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activity in the higher alcohols synthesis from syngas compared to the bulk-PTO, likely due to the

Available online 9 March 2017 increased dispersion of active sites on the high surface of the Meso-PTOs. Moreover, the Meso-PTOs show

higher productivity for C; and C4 alcohols as well as C,. oxygenates. Among the two Meso-PTOs
developed here, the mesoporous LaFeg 7Cug 305 catalyst was capable of significant suppression of the
methanation reaction and better selectivity to higher alcohols compared to the mesoporous
LaCog7Cug 303 catalyst.
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Introduction

C,. alcohols (higher alcohols) have attracted interest regarding
their use as alternati Is, fuel additives, energy carriers, and
basic chemical interﬁ?tes and feedstocks [1 Typically,
ethanol is produced by the fermentation of edibl rces, and
propanol and butanol are obtained from petroleum-derived light
olefins. At present, given the unstable oil prices, the depletion of oil
resources, and the necessﬂo reduce greenhouse gases, the
demand for alternative rout which to realize the production of
higher alcohols from renewable, non-edible, and non-petroleum
resources such as biomass, natural gas, and coal, is growing. In
addition, the recent growth in the non-conventional natural gas
(shale gas) industry has brought about increased interest in the
catalytic thermochemical conversion of syngas to higher alcohols
(STA) coupled with the reforming of natural gas to syngas.

Over the past few decades, many researchers have studied the
STA reaction which occurs via a catalytic thermochemical route
using various catalysts. A typical STA catalyst from the noble metal
group is the Rh-based catalyst, which is well known to produce
ethanol and C, oxygenates selectively [4-8]. However, a high Rh
amount (>4-5 wt%) and the high price of this precious metal have
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prevented its application and commercialization [9-12]. Therefore,
many other studies have attempted to carry out the STA reaction
using non-noble-metal catalysts for more economically viable
applications and commercialization. The non-noble-metal cata-
lysts for the STA reaction are mainly divided into three modified-
catalytic systems: methanol synthesis [2,13-15], the Fischer-
Tropsch (FT) process [16-20], and hydrodesulfurization catalysts
[13,21,22]. Among these non-noble-metal catalysts, copper-modi-
fied FT catalysts (e.g., Co—Cu and Fe-Cu-based catalysts) have been
considered as good candidates as STA catalysts given their higher
alcohol selectivity levels [3,23]. In Cu-modified FT catalysts, the
formation of higher alcohol can be expected due to the synergetic
effect of both Cu and FT elements (e.g., Co and Fe). FT elements
serve as active sites to dissociate CO forming a surface metal-alkyl
bond, whereas the Cu element influences alcohol formation by
facilitating the insertion of CO into the metal-alkyl bond [24,25].

Perovskite-type oxides (PTOs) have been used in a wide range of
applications as catalysts owing to their high catalytic activity, good
thermal stability, and low cost [26]. In particular, PTOs have been
used as FT and STA catalysts for the conversion of syngas to many
useful chemicals and liquid fuels owing to the uniformly
distributed active metal ion species at the atomic level in the
spinel structure [26-37]. Kaliaguine and coworkers extensively
studied Co-Cu-based perovskites (LaCo;_,Cu xO3_s, denoted as
GM) prepared by reactive grinding for the production of mixed
alcohols [32-35]. More recently, Liu’s group proposed a catalyst
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based on highly dispersed Cos04 supported on LaFeg;Cug 303 for
higher alcohol synthesis from syngas [30]. However, perovskites
prepared by conventional synthetic methods still have low specific
surface areas (<10m?/g) and poorly developed porosity, which
limit their efficiency in potential applications. Thus, many
synthetic routes have been proposed to increase the specific
surface area of PTOs by solid-state reactions, coprecipitation,
freeze drying, flame-hydrolysis, sol-gel processes (e.g., the citric
complex method), and reactive grinding [35,38-41]. However, the
resultant PTOs still presented rather low specific surface areas
below 30-40 m?/g due to the high temperature treatment required
to obtain suitably crystalline samples, except for the case of the
reactive grinding method. Only in recent years have mesoporous
PTOs (Meso-PTOs) with exceedingly high specific surface areas
reaching 100 m?/g and well-developed mesoporosity been syn-
thesized via solid templating synthesis using mesoporous silica as
a hard template. For example, Nair et al. and Sarshar et al.
synthesized mesoporous La;_xCe yBOs (B=Co, Mn) and LaBOs
(B=Mn, Co, Fe) for methane combustion and methanol oxidation
[42,43]. Wang et al. synthesized mesoporous LaCoO5 for methane
combustion [44] and Zhao et al. also prepared mesoporous LaFeO3
via a nanocasting route which showed excellent performance in
humidity sensing applications [45]. Among these developments, it
appears that nanocasting could be a viable method to synthesize
mesoporous mixed metal perovskite-based catalysts optimized for
STA reactions. Therefore, in the present work, we prepared Co-Cu-
and Fe-Cu-type mesoporous perovskite materials, LaCog;Cug 303
and LaFeq ;Cug 303, using the nanocasting synthesis. Furthermore,
we focus our investigations on the influence of the textural
properties of the mesoporous perovskite catalysts (Meso-PTOs)
and the process parameters on the direct conversion of syngas to
alcohols, which are investigated in a fixed-bed reactor.

Experimental details E
Synthesis of Meso-PTOs

A series of Meso-PTOs were synthesized using a modified
templating synthesis [42]. Before starting the hard template
synthesis, a KIT-6 (the three-dimensional (3-D) cubic Ia-3d
structure) ordered mesoporous silica (OMS) template was
synthesized according to the method in a previous report [7],
except for the higher hydrothermal temperature at 130°C. The
synthesis procedure of the Meso-PTOs is briefly described here.
First, a citrate complex of metal cations was used as the perovskite
precursor. The precursor was impregnated into the KIT-6 template
by a wet impregnation method. The chemical compositions of
PTOs (LaCog;Cug 303 and LaFey,Cug303) were selected following
previous literature suggesting these compositions to be most
suitable [30,33]. In a typical synthesis step for mesoporous
LaCog7Cug 303, La(NO3 )36H20 (48 mmol), CO(NO3)26H20
(3.36 mmol), and Cu(NO3),-3H,0 (1.44 mmol) were dissolved in
an ethanol/water mixture solution (15 ml/5 ml) of citric acid to
obtain an equimolar solution, which was added slowly to KIT-6
(2 g) dispersed in water (20 ml). The molar ratio of La metal ions
and citric acid was varied from 1:1 to 1:2. The mixture was stirred
overnight at room temperature, after which the solvent was
evaporated under a vacuum using a rotary evaporator. The powder
thus obtained was further dried at 80°C for 24 h, ground well in a
mortar, and calcined at 500°C for 4 h to remove the organic part.
Impregnation was repeated twice, using for the second time one
half of the amount of the precursor, to achieve higher loadings. The
final powder was calcined at 700 °C for 6 h, and the silica template
was then removed by treating the composite three times with
NaOH (2M) at room temperature. The obtained product was
washed with water and ethanol and dried overnight at 80°C. The

resultant Meso-PTOs are denoted as Meso-CoCu-CA1 and Meso-
CoCu-CA2 to represent ratios of the La metal ions to citric acid (CA)
of 1:1 and 1:2, respectively. The synthesis of mesoporous
LaFeq 7Cug 303 follows the same protocol described above, except
that the Co precursor was replaced by the Fe precursor, Fe
(NO3)3-9H,0. For comparison, bulk LaCog;Cug30s and LaFeg ;.
Cup303 samples were also prepared using the typical citric
complex method [46]. These are denoted as Bulk-CoCu and Bulk-
FeCu, respectively.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku  Multiplex instrument wusing Cu-Ko radiation
(A =0.15406 nm), operated at 40kV and 40 mA (1.6 kW). Trans-
mission electron microscopy (TEM) images were taken from the
thin edges of the particles supported on a porous carbon grid using
a Philips Tecnai G220 device operated at 200 kV. Scanning electron
micrograph (SEM) images were obtained with a Magellan
400 scanning electron microscope operating at 10kV. Nitrogen
sorption isotherms were measured at —196 °C on a Micromeritics
Tristar 3000 volumetric adsorption analyzer. Before the adsorption
measurements, all samples were outgassed at 300°C in a
degassing station. The Brunauer-Emmett-Teller (BET) equation
was used to calculate the apparent surface area from the
adsorption data obtained at a P/P, ratio between 0.05 and 0.2.
The total volume of micro- and mesopores was calculated from the
amount of nitrogen adsorbed when P/Py=0.95, assuming that
adsorption on the external surface was negligible compared to
adsorption in the pores. The pore size distributions (PSDs) were
calculated by analyzing the adsorption branch of the N, sorption
isotherm using the Barret-Joyner-Halenda (BJH) method. The
actual compositions of Meso-PTO catalysts were verified by
inductively coupled plasma atomic emission spectrometry (ICP-
AES, Spectro Ciros Vision). The XPS (ESCALAB 250, UK) investiga-
tion was carried out using a monochromic Al Ko X-ray source
(E=1486.6eV) and the data was processed with the XPSPEAK
software. The binding energy of the C 1s peak at 284.5eV was
taken as an internal standard and the background was fitted by the
Shirley method. Coke deposition of the catalyst was investigated
by recording weight changes on a thermogravimetric analyzer (TA
Instruments TGA Q500).

Catalytic tests

CO hydrogenation was performed in a lab-made fixed-bed
reactor system [7]. To avoid reaction by the stainless steel reactor,
the reactor was designed with an 8 mm inner diameter and a
35 cm copper tube inside the stainless steel tube. The end of the
tube is properly welded to seal any gaps between the stainless
steel tube and the copper tube. The reaction temperature was
controlled by a type-K thermocouple (Omega) and PID controller.
Syngas (H,/CO =2) was fed into the catalytic reactor at 60 ml/min
with a mass flow controller (MFC). The catalyst (0.3 g) was loaded
in the middle of the reactor and quartz wool was used to fill the
length of the reactor. Before the CO hydrogenation reaction, the
catalyst went through an H, reduction step at a 10 mlmin~—' flow
at 330°C (heating rate: 1.5°C/min) for 3 h. After reduction, the
temperature of the reactor was cooled to room temperature for
the removal of the adsorbed H; gas using N, as a sweep gas. This
CO hydrogenation reaction was performed at a gas hourly space
velocity (GHSV) of 12,000h~! at 320°C under 3.0MPa. The
effluent products were kept at 200°C by line heating and
measured by an on-line gas chromatograph (6100GC, Young Lin
Instruments, Co.) equipped with a thermal conductivity detector
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(TCD) and a flame ionization detector (FID). The H,, CO, CO,, and
CH4 contents in the effluent products were detected by TCD using
two capillary columns in a series in a molecular sieve 5A column
(3.175mm id x 1.83m) and a Porapak-Q column (3.175mm
id x 1.83 m); alcohols, other oxygenates, and hydrocarbons were
detected by means of FID using two packed columns in series and
with a DB-FFAP (0.320mm id x 30m) column and HP-PLOT-Q
column (0.530 mm id x 30 m). The CO conversion and production
carbon selectivity levels were calculated using equations de-
scribed in the literature [47],

CO conversion (%)=>"n ;:C(>_n ;-C; +Cco) x 100

Si (mol—C%)=n ,“CZI‘I +Cix 100 E

where S; is the selectivity of carbon-containing product i, n; is the
number of carbon atoms in the product i, C; is the molar
concentration of product i, and Cco is the molar concentration
of unreacted CO. For the investigation of the effect of the reaction
conditions, the CO hydrogenation reaction was utilized with
different reaction conditions, i.e., different temperatures, pres-
sures, and space velocities in this case. One catalyst was applied to
one single test set of a reaction condition. The value of the reaction
condition was changed from low to high. For example, the reaction
temperature was changed from 280 °C to 340 °C. In addition, before
changing to a higher temperature, we monitored the stability of CO
conversion for two to three hours.
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Results and discussiorE
Properties of Meso-PTO catalysts

Four different Meso-PTO samples were prepared via the hard-
templating method using KIT-6 mesoporous silica. In this study,
the KIT-6 template was hydrothermally treated in a Teflon-lined
autoclave at 130°C to obtain large mesopores. These enlarged
mesopores are converted to thicker frameworks of PTOs, which
could provide good structural stability during the OMS template
removal step. The synthesis of Meso-PTOs consisted of repeated
impregnation with the citrate complex of the desired metal
cations, followed by a calcination process. As shown in the upper
images in Fig. 1, the XRD patterns of the Meso-PTO samples show a
single diffraction peak in the low-angle region. The peaks are weak
and broad compared to the parent silica template, KIT-6. Except for
the Meso-CoCu-CA2 sample, the peak position of the single XRD
peak around 2 theta = 1.0° of all other samples would be indexed to
the (211) reflection by the determination of the main peak position
of the KIT-6 template (2 theta=~0.9°). After template synthesis,
the XRD peak usually shifts to a higher angle due to the structural
contraction and strain caused by the repeated thermal treatment
and the formation of the metal oxide crystal domains from the
metal citrate precursors. The Meso-CoCu-CA2 sample exhibits a
very weak peak at approximately 2 theta=0.8°, which indicates
relatively less well-defined mesoporosity compared to the other
samples. This sample also shows the broadest pore size
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Fig.1. Low-angle XRD patterns of KIT-6 mesoporous silica template and Meso-PTOs (top), and wide-angle XRD patterns of Bulk-PTOs and Meso-PTOs (bottom) (*: perovskite;
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Fig. 2. N, sorption isotherms and respective pore size distributions of Bulk-CoCu and Meso-CoCu samples (top), and Bulk-FeCu and Meso-FeCu samples (bottom).

distribution, as shown in Fig. 2, which provides additional
information regarding the less well-defined mesoporosity of the
Meso-CoCu-CA2 sample.

Wide-angle XRD patterns of the Meso- and Bulk-PTO samples
are shown in the lower images in Fig. 1. The XRD patterns of the
Bulk-CoCu and Bulk-FeCu samples are nearly identical to those
reported previously [30,33]. These patterns show the strong
reflections of perovskite-type mixed oxides, with the typical
orthorhombic symmetry of a perovskite-type phase. The Meso-
CoCu-CA1 and Meso-FeCu-CA1 samples prepared with low
amounts of citric acid (La®>*:CA=1 molar ratio) show no distinct
XRD peak diffraction of perovskite-type metal oxides. Only one
small and broad XRD peak was noted in the Meso-CoCu-
CA1 sample, which can be assigned to the presence of a small
amount of copper oxides. Amorphous mixed-oxide materials, as
determined by XRD diffraction, were obtained with low amounts
of CA, similar to earlier perovskite synthesis results without citric
acid [43]. In addition, a broad peak with very low intensity around
2 theta=27-33° was also present, indicating the occurrence of
amorphous residual silica or silicates. From the elemental analysis
of these samples (Table S1 in Supplementary material), the
amounts of the Si element were found to be approximately 4.1-
5.2 wt% irrespective of a further extensive treatment with 2M
NaOH. This findings stem from the existence of insoluble rare-
earth silicates from the strong interaction between the rare-earth
elements and silica [42]. In contrast, the samples with a high

amount of CA (La>":CA=2 molar ratio) exhibit characteristic XRD
peaks corresponding to the perovskite structure. The XRD peaks for
Meso-CoCu-CA2 and Meso-FeCu-CA2 in the wide-angle XRD
region are smaller and weaker than those of the bulk perovskite
samples, indicating the formation of relatively small perovskite
crystal domains in the Meso-PTOs.

As shown in Fig. 2, all of the prepared samples exhibit a type IV
isotherm shape with a hysteresis loop, indicative of the existence of
mesopores. The size of the hysteresis loop for the Meso-PTO-
CA2 samples is larger than that for the Meso-PTO-CA1 samples,
which reflects a broader pore size distribution. The pore size
distribution profiles (Fig. 2, right) clearly show that the samples
with a low amount of CA have a narrower pore size distribution
compared with the samples obtained with high CA amounts. This
well-defined mesoporosity for Meso-PTO-CA1 may have originat-
ed from the fact that the frameworks are composed of amorphous-
like mixed-metal oxides, whereas the Meso-PTO-CA2 samples
have small crystal domains of perovskite-type mixed oxides. With
an increase in the material crystallinity, the degree of meso-
porosity of the final template-free material usually decreased
during the template synthesis step. This may have been caused by
structural strain from the formation of a crystal domain that may
have led to the collapse of the ordered mesoporosity. Among the
two Meso-PTO-CA2 samples, Meso-FeCu-CA2 sample has a more
uniform pore size distribution than the Meso-CoCu-CA2 sample.
The detailed physicochemical properties of the Bulk-PTO and
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Table 1

Physicochemicamerties of Bulk-PTOs and Meso-PTOs.
Samples i SBET Vi WejH Wavg

(mz g—l)a (Cm3 g—l)a (nm)a (nm)a

Bulk-CoCu 9.1 0.02 - -
Meso-CoCu-CA1 155 0.25 7.5 6.0
Meso-CoCu-CA2 146 0.37 14.3 104
Bulk-FeCu 10.0 0.02 - -
Meso-FeCu-CA1 132 0.18 54 4.7
Meso-FeCu-CA2 207 0.46 7.3 8.2
GMP 215 - - 18.0°

@ Sger, apparent BET specific surface area; V;, total pore volume; wgyy, pore size
calculated using the BJH method and deduced from the highest point of pore size
distribution curve; wayg, average pore size.

> GM, the LaCog,Cug 505 sample synthesized by the reactive grinding in Ref. [33].

¢ Pore diameter determined form N, adsorption/desorption isotherms in Ref.
[33].

Meso-PTO samples from the N, sorption analyses are listed in
Table 1. The specific BET surface areas and pore volumes of the
Meso-PTO samples are in the ranges of 132-207 m?/g and 0.18-
0.46 cm?/g, respectively These values are significantly higher than
those of Bulk-PTO materials and GM, which was synthesized by
reactive grinding [33].

Fig. 3 shows the TPR-H, profiles of the prepared Bulk-PTOs and
Meso-PTOs. Bulk-CoCu prepared by the citric acid method shows
one broad main peak with a maximum around 240°C, which is
ascribed to the two successive reductions of Cu?>* and Co>* in the
perovskite lattice [33,48]. Metallic copper and cobalt are formed in
the reduction temperature ranges of approximately 350-450°C
and greater than 500 °C [48,49]. The Meso-CoCu-CA2 sample has a
TPR profile similar to that of the Bulk-CoCu sample. However, the
Meso-CoCu-CA1 samples show two distinct and separate peaks for
the reductions of Cu?* (193 °C) and Co>* (280°C) [32]. In addition,
the small shoulder peak of the Meso-PTO samples at 146 °C can be
attributed to the reduction of an extra-framework or separated
copper oxide. The shift of the reduction peaks for Cu?* and Co>" in
the Bulk-CoCu and Meso-CoCu-CA2 samples, in comparison to the
Meso-CoCu-CA1 sample, is attributed to the close vicinity and
electronic interaction of two metal ions in the perovskite lattice,
and promoting the reducibility of the cobalt ions by the reduced
copper species [32]. From these TPR results, the Meso-CoCu-
CA2 and Meso-CoCu-CA1 samples consist of a perovskite-type
structure and a mixed oxide phase, respectively, which is in
agreement with the powder wide-angle XRD results shown in
Fig. 1. For the La—Fe-Cu oxide samples, one obvious reduction peak
can be observed in the TPR profiles, which is the well-known
reduction peak for Cu?* in the perovskite structure. Bulk-FeCu
shows a main sharp peak with a shoulder at a maximum of 275°C
for the overlapping reduction of the lattice Fe** and Cu®* [30,48].
The broad peak around 340-600 °C corresponds to the reduction of
Fe3* cations in the perovskite lattice to Fe?* and the formation of
metallic Cu® from Cu* [48,50]. The Meso-FeCu-CA1 sample with a
low CA amount (La*:CA=1) also shows one sharp peak at 265°C
and one broad peak with weak intensity around 340-460°C
(centered at 380°C). Meso-FeCu-CA2 prepared with a greater
amount of citric acid shows distinct reduction peaks at around
140°C and 275 °C for the reduction of extra-framework Cu?* and
intra-framework Cu?*/Fe**, respectively. The temperature range of
the reduction peak for Fe** is around 340-440°C (a weak peak
centered at 370°C). With an increase in the amount of citric acid
used during the synthesis of the Meso-FeCu samples, the reduction
peaks of the Cu?* and Fe3* cations in the Meso-FeCu-CA2 sample
shift to higher and lower temperatures, respectively, as compared
with the Meso-FeCu-CA1l. This may be due to electronic
interactions between Cu?* and Fe>" species in the perovskite

Meso-CoCu-CA2

Meso-CoCu-CA1l

Intensity (a.u.)

Bulk-CoCu

10 00 300 400 500 600 700 800
Temperature ("C)

Meso-FeCu-CA2

Meso-FeCu-CAl

Intensity (a.u.)

Bulk-FeCu

100 200 300 400 500 600 700
Temperature (°C)

Fig. 3. TPR results of Bulk-CuCo and Meso-CuCo samples (top), and Bulk-FeCo and
Meso-FeCo samples (bottom).

lattice, making the iron ions more easily reducible by the reduced
copper [51].

TEM analyses were conducted to visualize the mesoscopic order
of the prepared Meso-PTO samples. The resulting TEM images are
shown in Fig. 4. Regular mesostructural pore ordering is clearly
observed in some of the domains of the samples, but disordered or
less defined mesoporous regions are also present, except for the
Meso-CoCu-CA2 sample. In this latter case, most regions have a
disordered mesoporous structure. This may be related to the very
weak peak in the low-angle XRD pattern (Fig. 1) of this material
compared to that of the other samples. Representative SEM images
of the Bulk-FeCu, and the Meso-FeCu-CA2 sample are shown in
Fig. 5. The SEM image of the Bulk-FeCu sample showed amorphous
slit- or plate-like morphologies, similar to the Bulk-CoCu sample as
shown in Fig. S1 in Supplementary material. On the other hand, the
Meso-FeCu-CA2 sample exhibited SEM images similar to those of
the KIT-6 template (Fig. S1 in Supplementary material), and the
other Meso-PTO samples also had a comparable morphology to the
KIT-6 silica template. Such similarities of the morphologies
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Fig. 4. TEM images of (a) Meso-CoCu-CA1, (b) Meso-CoCu-CA2, (c) Meso-FeCu-CA1, and (d) Meso-FeCu-CA2.

between the silica template and the resultant mesoporous
perovskite-type oxide samples are in line with the successful
network replication process occurring during the hard-templating
synthetic route, which also ensures efficient particle morphology
replication [52-54].

Effects of Meso-PTOs on STA activity

Fig. 6 and Table 2 show the CO conversion, higher alcohol
selectivity and productivity of the Bulk-PTO and Meso-PTO
catalysts during the CO hydrogenation reaction. The detailed
catalytic performances and product selectivities of these catalysts
are compiled in Table S2 in Supplementary material. Among the
catalysts with the La-Co-Cu composition, the observed CO
conversion and C,_4OH space-time-yield (STY) of Meso-CoCu-
CA1 were higher than those of the Bulk-CoCu and Meso-CoCu-

CA2 samples, even if this catalyst did not have a perovskite-type
structure. This outcome indicates that the presence of a perovskite
structure is not necessary to increase the STA catalytic perfor-
mance in the La-Co-Cu catalytic system. Between the two
perovskite-type catalysts (Bulk-CoCu and Meso-CoCu-CA2) the
STY for higher alcohols of Meso-CoCu-CA2 is greater than that of
Bulk-CoCu despite the fact that the C,_4OH selectivity appears
lower, which can be attributed to the higher CO conversion of the
Meso-CoCu-CA2 PTO catalyst (~1.4 times higher) compared to the
Bulk-CoCu PTO catalyst. The high CO conversion of the Meso-CoCu-
CA2 catalyst could mainly be due to the larger specific surface area
from the mesoporous PTO structure in the Meso-CoCu-CA2 sample
compared to that of the Bulk-CoCu sample. Interestingly, the non-
PTO structure, Meso-CoCu-CA1 (mixed-metal oxides with an
amorphous phase as determined by XRD analysis), has the highest
CO conversion and a high STY of higher alcohols with C,_,OH

Fig. 5. SEM images of Bulk-FeCu (left) and Meso-FeCu-CA2 (right).
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Fig. 6. CO conversion and selectivity and space-time-yield (STY) of C,_4 alcohols for
Bulk- and Meso-PTO catalysts.

selectivity similar to that of the Bulk-CoCu catalyst in the La-Co-Cu
composition. This phenomenon implies the formation of highly
dispersed monometallic (Co, Cu) or bimetallic (Co-Cu) oxide
species as a catalytically active component of STA during the
reaction. This could be correlated with perovskite- (La03, LaCoO3),
and silica- and carbon- (CNT) supported Co or Cu catalysts as
reported in the literature for the synthesis of higher alcohols from
syngas [24,31,35,55,56]. However, in our case, further investiga-
tions would be required to clarify this catalytic behavior and to
verify the hypothesis of CoCu nanoparticle formation in the case of
the Meso-CoCu-CA1 catalyst.

For the other catalytic composition, La-Fe-Cu, the two
mesoporous materials (Meso-FeCu-CA1 and Meso-FeCu-CA2)
show superior CO conversion rates in the STA reaction compared
to those of the Bulk-FeCu catalysts owing to their high surface areas
and well-developed mesoporosity. The order of the CO conversion
of these catalysts is Meso-FeCu-CA2 > Meso-CoCu-CA1 >>Bulk-
FeCu. The Bulk-FeCu catalyst shows almost no catalytic activity
below 1% of CO conversion but still exhibits good product
selectivity for higher alcohols. Interestingly, the perovskite
structure composed of La, Fe, and Cu reveals the lowest
selectivities of methane and C,. hydrocarbons in addition to the
highest selectivity of total alcohols (C;_4 alcohols). This product
selectivity distribution clearly indicates that the perovskite
LaFeg 7Cug 305 material suppresses the formation of methane via
the methanation reaction and facilitates CO insertion into the
surface absorbed alkyl species (*CXHy) for the formation of alcohols.
The non-perovskite-type sample (Meso-FeCu-CA1) shows a much
higher CO conversion, but it has less than half of the selectivity
toward C,_4,OH compared with the Bulk-FeCu catalyst. Almost half
of the syngas is converted over the Meso-FeCu-CA1 catalyst into
methane via the methanation reaction (selectivity of CH,=46.7%),
which is considered as the worst side-reaction during the STA
reaction because the feed gas (syngas, mixture of CO and H,) is
typically prepared by methane reforming. After CO dissociation on
the surface of the catalyst in the STA reaction, the adsorbed surface
carbide species (C') is successively hydrogenated by the adsorbed
surface hydrogen atom (H"), after which methane is finally formed.
This process is similar to the reverse reaction of methane
decomposition using a FeCu-type catalyst [57]. The Meso-FeCu-
CA2 sample clearly shows the greatest increase of CO conversion (a
40.9% increase) with a slight decrease in the C,_4OH selectivity (a
2.4% decrease) compared to the Bulk-FeCu sample. This can be
attributed to the characteristic structure of Meso-FeCu-CA2, which

Table 2
Catalytic activities of Bulk and Meso-PTO catalysts at 18 h.

Catalyst co C,_40OH STY?  Carbon selectivity (mol C%)

Conv. (mg/

(%) (g-cat h))

CHs MeOH C, 4OH" Other
Ca.0xy*©

Bulk-CoCu 26.8 198.8 347 03 214 17.4
Meso-CoCu-CA1  52.5 3753 343 03 20.5 17.7
Meso-CoCu-CA2 384 2210 39.0 27 16.4 17.2
Bulk-FeCu 0.8 8.9 148 269 30.4 8.0
Meso-FeCu-CA1  34.5 1772 46.7 1.8 143 114
Meso-FeCu-CA2  41.7 408.1 19.7 24 28.0 17.9

2 Co_4STY, space-time-yield of C,_4 alcohols.
b C,_4OH, alcohols with 2-3 carbons.
¢ Other C,.0xy, oxygenates with more than two carbon atoms.

has both mesoporosity and a perovskite-type phase. Mesoporosity
with a high surface area and relatively uniform mesopores could
increase the overall catalytic activity of the Meso-FeCu-
CA2 material (e.g.,, CO conversion) owing to the presence of
considerable numbers of active sites and facile mass transport
compared to the Bulk-FeCu catalyst. The perovskite structure of
Meso-FeCu-CA2 could preserve the good C,_4OH selectivity of the
Bulk-FeCu catalyst. Thus, these synergetic effects of the meso-
porosity and the perovskite structure finally provide the highest
C,_40H productivity (C,_4OH STY =408.1 mg/(g_cac h)) among all of
the catalysts prepared in this work. In addition, the methanation
reaction was still suppressed over the Meso-FeCu-CA2 catalyst, and
the methane selectivity remained below 20%. From the detailed
product selectivities shown in Table S2 in Supplementary material,
the Meso-FeCu-CA2 sample also demonstrates lower methanol
selectivity and higher C4OH and C4.0xy selectivity levels compared
to the Bulk-FeCu catalyst. It is plausible that additional reactions of
carbon chain growth were facilitated over Meso-FeCu-CA2 before
CO insertion in comparison to the outcome with the Bulk-FeCu
catalyst. When comparing the catalytic results between the two
mesoporous PTO samples (Meso-CoCu-CA2 and Meso-FeCu-CA2)
in Tables 2 and S2, the effect of the different metal (Co and Fe)
cations dispersed in the perovskite lattice on the STA reaction
could originate from the fact that Co species in the PTO lattice
facilitated the methanation reaction, whereas the Fe species
appeared to suppress the methanation reaction and enhance
carbon growth and CO insertion reactions after the C-O dissocia-
tion of the carbon monoxide.

The surface basicity of the samples was analyzed by CO,-TPD
(Fig. S2 in Supplementary material) because the carbon chain
growth for higher alcohol synthesis could also occur via base-
catalyzed aldol condensation [58-60]. One CO, desorption peak
was observed around 100°C for the Meso-CoCu-CA2 and Meso-
FeCu-CA2 samples. This represents weak basic sites on the surface
of these samples. Meso-CoCu-CA2 and Meso-FeCu-CA2 samples
showed two desorption peaks at around 100°C and 180°C. The
additional CO, desorption peak at 180°C indicates that the
existence of relatively stronger basic sites in the Meso-PTO-
CA2 samples compared with the Meso-PTO-CA1 samples. This
result revealed a contribution of somewhat stronger basic sites
related with the crystallinity of the Meso-PTO samples. Low
crystalline nature of the mixed oxide Meso-PTO-CA1 samples
could permit adsorbing additional CO,. Considering of the catalytic
results in Table 2 with these surface basicity properties, the weak
basic property of all the Meso-PTO catalysts may not have an effect
on the selectivity towards higher alcohols via base-catalyzed aldol
condensation.

Fig. 7 shows the CO conversion and the STY for C,. alcohol with
the time-on-stream (TOS) of the STA reaction over the Meso-PTO
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Fig. 7. CO conversion and total C,. alcohol STY over Meso-PTO catalysts with time-on-stream at 320°C, 3.0 MPa, GHSV of 12,000h~".

catalysts. The catalysts exhibited constant CO conversion and Cp.
alcohol STY throughout the reaction period. These results imply
that all of the catalysts with a mesoporous structure are stable and
preserve their catalytic activity without distinct deactivation
throughout the reaction. Fig. S3 in Supplementary material is a
representative TEM image of the spent Meso-FeCu-CA2 catalyst
after the STA reaction. The TEM image clearly shows that the
mesoporous structure of the Meso-FeCu-CA2 catalyst does not
collapse or deform into a non-mesoporous structure under the
reaction conditions of the STA process, providing a good clue about
the stability of these catalysts. As shown in Fig. S4 in Supplemen-
tary material, the wide-angle XRD pattern of the spent Meso-FeCu-
CA2 catalyst was nearly identical to that of the fresh catalyst.
Therefore, one can conclude that the perovskite structure of the
Meso-FeCu-CA2 catalyst was preserved during the course of the
STA reaction. Moreover, the amount of coke which formed for the
spent Meso-FeCu-CA2 catalyst after the 18h reaction was
estimated by a TGA analysis, as illustrated in Fig. S5 in
Supplementary material. The weight loss in the temperature
range of 260-600°C was 1.0 wt%. From these TGA results, only a
small amount of coke was formed, serving as an indication of good
catalytic longevity as well as good catalytic activity of the Meso-
FeCu-CA2 catalyst during the STA reaction.

Fig. S6 in Supplementary material shows the XPS spectra of the
fresh and spent Bulk-CoCu, Bulk-FeCu, Meso-CoCu-CA1, and Meso-
FeCu-CA2 catalysts. A detailed discussion of these XPS spectra is
given in Section S2 in the Supplementary Materials section. In the
cobalt 2p XPS spectra of the fresh Bulk-CoCu and Meso-CoCu-
CA1 materials, both Co?* and Co>" species are present in the fresh
La-Co-Cu oxide-type catalysts. The spent Bulk-CoCu and Meso-
CoCu-CA1 catalysts only exhibited Co?* species, indicating that the
La-Co—-Cu oxide-type catalysts maintained the Co®* species during
the STA reaction. The Co>* species may have been converted during
the hydrogen pretreatment at 330°C, thus retaining their state
during the STA reaction. For the Cu 2p spectra in the Bulk-CoCu and
Meso-CoCu-CA1 catalysts, Cu?* species existed in both the fresh
Bulk-CoCu and the Meso-CoCu-CA1 samples. However, Cu® species
were found in the spent Meso-CoCu-CA1 catalyst. The observed
Cu® species in the spent Meso-CoCu-CA1 catalyst could explain the
lowest reduction temperature of the extra-framework or separate
copper oxide in the TPR profile of the fresh Meso-CoCu-CA1, as
shown in Fig. 3. These XPS and TPR results for Meso-CoCu-CA1
suggest that the formation of Cu® species most likely occurred after
the hydrogen pretreatment, with the low-valence Cu® state
preserved during the STA reaction. This may thus be related to
the high catalytic activity of this Meso-CoCu-CA1 sample with a

non-PTO structure compared to the Bulk- and Meso-PTO catalysts,
as discussed above in Section “Effects of Meso-PTOs on STA
activity”. The wide-angle XRD pattern of the spent Meso-CoCu-
CA1 in Fig. S4 in Supplementary material shows a XRD pattern
similar to that observed for the fresh Meso-CoCu-CA1, which
reveals an amorphous phase of metal oxides. However, the small
and broad peak for CuO in the fresh Meso-CoCu-CA1 disappeared
after the STA reaction. From the Cu 2p XPS spectra, these CuO
species may be converted to metallic Cu; however, no distinct
metallic Cu peaks were observed in the XRD pattern of the spent
sample. This would suggest the presence of highly dispersed Cu
metal in this catalyst without aggregation during the STA reaction.
For the spent Bulk-CoCu catalyst, the XPS spectra show the
existence of Cu?* and Cu* species. For the fresh and spent Bulk-
FeCu and Meso-FeCu-CA2 catalysts, the Cu 2p spectra also show
features similar to those of the fresh and spent Bulk-CoCu catalysts.
These findings indicate that the spent Bulk-CoCu, Bulk-FeCu, and
Meso-FeCu catalysts may all retain both the Cu* and the Cu?*
species during the STA reaction, but the amount of the Cu* species
appeared to be greater than that of Cu?" according the greater XPS
peak area of Cu* compared to that of Cu?*. The Fe 2p peaks of the
fresh Bulk-FeCu and Meso-FeCu-CA2 catalysts showed Fe?* and Fe3
* components [61]. After the STA reaction, the spent catalysts also
showed similar Fe 2p peaks, as observed in the fresh catalyst. This
is a strong indication that the Fe chemical states did not change
during the reaction.

Effects of the Meso-FeCu-CA2 with different reaction conditions

In order to investigate the reaction conditions for high
productivity of higher alcohols, the best catalyst, Meso-FeCu-
CA2, was applied in the CO hydrogenation reaction under different
reaction conditions, that is, different reaction temperatures,
pressures, and space velocities of the gas feed. As shown in
Fig. 8, the catalyst was tested at various temperatures ranging from
280 to 340°C (other reaction conditions: 3 MPa and a GHSV of
12000 h~!). The conversions of CO of both catalysts increased with
an increase in the temperature due to the high activation energy
for the dissociation of adsorbed CO on the surfaces of the catalysts.
These CO conversions show sharp increases from 310°C to 320°C.
Moreover, the productivity of higher alcohols (C,_4OH STY) for the
Meso-FeCu-CA2 catalyst shows a similar trend to the CO
conversion, as the selectivities to the products are not greatly
changed with different temperatures. In the detailed product
selectivities reported in Table S3 in Supplementary material, CO,
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Eﬂoes not appear in this range of low reaction temperatures below
310°C. The selectivity to carbon dioxide only increases with an
increase in the temperature in the range of 310-340°C. We
attribute this behavior to water which may have formed during the
STA reaction, and applying a higher temperature may facilitate the
conversion of this water (together with CO) into CO, via a water-
gas-shift reaction [32].

Fig. S7 in Supplementary material shows the catalytic activity of
the Meso-FeCu-CA2 catalyst under various pressures ranging from
2 to 5MPa (320°C, and GHSV of 12000h~!). An increase in the
reactor pressure from 2 to 5MPa gradually increases both the
conversion of CO and the productivities of the higher alcohols and
C,. oxygenates. A similar trend to the effect of reaction
temperature was also observed. The higher reactor pressure
enables a more dissociative adsorption of CO on the Meso-FeCu-
CA2 catalyst. Moreover, the product selectivities do not show great
differences between the reactions performed at different pres-
sures. In comparison to the temperature effect on the productivity
of higher alcohols, the changes in the productivity with different
pressures in the reactor are minor. This suggests that higher
alcohol productivity is much more dependent on the temperature
than on the pressure. Fig. S8 in Supplementary material illustrates
the catalytic performance of the catalyst at different gas space
velocities (GHVS) from 4000 to 12000 h~! (320 °C and 3 MPa). With
an increase in the syngas feed flow rate, the CO conversion and
productivity of C,_4OH STY and C,.oxy STY both gradually
decrease. This can be explained by the fact that the increased
GHVS results in a decrease of the contact time between the feed gas
and the catalytic active sites, possibly leading to a gradual decline
in the conversion of CO. In addition, the product selectivities did
not differ greatly at different feed flow rates. Thus, the productivity
of higher alcohols over the Meso-FeCu-CA2 catalyst mainly
depends on the CO conversion among the reaction conditions
studied in this work. For a comparison of the mesoporous PTO
catalyst with findings in the literature, Table S6 in Supplementary
material shows the catalytic activities of typical perovskite-type
oxide catalysts for the STA reaction. The Meso-FeCu-CA2 catalyst
exhibits both better catalytic activity and better selectivity to
higher alcohols than typical PTO catalysts.

Conclusion

For synthesis of higher alcohols, two types of mesoporous
perovskite-type catalysts were prepared via a ha mplating
route using the citrate complexing method and a h hermally
treated I OMS template. These prepared catalysts have higher
surface and larger pore volumes than bulk-PTOs due to the
presence of mesopores in the materials, but the perovskite phase
was only obtained during the synthesis process using a consider-
able amount of citric acid. These catalysts showed high catalytic
performance for the production of higher alcohols and Cp.
oxygenates compared with bulk perovskite catalysts. In particular,
the mesoporous LaFeq ;Cug 303 catalyst (Meso-FeCu-CA2) showed
significant suppression of the methanation reaction and an
enhancement of the selective production of C3 and C4 alcohols
as well as C,. oxygenates. This result could be attributed to the high
dispersion of active sites owing to high surface provided by
mesoporosity in the retained perovskite structure. In addition, the
production of higher alcohols is strongly dependent on the process
variables when using the Meso-FeCu-CA2 catalyst. The CO
conversion varies with the reaction conditions, whereas the
production selectivities do not change substantially. The reaction
temperature is one of the key parameters having the greatest effect
on the CO conversion.
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