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Abstract: Two types of amorphous ZrO2 (am-ZrO2) catalysts were prepared by different
co-precipitation/reflux digestion methods (with ethylenediamine and ammonia as the precipitant
respectively). Then, copper and potassium were introduced for modifying ZrO2 via an
impregnation method to enhance the catalytic performance. The obtained catalysts were further
characterized by means of Brunauer-Emmett-Teller surface areas (BET), X-ray diffraction (XRD),
H2-temperature-programmed reduction (H2-TPR), and In situ diffuse reflectance infrared spectroscopy
(in situ DRIFTS). CO hydrogenation experiments were performed in a fixed-bed reactor for isobutanol
synthesis. Great differences were observed on the distribution of alcohols over the two types of ZrO2

catalysts, which were promoted with the same content of Cu and K. The selectivity of isobutanol
on K-CuZrO2 (ammonia as precipitant, A-KCZ) was three times higher than that on K-CuZrO2

(ethylenediamine as precipitant, E-KCZ). The characterization results indicated that the A-KCZ
catalyst supplied more active hydroxyls (isolated hydroxyls) for anchoring and dispersing Cu. More
importantly, it was found that bicarbonate species were formed, which were ascribed as important
C1 species for isobutanol formation on the A-KCZ catalyst surface. These C1 intermediates had
relatively stronger adsorption strength than those adsorbed on the E-KCZ catalyst, indicating that
the bicarbonate species on the A-KCZ catalyst had a longer residence time for further carbon chain
growth. Therefore, the selectivity of isobutanol was greatly enhanced. These findings would extend
the horizontal of direct alcohols synthesis from syngas.

Keywords: preparation method; ZrO2-based catalysts; syngas; isobutanol

1. Introduction

Higher alcohols (C2+ alcohols) synthesized from syngas have been studied owing to their broad
applications [1–5]. Higher alcohol isobutanol has been extensively used as an important organic
chemical raw material to manufacture plasticizers (diisobutyl phthalate), adhesives, isobutylene
isoprene rubber, and antioxidants, among others. Isobutanol is also used in advanced solvents to
purify special chemicals, such as salts of strontium, barium, and lithium. Furthermore, isobutanol can
be added to gasoline as a fuel additive, which not only increases the octane number, but also reduces
carbon monoxide, nitrogen oxides, and hydrocarbon emissions in exhaust gas.

Presently, there is no industrialized method for the direct synthesis of isobutanol. The main
source of isobutanol is as a by-product from the carbonylation of propylene to n-butanol. This low
yield of isobutanol is far from meeting the increasing market demand. In recent years, increasing
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studies have focused on direct routes for the synthesis of higher alcohols synthesis from syngas.
As a vital chemical among higher alcohols, the direct synthesis of isobutanol from syngas has been
extensively studied. Typically, three main catalytic systems have been used, namely, ZnCr [6–8],
CuZnAl [9–11], and ZrO2 catalysts [12–14]. Typical isobutanol yields reported in the literature are
shown in Table 1. Zirconia oxides promoted by other components (such as K, Pd, and Cu) have
been reported as effective catalysts for the direct synthesis of isobutanol from syngas. Zirconia-based
catalysts have been studied extensively, including the effects of catalyst composition, various promoters,
reaction conditions, and ZrO2 crystal phase structures on isobutanol formation. Wang et al. [15]
found that tetragonal ZrO2 (t-ZrO2) favored isobutanol production. He et al. [13] found that the
ZrO2 with a surface tetragonal crystal phase (t-ZrO2) exhibited high activity for ethanol formation,
while ZrO2 with a surface monoclinic crystal phase (m-ZrO2) exhibited high activity for isobutanol
formation. In a previous study [14], we found that amorphous ZrO2 promoted isobutanol synthesis.
These results show that the distribution of alcohols is closely related to the ZrO2 crystalline phase.
Further reports [16,17] have shown that when the same amount of copper is loaded onto different ZrO2

crystalline phases, the catalysts show distinctly different catalytic activities. The catalyst Cu/m-ZrO2

exhibited better activity than Cu/t-ZrO2 in the synthesis of methanol from H2/CO. This difference in
activity was attributed to the different hydroxyl properties on the carrier surface.

Table 1. Representative isobutanol synthesis catalysts.

Catalyst T (◦C) P (MPa) CO/H2 GHSV (h−1) Isobutanol (wt%)

K-Zn1Cr1 [6] 400 10 2.5 3000 15.99
Cr/ZnO-K [7] 400 10 2.3 3000 15.58

K-Zn1Cr1 (pH = 2) [8] 400 10 2.5 3000 24.2
Cu/ZnO/Al2O3/30%

ACFs [9] 320 4 2 3900 19.88

K-CuZrAl [10] 400 10 2.7 5000 17.7
K-ZrO2 [12] 420 10 2.1 5000 15.1

Li-Pd-ZrO2 [13] 400 8 2 15,000 23.1
K-CuLaZrO2 [14] 360 10 2.5 3000 32.8

Previously, Jackson et al. [18] investigated the source and role of oxygen in the formation of
adsorbed species (such as carbonate and formate) and found that hydroxyl groups on the ZrO2 surface
participated in methanol formation. A formate-to-methoxide mechanism for methanol synthesis was
then proposed. Tian et al. [19] studied the adsorption of CO on ZnCr catalyst using in-situ infrared
spectroscopy, finding that a large number of formed formate species were consumed after hydroxyl
groups were adsorbed on the catalyst surface. This indicated that hydroxyl groups promoted the
formation of C1 species (HCOO−), which are important intermediates for alcohol synthesis. Gao et al. [8]
also found that the formation of formate species was related to surface hydroxyl groups. Meanwhile,
oxygen vacancies, as active sites for CO activation, could be formed after removing –OH using CO.
Therefore, hydroxyl groups on the catalyst surface play an important role in the synthesis of higher
alcohols from syngas.

Owing to the different crystalline phases of ZrO2, the type and content of hydroxyl groups on the
catalyst surface are different, while the amount of CO adsorption on the catalyst surface is also different.
However, the main reason for the different product distributions of isobutanol over different ZrO2

crystalline phases remains unclear, owing to the complexity of the conversion of syngas to isobutanol.
Therefore, to further study the factors influencing isobutanol synthesis, in the present study, two types
of amorphous ZrO2 were prepared by different preparation methods and then loaded with the same
amounts of Cu and K, which aided isobutanol synthesis [19,20]. Finally, these catalysts were applied to
isobutanol synthesis from syngas. The results showed that although all catalysts were amorphous
ZrO2, the distribution of alcohol products varied greatly. To understand the relationship between the
catalyst surface properties, especially the hydroxyl groups on the catalyst surface, and the isobutanol
formation process, in-situ DRIFTS was used to investigate the hydroxyl groups and C1 intermediates
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on the surfaces of different catalysts. The types and contents of hydroxyl groups on the catalyst surface
varied greatly, which led to changes in the types and contents of adsorbed species, ultimately resulting
in the formation of different reaction products. Herein, the mechanism of isobutanol synthesis from
syngas was further studied, resulting in important findings that will broaden the scope of direct
alcohols synthesis from syngas and the design of alcohol synthesis catalysts.

2. Results and Discussions

2.1. Catalytic Performance

The catalytic performance of ZrO2-based catalysts in isobutanol synthesis from CO hydrogenation
at 350 ◦C and 10.0 MPa for 3000 h−1 is shown in Table 2. The results showed that all ZrO2-based
catalysts catalyzed CO hydrogenation to higher alcohols. However, different distributions of alcohols
were obtained using different catalysts. Alkanes were the main products on the E-ZrO2 catalyst, while
the selectivity for alcohols was only 14.5%. Among alcohols, methanol was the primary product, with
only 5.4% selectivity observed for C2+ alcohols. Adding potassium and copper significantly improved
the activity of the ZrO2 catalysts for higher alcohols synthesis, with CO conversion over the E-KCZ
catalyst increasing dramatically to 37.7% compared with 10.9% for that without K and Cu, while the
space-time yield (STY) of alcohols also increased from 34 to 144 g·L−1

·h−1. Alkane formation was
inhibited, leading to an increase in alcohol selectivity. In the isobutanol synthesis reaction, CO2 was
also detected owing to the water-gas-shift (WGS) reaction. The selectivity for methanol decreased
from 94.6% to 90.0%, while the selectivity for isobutanol increased from 0.5% to 4.7%. When the
Gas Hour Space Velocity (GHSV) was increased to 7000 h−1, the CO conversion decreased to 14.5%.
The alcohols STY and selectivity for all alcohols clearly increased, while the selectivities for CHx, CO2,
and dimethyl ether (DME) were decreased to varying degrees. The selectivity for isobutanol among
alcohol products also decreased to 3.2%. The distribution of products from the A-ZrO2 catalyst was
similar to that from the E-ZrO2 catalyst. Adding K and Cu also clearly promoted the activity of the
A-ZrO2 catalyst, with the CO conversion increasing from 13.2% to 41.2%, while the alcohols STY
increased from 24 to 195 g·L−1

·h−1. Among alcohols, methanol was the major product using the A-ZrO2

catalyst. However, methanol and isobutanol became the primary products after activity promotion
by K and Cu. The selectivity of isobutanol increased from 0.8% to 15.0%. A high GHSV (7000 h−1)
also caused a significant decrease in CO conversion, with the selectivity for isobutanol decreasing to
10.2%. As the GHSV increased, the isobutanol formation process became more difficult owing to the
shorter time for carbon chain growth. Based on the results above, the alcohol distributions obtained
using two types of ZrO2-based catalyst were very different, and were promoted by the same elements.
Therefore, the properties of the two types of ZrO2 catalysts required further investigation. The stability
of the A-KCZ catalyst is shown in Figure 1. The A-KCZ catalyst showed excellent stability over 84 h
on stream. The isobutanol selectivity was stably maintained at around 14 wt% throughout the test.
The CO conversion declined after the first 7 h and then showed no obvious change.

Table 2. The catalytic performance of ZrO2-based catalysts.

Catalysts CO Conv.
(%)

Alc. STY
(g·L−1·h−1)

Selectivity (C-atom%) Alc. Distribution (wt%)

Alc. CHx CO2 DME C1 C2 C3 i-C4 C4+

E-ZrO2 10.9 34 14.5 84.9 0 0.6 94.6 4.2 0.7 0.5 0
E-KCZ 37.7 144 25.5 37.9 33.5 3.1 90.0 3.6 1.5 4.7 0.2

E-KCZ a 14.5 284 40.1 29.7 28.7 1.5 92.9 2.8 1.0 3.2 0.1
A-ZrO2 13.2 24 19.6 79.8 0 0.6 97.2 1.6 0.4 0.8 0
A-KCZ 41.2 195 42.3 31.1 25.4 1.2 78.8 2.7 2.1 15.0 1.4

A-KCZ a 16.8 315 56.2 24.6 18.2 1.0 86.0 2.2 0.9 10.2 0.7

Reaction conditions: K(2 wt%)-Cu(5 wt%)-ZrO2, P = 10.0 MPa, GHSV = 3000 h−1, Temperature = 350 ◦C,
H2/CO = 2.5/1. a GHSV= 7000 h−1, P = 10.0 MPa, Temperature = 350 ◦C, H2/CO = 2.5/1.
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Figure 1. The stability of A-KCZ catalyst under reaction conditions (300 °C, 10 MPa, 3000 h−1). 

2.2. Textural Properties 

The textural parameters of the fresh and reduced ZrO2-based catalysts are shown in Table 3. 
Compared with the fresh A-ZrO2 catalyst, a larger specific surface area was obtained on the fresh 
E-ZrO2 catalyst. This increased specific surface area was accompanied by a decreased pore size. 
When K and Cu were introduced to promote ZrO2 catalyst activity, the specific surface areas of both 
E-ZrO2 and A-ZrO2 decreased from 424.66 and 309.87 to 315.69 and 243.59 m2g−1, respectively. After 
reduction, the specific surface area of all catalysts showed a slight increase. The Cu0 surface areas 
were also determined by N2O reactive frontal chromatography, with the results shown in Table 2. 
The specific surface areas of Cu on A-KCZ and E-KCZ were almost identical. As the E-ZrO2 catalyst 
had a higher specific surface area, it was speculated that Cu was better dispersed on the A-ZrO2 
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Figure 1. The stability of A-KCZ catalyst under reaction conditions (300 ◦C, 10 MPa, 3000 h−1).

2.2. Textural Properties

The textural parameters of the fresh and reduced ZrO2-based catalysts are shown in Table 3.
Compared with the fresh A-ZrO2 catalyst, a larger specific surface area was obtained on the fresh
E-ZrO2 catalyst. This increased specific surface area was accompanied by a decreased pore size. When
K and Cu were introduced to promote ZrO2 catalyst activity, the specific surface areas of both E-ZrO2

and A-ZrO2 decreased from 424.66 and 309.87 to 315.69 and 243.59 m2g−1, respectively. After reduction,
the specific surface area of all catalysts showed a slight increase. The Cu0 surface areas were also
determined by N2O reactive frontal chromatography, with the results shown in Table 2. The specific
surface areas of Cu on A-KCZ and E-KCZ were almost identical. As the E-ZrO2 catalyst had a higher
specific surface area, it was speculated that Cu was better dispersed on the A-ZrO2 catalyst.

Table 3. Textural properties of calcined catalysts.

Catalysts Pore Diameter, nm Pore Volume, cm3g−1 ABET, m2g−1 SCu (m2/g)

E-ZrO2
a 5.80 0.62 424.66 -

A-ZrO2
a 9.10 0.71 309.87 -

E-KCZ a 6.91 0.55 315.69 11.6
A-KCZ a 9.66 0.59 243.59 11.3
E-ZrO2

b 5.65 0.63 430.85 -
A-ZrO2

b 9.01 0.77 313.54 -
E-KCZ b 6.88 0.55 320.80 -
A-KCZ b 9.89 0.68 273.24 -

a fresh catalysts. b reduced catalysts.

2.3. Powder XRD Measurements

XRD patterns of the fresh and reduced ZrO2-based catalysts synthesized by different methods
are shown in Figure 2. As shown in Figure 2a, both the E-ZrO2 and A-ZrO2 catalysts exhibited a
wide peak structure centered at ~31◦, which was attributed to amorphous zirconia (am-ZrO2) [21,22].
No diffraction peak related to the ZrO2 crystal structure was observed. After adding K and Cu,
the E-KCZ and A-KCZ catalysts possessed a broad peak centered at ~31◦, indicating that ZrO2 existed
in an amorphous state. Meanwhile, no diffraction peaks for K2O or CuO crystals were found in all
catalysts, showing that K2O and CuO were highly dispersed on ZrO2, or existed in small crystals.
When these catalysts were reduced by 10% H2/N2, no significant changes in the E-ZrO2, E-ZrO2, and
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E-KCZ catalysts were observed, but a small amount of t-ZrO2 appeared after the A-KCZ catalyst was
reduced. This conversion into ZrO2 crystals might be related to the decline in CO conversion during
the first 7 h of reaction (Figure 1). No other diffraction peaks appeared, indicating that K2O and Cu
were well dispersed.

Catalysts 2019, 9, x FOR PEER REVIEW 5 of 13 

 

E-KCZ b 6.88 0.55 320.80 - 
A-KCZb 9.89 0.68 273.24 - 

a fresh catalysts. b reduced catalysts. 

2.3. Powder XRD Measurements 

XRD patterns of the fresh and reduced ZrO2-based catalysts synthesized by different methods 
are shown in Figure 2. As shown in Figure 2a, both the E-ZrO2 and A-ZrO2 catalysts exhibited a 
wide peak structure centered at ~31°, which was attributed to amorphous zirconia (am-ZrO2) [21,22]. 
No diffraction peak related to the ZrO2 crystal structure was observed. After adding K and Cu, the 
E-KCZ and A-KCZ catalysts possessed a broad peak centered at ~31°, indicating that ZrO2 existed in 
an amorphous state. Meanwhile, no diffraction peaks for K2O or CuO crystals were found in all 
catalysts, showing that K2O and CuO were highly dispersed on ZrO2, or existed in small crystals. 
When these catalysts were reduced by 10% H2/N2, no significant changes in the E-ZrO2, E-ZrO2, and 
E-KCZ catalysts were observed, but a small amount of t-ZrO2 appeared after the A-KCZ catalyst 
was reduced. This conversion into ZrO2 crystals might be related to the decline in CO conversion 
during the first 7 h of reaction (Figure 1). No other diffraction peaks appeared, indicating that K2O 
and Cu were well dispersed. 

10 20 30 40 50 60 70 80

2θ/ o

 E-ZrO2

 A-ZrO2

 E-KCZ
 A-KCZ

(a)

10 20 30 40 50 60 70 80

■ t-ZrO
2

■
■

■

 

 

 

2θ/ o

 E-ZrO2

 A-ZrO2

 E-KCZ
 A-KCZ

(b)

 
Figure 2. XRD patterns of ZrO2-based catalysts (a) fresh catalysts, (b) reduced catalysts. 

2.4. H2-TPR Analysis 

H2-TPR analysis was conducted to evaluate the reducibility of Cu species related to the active 
sites and to investigate the interaction between Cu and Zr (Figure 3). According to the H2-TPR 
results, both samples with 5 wt% Cu exhibited peaks between 200 and 260 °C. Generally, the 
reduction temperature of pure CuO is relatively high (around 320 °C) and only one single peak is 
observed [23]. In this study, a Cu-ZrO2 interaction was concluded to be present, which aided the 
reduction of supported Cu elements. However, three hydrogen consumption peaks were observed 
on the E-KCZ catalyst, which were located at 217 °C (α), 231 °C (β), and 248 °C (γ). Similar results 
have been reported previously, with the lower-temperature peak attributed to the reduction of 
well-dispersed CuO or Cu2+ ions in an octahedral environment. Meanwhile, the higher-temperature 
peak has been attributed to the reduction of bulk CuO [24,25]. Therefore, the α peak is related to 
highly dispersed CuO, the β peak is related to CuO species interacting strongly with ZrO2, while the 
γ peak is related to the reduction of bulk CuO [23]. In contrast to the E-KCZ catalyst, the A-KCZ 
catalyst showed only one H2 consumption peak. From the peak location, it was attributed to the 
reduction of CuO species interacting strongly with ZrO2. The H2-TPR results indicated that the 
dispersion of Cu species on two types of carrier was totally different. Cu species were well dispersed 
on the A-ZrO2 catalyst, while having strong interactions with the carrier. In contrast, Cu species 
were not well dispersed on the E-ZrO2 catalyst, leading to different Cu species, while E-ZrO2 had a 
larger specific surface area than A-ZrO2. Therefore, these two types of carriers must have different 
surface properties. 

Figure 2. XRD patterns of ZrO2-based catalysts (a) fresh catalysts, (b) reduced catalysts.

2.4. H2-TPR Analysis

H2-TPR analysis was conducted to evaluate the reducibility of Cu species related to the active sites
and to investigate the interaction between Cu and Zr (Figure 3). According to the H2-TPR results, both
samples with 5 wt% Cu exhibited peaks between 200 and 260 ◦C. Generally, the reduction temperature
of pure CuO is relatively high (around 320 ◦C) and only one single peak is observed [23]. In this
study, a Cu-ZrO2 interaction was concluded to be present, which aided the reduction of supported Cu
elements. However, three hydrogen consumption peaks were observed on the E-KCZ catalyst, which
were located at 217 ◦C (α), 231 ◦C (β), and 248 ◦C (γ). Similar results have been reported previously,
with the lower-temperature peak attributed to the reduction of well-dispersed CuO or Cu2+ ions in an
octahedral environment. Meanwhile, the higher-temperature peak has been attributed to the reduction
of bulk CuO [24,25]. Therefore, the α peak is related to highly dispersed CuO, the β peak is related
to CuO species interacting strongly with ZrO2, while the γ peak is related to the reduction of bulk
CuO [23]. In contrast to the E-KCZ catalyst, the A-KCZ catalyst showed only one H2 consumption
peak. From the peak location, it was attributed to the reduction of CuO species interacting strongly
with ZrO2. The H2-TPR results indicated that the dispersion of Cu species on two types of carrier
was totally different. Cu species were well dispersed on the A-ZrO2 catalyst, while having strong
interactions with the carrier. In contrast, Cu species were not well dispersed on the E-ZrO2 catalyst,
leading to different Cu species, while E-ZrO2 had a larger specific surface area than A-ZrO2. Therefore,
these two types of carriers must have different surface properties.
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2.5. Hydroxyl Groups on Different Catalysts

Figure 4 shows the hydroxyl region (4000–3000 cm−1) of the infrared spectra obtained at 250 ◦C.
Adsorbed water (or coordinated water) is known to be weakly adsorbed on the zirconia surface and
desorbed by heating to 250 ◦C under vacuum, while hydroxyl groups on the zirconia surface can exist
stably even at 600 ◦C under vacuum [26,27]. Therefore, all samples were pretreated in situ at 250 ◦C
under vacuum for 1 h to remove surface-adsorbed water before recording IR spectra, resulting in no
peaks related to the presence of molecularly absorbed water. In Figure 4, a band at 3732 cm−1 with a
broad shoulder at about 3673 cm−1 was observed in the E-ZrO2 catalyst. After copper and potassium
impregnation (E-KCZ), the strength of the bands at 3732 cm−1 and 3673 cm−1 decreased obviously,
while a new band located at 3726 cm−1 appeared as that at 3732 cm−1 decreased. Two absorption
bands were observed for the A-ZrO2 catalyst, located in the regions of 3732 and 3673 cm−1, respectively.
A shoulder peak at around 3755 cm−1 was also observed. When Cu and K were both introduced,
a dramatic decrease in the peak intensities at 3755, 3732, and 3673 cm−1 was observed. A new peak
located at 3715 cm−1 appeared after impregnation. Meanwhile, the broad peak between 3600 and
3000 cm−1 seems to slightly increase in intensity.
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Figure 4. Infrared spectra of ZrO2-based catalysts.

Generally, peaks in the 3800–3700 cm−1 region can be assigned to monocoordinated hydroxyl
groups, those at 3700–3600 cm−1 can be assigned to bi-bridged hydroxyl groups, and those below
3600 cm−1 can be assigned to multicoordinated hydroxyl groups (hydrogen-bridged species) [28,29].
However, some researchers have proposed that peaks higher than 3650 cm−1 are related to the vibration
of isolated –OH groups on the oxide [30–32]. The types of specific hydroxyl groups are more difficult
to distinguish clearly. However, the E-ZrO2 catalyst showed more multicoordinated hydroxyl groups,
while the A-ZrO2 catalyst showed more isolated surface hydroxyl groups.

Chen et al. [33] reported that the isolated hydroxyl groups on Al2O3 were active sites for anchoring
Pt and Ni. The authors showed that the hydroxyl groups not only had an important effect on Pt and
Ni dispersion, but also influenced the interactions between Pt and the support. A-ZrO2 had more
isolated surface hydroxyl groups, which led to a greater loss in intensity after Cu and K impregnation,
indicating that A-ZrO2 had more active –OH groups than the other catalysts. Therefore, Cu species
were well dispersed on A-ZrO2, which was consistent with the H2-TPR results.

2.6. In Situ DRIFTS Analysis

The surface properties of catalysts were different according to the preparation method used.
In-situ DRIFTS was used to study the adsorption and activation of syngas molecules on different
catalyst surfaces at the reaction temperature. Figure 5 shows spectra recorded after saturated CO
adsorption. On E-ZrO2, a broad negative peak at around 3500 cm−1 appeared with CO adsorption,
indicating that surface –OH groups were consumed by CO, especially the isolated hydroxyl groups.
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Interestingly, a small peak located at 3739 cm−1 also appeared after CO adsorption, for which the cause
remains unclear, although it might be attributed to the decomposition of multicoordinated hydroxyl
groups. The absorption bands observed at 2967 (νsCOO– + δCH), 2884 (νCH), 1576 (νasCOO–), 1388 (δCH),
and 1370 cm−1 (νsCOO–) were attributed to bidentate formate species (b-HCO3

−) on E-ZrO2 [34–36].
The peaks located at 2178 and 2116 cm−1 were attributed to the vibration of gaseous CO. A small amount
of CO2 (2364 and 2337 cm−1) was also observed. The adsorption species on A-ZrO2 were similar to
those on E-ZrO2, with bidentate formate as the main species. However, a difference in the consumption
of –OH groups was observed. In addition to the isolated hydroxyl groups, multicoordinated hydroxyl
groups were also consumed owing to the appearance of negative peaks at lower wave numbers
(<3600 cm−1). Isolated hydroxyl groups were proposed to react readily with CO to form formate
species [37]. A-ZrO2 had more isolated surface hydroxyl groups, resulting in more formate species on
A-ZrO2 compared with that on E-ZrO2, as determined from the different peak intensities. Formate
species are recognized as a C1 intermediate in methanol synthesis from syngas [38–40]. Therefore,
methanol was the main alcohol product (Table 2) because formate species were the main intermediates
on both E-ZrO2 and A-ZrO2 catalysts.
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Figure 6 shows infrared spectra recorded after CO saturated adsorption on the E-KCZ and A-KCZ
catalysts. The results were the same as observed in Figure 5, with multicoordinated OH groups mainly
consumed on E-ZrO2, while different types of OH group were consumed on A-ZrO2. In addition
to CO2 and CO gas, a new peak appeared at 2080 cm−1 that was attributed to linear CO adsorption
on Cu0 [41,42]. Formate species (HCOO−) were the main adsorption species owing to the bands at
2967, 2870, 1584, 1386, and 1369 cm−1. Meanwhile, bicarbonate species (HCO3

−) were also formed
according to the bands at 1692, 1644, and 1280 cm−1. In previous studies [43], bicarbonate species, as the
precursors of formyl groups that participate in methanol and isobutanol formation, were found to be
beneficial for isobutanol formation. The results showed that formate is mainly converted into methanol
and methane, while bicarbonate is mainly converted into methane. Furthermore, formyl groups are
converted into methyl groups after reaction, as discussed in previous studies regarding the isobutanol
formation process. Therefore, the formed bicarbonate was assigned as an intermediate of isobutanol
synthesis from syngas. A large amount of C1 species (linear CO, HCOO−, and HCO3

−) were formed
on A-KCZ compared with E-KCZ. Although bicarbonate species were formed on both types of catalyst,
the selectivities for isobutanol were significantly different (Table 2). To obtain further information
on the reaction, H2/CO adsorption was investigated by in-situ DRIFTS at the reaction temperature
(Figure 7). Compared with the results in Figures 5 and 6, the greatest difference was that formate
species were the main adsorption species on the E-KCZ catalyst under a syngas atmosphere, while both
formate and bicarbonate species were formed on the A-KCZ catalyst. This showed that bicarbonate
species on the E-KCZ catalyst were not stable under a H2/CO atmosphere. Based on the isobutanol
formation mechanism (aldol condensation process), formyl species were the key intermediates in
chain growth. Therefore, isobutanol formation was inhibited by the low bicarbonate species content
(precursors of formyl species) on the E-KCZ catalyst.
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Figures 6 and 7 show that bicarbonate species were formed on E-KCZ, but disappeared under a
syngas atmosphere. To understand the factors influencing the stability of adsorbed species, H2 was
introduced to treating the surface species after saturated CO adsorption. Figure 8 shows the results
of H2 treatment after CO adsorption. Peaks related to bicarbonate species on the E-KCZ catalyst
had nearly disappeared completely after H2 introduction for 5 min. The intensity of peaks related
to formate species also greatly decreased during the H2-treatment process. The intensity of peaks
related to formate and bicarbonate species on the A-KCZ catalyst obvious decreased after H2 treatment
for 5 min. Further treatment with H2 led to a slight decrease in the peak intensity. Therefore, many
bicarbonate species were still present on the A-KCZ catalyst, even after exposing to H2 for 30 min.
These results indicated that the stability of adsorption species on the A-ZrO2 catalyst was relatively
high compared with those adsorbed on the E-ZrO2 catalyst. Formate species can also be reduced to
formyl species by H2, but preferentially form methanol owing to its weak adsorption intensity [44].
Intermediates with stronger adsorption intensities have relatively long residence times on the catalyst
surface for further chain growth, leading to high selectivity for isobutanol.
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3. Materials and Methods

3.1. Catalyst Preparation

An amorphous ZrO2 type was prepared by precipitation followed by the reflux method, which was
described in detail in the literature [22]. Firstly, ZrOCl2·8H2O was dissolved in deionized water under
vigorous stirring. Then the ethylenediamine aqueous solution was added into mother liquor drop by
drop until pH = 11. The obtained slurry was refluxed at 94 ◦C for 40 h. After that, the precipitate was
filtered and washed with deionized water to remove Cl−, then followed by drying at 110 ◦C for 12 h.
Finally, the resulting product was calcined at 400 ◦C for 4 h with a ramp of 2 ◦C/min under static air.
The obtained catalyst was named as E-ZrO2.

Another amorphous ZrO2 type was prepared by a similar precipitation method as described
above. The difference was that ZrO(NO3)2·2H2O was introduced as the zirconium source and ammonia
(30 wt%) was adopted as the precipitant. The obtained solution was digested at 94 ◦C for 40 h and
followed by the same processing method as described above. The obtained catalyst was named as
A-ZrO2.

The K-Cu/ZrO2 catalysts were prepared by the incipient wetness impregnation method.
An aqueous solution of Cu(NO3)2·3H2O was added drop-wise to the ZrO2 support to obtain 5 wt% Cu
catalyst. The obtained material was dried at 110 ◦C for 12 h and calcined at 400 ◦C for 4 h. Then, 2 wt%
K was introduced via the same impregnation method using KOH as precursor. The calcined powders
promoted by Cu and K were marked as E-KCZ and A-KCZ respectively. Finally, all the catalysts were
pressed and broken into 40–60 meshes in prior to reaction.

3.2. Catalyst Characterization

The specific surface areas (BET) and pore volumes of the samples were detected using Micromeritics
Tristar 3000 instrument.

The X-ray diffraction (XRD) data of the calcined catalysts were obtained using a D8 Advance
X-ray diffractometer (10◦ to 80◦) with Cu Kα radiation.

The temperature-programmed-reduction of H2 (H2-TPR) profiles were recorded in an apparatus
fed with a 10% H2/Ar mixture flowing (30 mL/min) and rising rate of 10 ◦C/min. N2O titration was
used to determine the surface area of dispersed metallic copper (Cu0) in the same TPR apparatus with
a method described before [14].

The surface hydroxyl groups on different ZrO2-based catalysts were investigated under Ar flow
on a Bruker Tensor 27 FT-IR spectrometer with a MCT detector (4000–800 cm−1). The catalyst powder
was put into the infrared cell with KBr window and scraped flat. Firstly, a background spectrum was
recorded at the same conditions using KBr as reference substance. Then, the framework spectrum
of the catalysts was obtained. All the catalysts were treated at 250 ◦C for 1 h under high vacuum
(5.5 × 10−2 Pa) for removing the surface adsorbed water.

In situ DRIFTS spectra were recorded on the same FT-IR spectrometer under atmospheric pressure.
The catalysts were first reduced by pure H2 at atmospheric pressure at 350 ◦C for 2 h. Then, the H2

flow was replaced by Ar for purging the chamber at 350 ◦C for 30 min. After the background spectrum
was collected under Ar flow at 350 ◦C, CO (15 mL/min) or H2/CO (v/v = 2.5/1) mixture was introduced
into the IR cell for obtaining the adsorption spectra. The Ar flow could be introduced into the chamber
for detecting the stability of surface C1 species.

3.3. Catalyst Evaluation

Higher alcohols were synthesized from syngas in a continuous flow via a high-pressure fixed-bed
reactor. Before the reaction, 5 mL catalyst was reduced for 13 h under the designed temperature
program (25 ◦C to 350 ◦C) at a flow rate of 20 mL/min in H2/N2 (v/v = 10/90). After reduction, the mixture
of H2/CO (2.5:1) was introduced into the reactor at a space velocity of 3000 h−1. The reactions were
conducted at 350 ◦C, 10 MPa, and the data was obtained after 8 h reaction. Gas chromatograph
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(GC 4000) with flame ionization device (FID) and thermal conductivity detector (TCD) were used
for on-line analysis of gas products. The detectors of FID and TCD use GDX-403 and carbon sieves
columns, respectively. Then the composition of H2, CH4, CO, CO2, and CHx mixtures (C1, C2, C3,
C4, and C4+) were analyzed. Liquid products were also detected by two sets of gas chromatography.
Methanol and water were analyzed by GC 4000 (TCD) with a column of GDX-401 and the alcohol
products were analyzed by GC-7A (FID) with a Chromosorb 101 column.

4. Conclusions

Two kinds of amorphous ZrO2 (am-ZrO2) were successfully synthesized by using different
precipitation/reflux methods (with ethylenediamine and ammonia as the precipitant respectively).
Copper and potassium were introduced for promoting ZrO2 via a typical impregnation method, and
then the obtained catalysts were envluated in the isobutanol synthesis from syngas. These catalysts
showed different catalytic performance under the same reaction conditions. In detail, methanol
was the main alcohol product on both am-ZrO2 catalysts. However, after promotion by Cu and K,
the selectivity of isobutanol had an obvious increase. In the results, the selectivity of isobutanol on
A-KCZ (ammonia as precipitant) was three times higher than that on E-KCZ (ethylenediamine as
precipitant). Furthermore, the characterization results indicated that the kinds of hydroxyl groups
on the two am-ZrO2 catalysts were different. It not only had an important effect on the dispersion
of Cu, but also possessed a significant influence in the contents and kinds of C1 species formed on
different catalysts. More isolated hydroxyls were formed on the A-KCZ catalyst surface, which were
active for anchoring and dispersing Cu, at the same time as reacting with CO to form C1 intermediates.
In comparison, Cu species on the A-KCZ catalyst were well dispersed and had a strong interaction
with ZrO2, which led to a good catalytic performance for isobutanol synthesis. Meanwhile, more
bicarbonate species related to isobutanol formation were formed after CO/H2 adsorption on the A-KCZ
surface, and these intermediates were very stable for further carbon chain growth process, leading to a
high selectivity of isobutanol.
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