; remained in the precursor catalyst. When the
trace of mass 30 for NO was monitored by evolved gas analysis
(EGA), the decomposition peak at 1023 K diminished and was shifted
to a lower temperature as the number of washing increased.
Additionally, the decomposition for CO, was single for the first and
second washing but it happened in two steps for the further washed
samples exhibiting high-temperature carbonate (HT-CO;). It was as-
sumed that small NOj;™ residue inhibits the formation of HT-CO;. Also,
the washing effect on the removal of sodium ion was studied as shown
in Figure 8[47]. As the Na content increased up to 1.7 wt%, the meth-
anol selectivity in CO hydrogenation was maintained and the further
increase declined the methanol selectivity drastically. This means the
Na ion negatively affects the catalytic activity by suppressing the syn-
ergistic effect between Cu and ZnO. Therefore, thorough washing is
indispensable for an active Cu/ZnO-based catalyst.

5. Step 4: Calcination

The calcination of dried precursor is thermal phase transformation of
metal hydroxycarbonate into mixed metal oxides by heating in air or O,
atmosphere. This decomposition behavior depends mainly on the chem-
ical structure of a precursor catalyst, which has been well documented
for binary Cu,Zn precursors. The malachite (pure Cu) and hydrozincite
(pure Zn) are decomposed in a single step below 673 K[21,23]:

Zns(C03)2(OH)(, — 5Zn0O + 3H,O + 2CO,

Cuy(COs)(OH), — 2Cu0 + H,0 + CO,
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Figure 8. CO conversion, methanol selectivity and yield as a function
of Na content[47].

CZ100/0

CZ90/10

CZ70/30

DTG (a.u.)

CZ50/50
CZ30/70
CZ10/90

CZ0/100

500 600 700

100 200 300 800
Temperature (°C)
Figure 9. Derivative thermogravimetric (DTG) curves of Cu,Zn

precursors with different Cu/Zn ratios[36].
2(Cu,Zn)z(OH)zC03 g (Cu,Zn)403C03 + 2H,O + CO,
(Cu,Zn);05CO; — 4(Cu,Zn)O + CO,

For the precursors with the interim Cu/Zn ratios, two decomposition
steps were visible in the range 473-673 and 673-873 K, respectively
(Figure 9). The first is associated with the decomposition of pure Cu®"
and Zn®" precursors. The second step above 673 K originated from the
decomposition of HT-CO;, the intermediate phase (Cu,Zn);O3;COs
transformed into mixed metal oxides[45]. This carbonate plays a role
of “glue” between Cu and ZnO[21], which was observed in mineral ro-
sasite and aurichalcite, and synthetic zincian malachite[37].

In case of ternary Cu,Zn,Zr precursors with the fixed Cu/Zn ratio of
70/30 and different Zr/(Cu+Zn) ratios, two decomposition steps were
shown (Figure 10). As the content of Zr increased, the total weight
loss decreased from 34.8% to 22.3% (CZZr-60, Zr/(CutZn) = 60%).
In the first decomposition lower than 673 K, H,O and CO, were re-
leased at the same time. However, the second one above 673 K accom-
panied only decarbonlyation of HT-COs. An additional dehydroxylation
event appeared in the range 373-523 K for CZZr-40 and CZZr-60
precursors. The release of lighter gas (H>O) compared to CO, was the

reason for the decrease of weight loss in Zr-rich precursor, meaning
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Figure 10. DTG curves of Cu,Zn,Zr precursors with different
Zx/(Cut+Zn) ratios[43].

that Zr-related phase is expected to be of OH-rich and COs-less
structure. The weight loss of commercial Zr(OH),(CO3) * ZrO, was
measured as 21.1% that is similar to the calculated value (20.1%)
when it is supposed to be transformed into ZrO,. Based on TG-mass
results, the synthetic Zr precursor was assumed ZrO(OH),(COs),»
with y of 0.18 with the accuracy in the range 0.985-1.040. This in-
dicates that Cu/Zn/Zr precursor is a physical mixture of
(Cug.7Zny3)2(OH),(CO3) * HO and ZrO(OH); 52(CO3)o.09 at the nominal
Zr/(CutZn) ratio.

In the case of Cu,Zn,Al precursors prepared by different modes (NP
vs. RP), Cu-rich NP precursors were decomposed at ca. 640 K with
a very large weight loss (Figure 11). This DTG peak is due to decom-
position of zincian malachite confirmed by XRD results. As the pre-
cursor contained more Zn ions, the DTG peak around 560 K became
more intense, which is caused by decomposition of Zni(OH)sCO; *
H>O[23]. The decomposition of Zn-rich NP precursor was finished at 640
K because of little presence of (Cui..Zn,)2(OH),CO;3[37]. Meanwhile, RP
precursor showed different decomposition behavior including the ex-
istence of HT-COs in the range 673-873 K[21]. This carbonate species
came from two kinds of precursor such as synthetic Cu,Zn precursors
and Cu,Zn,Al hydrotalcites[33,37].

In DTG curves of NP and RP CuO/ZnO/Al,O; samples obtained af-
ter calcination at 673 K for 3 h, the first peak in 373-473 K corre-
sponded to the release of water from metal oxide interlayers and the
other peak in 773-973 K resulted from decarbonation of the residual
HT-COs. The weight loss of the second decomposition was higher for
RP mixed oxides than for NP ones. Also, it increased with the Cu/Zn
ratio decreasing for the former samples.

When the butanol productivity was correlated with the mass loss of
RP precursors (mpur.cozp) and RP oxides (mnr-cos,c), the high perform-

Cw/ZnO Zv) aA3uhy 561

Cu,Zn,Al precursor

M/\/L_ o 5,,21" V\—/\‘
M

Cu/zn
=412
J/\/k‘k Culzn
=214

=1/5

Cu0/ZnO/AlLO,

DTG (a.u.)

L L L L s s L L L L L L L L
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Temperature (°C) Temperature (°C)

Figure 11. DTG curves of NP (grey) and RP (black) Cu,Zn,Al
precursors and oxides[34].
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Figure 12. Correlation of mpurcosp (V) and mprcos. () with the
butanol productivity for RP CwZnO/ALO; catalysts[34].

ance was achieved when HT-COs; was abundant in precursor samples
and depleted in calcined samples. It was, therefore, suggested that the
amount of HT-COs determines the activity of Cu/ZnO/ALOs catalyst.
The pH-increasing method (NP method) induces heterogeneous precip-
itation because of different precipitation rates, resulting in separate
crystal structures and low thermal stability of the precursor catalyst.
However, the RP method, in which pH is high enough to precipitate
all metal ions, leads to a mixed Cu®", Zn>" and AI’" precursor structure
with abundant HT-COs, hence yielding small particles, large copper
surface areas and enhanced catalytic performance. This is a con-
sequence of chemical memory[35,48].

Aside from the metal ratio, the above thermal behavior depends on
the heating condition. Schumann ez al. studied the effect of calcination
condition on HT-CO; of zincian malachite and aurichalcite using dif-
ferent heating rates in TG experiments[49]. After a little weight loss
occurred at low temperatures due to water desorption, HT-CO; was de-
composed at ca. 700 K. When the ramping rate was slowest at 0.1 K
min'l, the calcined oxide contained the highest amount of HT-COs
(weight loss of about 8%). With the ramping rate increasing to 2 K
min’, the residual fraction of HT-CO;s decreased to 3% in both precursor
phases. The zincian malachite derived catalysts showed better methanol
productivity in an initial period, but they were rapidly deactivated.
Meanwhile, the aurichalcite derived catalysts produced less methanol and
the deactivation rate was little less. It was weakly mentioned that the
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HT-CO; abundant catalyst prepared by slow heating showed less cata-
lytic performance, which is similar to our previous report[34]. In addi-
tion, Tarasov et al. suggested the four-step competitive reaction model
via a thermokinetic approach[50]. Therefore, controlling the calcination
condition is necessary for the preparation of an active Cu/ZnO-based

catalyst since thermal decomposition behavior is quite complex.

6. Step 5: Reduction

Prior to the reaction, CuO/ZnO-based catalyst should be reduced to
Cu/ZnO-based one, accompanying H, consumption and concomitant
evolution of H,O and CO,[49]. In this transformation would be
changed CuO reduction, mobility of CuO and ZnO, and particle
morphology. Among the properties of the reduced catalyst, the princi-
pal catalytic descriptor is Cu surface area measured by N,O titration
or reactive frontal chromatography (RFC).

Investigation of this step wusually starts from a temper-
ature-programmed reduction (TPR) experiment. The reduction behavior
is mainly affected by the Cu/Zn ratio. Even though a linear relationship
was found between H» consumption with the Cu/(CutZn) ratio, the re-
duction temperature (7max) was influenced by the interaction between
CuO and ZnO[36]. While the Cu/(Cut+Zn) ratio decreased from pure
Cu or increased from pure Zn, Tmax was similarly shifted to lower tem-
peratures (Figure 13). It was explained by the fact that CuO particles
became smaller in Cu-rich oxides compared to pure CuO while the in-
teraction of CuO with ZnO was stronger in Zn-rich oxides[51,52].
Therefore, this low-temperature shift was believed to result from inter-
mix and interfacial contact of CuO and ZnO nanoparticles.

When H, reduction is conducted at high temperatures, CuO and ZnO
can be transformed into CuZn alloy phase[53-55]. For example, the
formed « -brass showed a decrease in the BET surface area and a
strong negative influence in the water-gas shift reaction[53]. The bulk
mobility of Cu particles is also related with the reduction temperature
because bulk re-crystallization of Cu is expected to start from 678 K,
that is, the Tammann temperature of Cu. Therefore, the reduction tem-
perature would be selected carefully for an active Cu/Zn-based catalyst.

3stst ®l 27 A Al 6 =, 2016

Upon H, reduction, the catalyst morphology is known to be re-
structured[56-58]. The observation was done by in-situ TEM experi-
ments under different gas conditions[46,57,59]. Under the oxidizing
gas condition, Cu-related particles were spherical-like. However, they
were transformed into flat shape and the b/a ratio of Wulff circle de-
creased due to strong metal support interaction (SMSI) under the re-
ducing gas condition[46,58]. These findings were later confirmed at an
atomic scale[57].

As for CuO, ZnO can be partially reduced into ZnO, in the reduc-
tion step. Recently, Lunkenbein et al. reported the presence of ZnOy
in the reduced Cu/ZnO/AlLOs catalyst by TEM[59]. Under a reduction
condition, graphite-like ZnO was formed, which is metastable and
distorted. Longer exposure to irradiating electron beam modified the
structural morphology into three parts. At first, ZnO started to over-
grow and cover the Cu particle surface. Then, ZnO crystallized into
metastable rock-salt, followed by the formation of thermodynamically
stable wurtzite-type ZnO after further beam irradiation.

Recent works revealed that the specific copper surface area obtained
by N2O titration could not be identical to the number of exposed Cu
surface atoms because of oxidation of the partially reduced Zn species
by N>O[60,61]. Nevertheless, the copper surface area measured using
N,O gas has been still recognized as the best indicator for the catalytic

performance of Cu/ZnO-based catalysts.

7. Concluding Remarks

For the preparation of a highly active Cu/ZnO-based catalyst, several
experimental variables should be tuned carefully in the five preparation
steps such as the precipitation, ageing, filtering and washing, calcina-
tion, and reduction. The most important is the first step of coprecipita-
tion in which pH is the principal variable to be monitored and then
adjusted. Although the three modes for mixing an acidic metal solution
and a basic precipitant solution are reported, the suspension would be
neutral or little acidic in the pH range 6-7 during precipitation process
in order to result in homogeneous precipitation. Meanwhile, the precip-
itation temperature should be maintained in 333-343 K. In the next
ageing step, the condition to transform initial, amorphous precipitate
into a specific crystalline phase would be required. While the temper-
ature and pH for ageing are usually identical to those for precipitation,
one have to notice a few signals, such as pH drop, turbidity and color
change, accompanied by the crystallization event. The aged precipitate
should be washed thoroughly to remove activity inhibiting components,
which is the only concern in the washing step. The so-obtained metal
hydroxycarbonate phase will be transformed into mixed oxide particles
and further to Cu/ZnO particles by thermal treatment steps such as cal-
cination in air or O, and subsequent reduction in H,. In case of calci-
nation, high-temperature carbonate species acting as glue between par-
ticles would be burned in a controlled manner without sintering. The
final step is H, reduction below Tammann temperature of Cu metal,
thus resulting in higher specific Cu surface area with partially reduced
ZnO; surface related to SMSI effect.

Consequently, careful tuning of various preparation variables is in-
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dispensable for promoting the key properties of a final Cu/ZnO-based
catalyst: Cu surface area, Cu defect sites and ZnO SMSI. This is in-
deed “chemical memory” effect, which is to be considered for prepara-
tion of a final catalyst achieving superior methanol synthesis
performance. Although discussion is made for Cu/ZnO-based catalysts,
the synthesis strategy we reviewed herein can be applied in a similar
way for preparation of other coprecipitated catalysts with metals or
metal oxides supported.
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