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ABSTRACT: Syngas conversion into ethanol by tandem catalysis
has exhibited its potential for the selective production of ethanol.
For practical applications, it is desired to develop a robust catalyst
system to enhance the CO conversion while maintaining high
selectivity to ethanol. Here, we report an efficient and stable triple-
tandem catalyst system consisting of CuZnAlOx/γ-Al2O3, pyridine-
modified H-MOR zeolite (Py-HMOR), and Cu1Zn2AlOx, which
catalyzes syngas to dimethyl ether (DME), DME carbonylation to
methyl acetate (MA), and MA hydrogenation to ethanol in tandem.
Both high CO conversion (52%) and satisfying selectivity to
ethanol (62%, excluding CO2) were achieved simultaneously,
leading to an unprecedently high ethanol space-time yield of 6.5
mmol g−1 h−1. In situ DRIFT and control catalytic tests were
designed to elucidate the intrinsic reason of the high activity and stability of Py-HMOR in the tandem system. The developed
tandem catalyst system presents a promising prospect for the direct ethanol manufacture from syngas.
KEYWORDS: syngas, ethanol, carbonylation, MOR zeolite, tandem catalysis

1. INTRODUCTION
Syngas conversion into C2+ oxygenates has been arousing
special interest in the catalysis field as it provides a promising
production route for fuels and chemicals from non-petroleum
resources such as coal, natural gas, and biomass.1,2 Ethanol, as
one of the most important C2+ oxygenates, has been widely
employed for medical and energy purposes.3 Conventionally,
ethanol is manufactured via grain fermentation, which
inevitably competes for food supplies of human beings.4,5

Intensive efforts have been devoted to the direct the synthesis
of ethanol from syngas by using a single catalyst, including Rh-
based, Mo-based, bi/multi-component catalysts, modified
Fischer−Tropsch catalysts and modified methanol synthesis
catalyst.6−15 Pitifully, the catalytic efficacy of the reported
catalysts is limited for practical applications (Table S1). The
main obstacle lies in achieving satisfied ethanol selectivity,
which demands an accurate control of C−C coupling between
intermediate CO dissociative and non-dissociative activation
species.16,17 Mostly, the concurrence of multiple elementary
reactions inevitably leads to the co-existence of multiple
reaction channels and thus the broadened product spec-
trum.4,16 Designing a system that could direct the reaction
proceeding toward a single targeted reaction channel is the key
for the high-selective preparation of ethanol from syngas.
Tandem/relay catalysis, in which different reactions are

sequentially placed in cascade, provides an alternative route to
control the reaction sequence and intermediates (Table
S2).18−25 Recently, Wang et al. designed a triple tandem
catalytic system for syngas conversion, sequentially combining

K+-modified ZnO−ZrO2, H-MOR zeolite, and Pt−Sn/SiC
catalysts, to achieve an ethanol selectivity of 90%.19 This
pioneering work preliminarily proved the efficacy of tandem
catalysis for ethanol synthesis, involving the sequential
occurrence of methanol synthesis, methanol carbonylation to
acetic acid (AA), and hydrogenation of AA. The CO
conversion was deliberately kept low, as the employed
carbonylation catalyst requires higher CO partial pressure.
The corresponding ethanol yield was thus far from satisfaction.
Moreover, the presence of AA in the products can bring
corrosive problem for the equipment, unfavorable for the
practical applications. In another work by the same group, the
AA intermediate was avoided by combining syngas to DME
(STD), DME carbonylation to methyl acetate (MA), and MA
hydrogenation in tandem.25 As the optimum carbonylation
catalyst only showed good stability at higher temperature
(603−643 K), low CO conversion (<12%) was also observed
due to thermodynamic limitations on the STD catalyst.
Developing an efficient carbonylation catalyst with high

activity (even at higher CO conversion) and stability is thus
the key for the tandem system. MOR zeolite, an important
member of the zeolite family, is hitherto the most effective
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catalyst for DME carbonylation.26−29 The Bronsted acid sites
(BASs) in the 8-membered ring (8-MR) side pockets of MOR
zeolite have been demonstrated to be the authentic catalytic
centers, while those in 12-MR channels are prone to side
reactions causing quick catalyst deactivation.30,31 Several
strategies have been reported to eliminate the acid sites in
12-MR channels and improve the catalytic performance,
including SiCl4 treatment,32 amine modification,26,33,34 and
acid dealumination.35 Besides, short diffusion length and low
surface barrier36−39 were also revealed to be positive for MOR
zeolite to achieve better carbonylation performance.
In this paper, we report a robust triple-tandem catalyst

system for syngas to ethanol, which involves the cooperation of
CuZnAlOx/γ-Al2O3 (for STD), pyridine-modified H-MOR
(Py-HMOR, for DME carbonylation), and Cu1Zn2AlOx (for
MA hydrogenation). Note that H-MOR nanocrystallites were
synthesized and utilized as the precursor for the preparation of

high-efficiency carbonylation catalyst Py-MOR. The inter-
mediate products and reaction atmosphere were precisely
controlled to make the three reactions proceed in harmony,
yielding high ethanol selectivity (62%), and ethanol yield (6.5
mmol g−1 h−1). The crucial factors determining the catalytic
activity and stability of the tandem system were investigated.

2. RESULTS AND DISCUSSION
2.1. Catalytic Performance of the Tandem System.

The tandem catalysis system for syngas conversion into
ethanol herein involves the cooperation of three reactions,
i.e., STD, DME carbonylation to MA, and the further
hydrogenation of MA to ethanol. The three reactions are
independent in nature, however, when placed in cascade, the
factors influencing the catalytic performance of the reactions
are interwoven, with the most notable influential factor of
intermediate gas compositions. In order to realize high-

Figure 1. Catalyst performance of different combinations and ratio optimization. (a) Combinations and performance of the catalysts, cat 1:
CuZnAlOx/γ-Al2O3; cat 2: Py-HMOR; and cat 3: Cu1Zn2AlOx. (b) Performance of Py-HMOR at 473 and 543 K in a dual-bed reactor. (c)
Combinations of cat 1, cat 2, and hydrogenation catalysts. (d) Effect of catalyst mass ratio on ethanol selectivity. (e) Tandem reaction pathways for
ethanol synthesis from syngas. Reaction conditions: H2/CO = 2, T = 543 K, P = 2.0 MPa, and F = 35 mL min−1 (F = 70 mL min−1 for cat 1);
catalyst loading for (a), cat 1: 0.20 g; cat 1/2: 0.10 g/0.20 g; cat 1/2/3 (1-2-3): 0.10 g/0.20 g/0.20 g; for (b), the same as cat 1/2 in (a); for (c), the
same as cat 1/2/3 in (a); for (d), the total weight of the catalysts is 0.50 g, and the coordinate scale represents the ratio of catalyst mass to total
mass. MA: methyl acetate; AA: acetic acid; and EA: ethyl acetate. The selectivity of organics was calculated on a molar carbon basis (CO2 free).
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efficiency synthesis of ethanol, the incorporation of efficient
catalyst for each reaction is certainly necessary. Meanwhile, the
fine-tuning of the reaction conditions in a way that all three
reactions proceed in a concerted way is equally important.
Different catalyst combinations and reaction conditions were

consequently designed and tested, and the representative
results are displayed in Figure 1. Note that the CO conversion
of the first STD section is always kept low in the previous
works in order to produce a relatively CO-enriched
atmosphere in favor of the DME carbonylation section.
However, the lower CO conversion undoubtedly hinders the
improvement of the overall efficiency of the system. This
dilemma promotes us to first investigate the optimal catalyst
system and conditions for the STD with higher CO
conversion. CuZnAlOx and γ-Al2O3 composite catalysts with
different ratios and proximity were prepared to catalyze the
STD reaction (Figure S1), which indeed involved the
sequential occurrence of CH3OH synthesis and its dehydration
to DME. Among the various catalysts and reaction conditions
(Table S3 and Figure S2), the powder-mixed CuZnAlOx/γ-
Al2O3 with a mass ratio of 2/1 showed the best catalytic
performance with a CO conversion of 56% and a DME
selectivity of 94% (excluding CO2) under conditions of 543 K,
2 MPa, and 10,000 mL gcat−1 h−1. The selectivity of CO2 in the
effluent product is about 31%, which implies the concurrence
of the water-gas shift reaction (WGS, CO + H2O�CO2 + H2)
on CuZnAlOx. The consumption of H2O via the WGS reaction
could lead to the right shift of the combined chemical equation
(2CO + 4H2�DME + H2O), resulting in improved CO
conversion. This is consistent with the results of thermody-
namic equilibrium calculations that STD has a higher CO
conversion than STM (Figure S3). In contrast, the catalytic
performance of the quartz wool separated CuZnAlOx|γ-Al2O3
catalyst is quite different, with a much lower CO conversion
(12%) together with inferior DME selectivity, and no CO2
could be detected in the product. This suggests the absence of
the WGS reaction, as the H2O molecules produced by γ-Al2O3
dehydration have no access to the CuZnAlOx. Powder-mixed
CuZnAlOx/H-ZSM-5 is also tested for the STD section, which
showed high initial CO conversion and DME selectivity
(Figure S4). However, the reaction stability is inferior to
CuZnAlOx/γ-Al2O3, possibly due to the fact that the methanol
intermediate is more likely to undergo deeper reactions on the
strong acid sites of H-ZSM-5. To summarize, powder-mixed
CuZnAlOx/γ-Al2O3 (mass ratio of 2/1) exhibits superior
catalytic performance for the STD reaction, in terms of both
catalytic activity and stability, and is consequently selected as
the catalyst for the first stage of the tandem system.
A variety of zeolites were integrated as the second stage

catalysts to catalyze the carbonylation of DME to produce MA
(Table S4). The results show that the product selectivity was
strongly dependent on zeolite topology (Figures S5−S8).
Among the zeolites tested, a relatively high MA + AA
selectivity of ca. 20% is observed on H-MOR. However, the co-
production of large amounts of hydrocarbons implies the
concurrence of methanol/DME to hydrocarbons (MTH) side
reactions in the 12MR channels of MOR zeolite, which would
undermine the long-term lifetime of the catalyst. To improve
the MA selectivity and catalyst lifetime, metal-modified MOR
was prepared and tested (Figure S9). Unfortunately, only
limited amelioration could be observed.
Pyridine-modified H-MOR was further explored as the

second-stage catalyst. Pyridine has been demonstrated to be

effective for selectively poisoning the acid sites in the 12-MR
channels of MOR and inhibiting the MTH side reactions.26,36

Given that DME carbonylation is commonly carried out in the
temperature zone of 453−493 K on Py-HMOR,40−42 a dual
bed reactor was first chosen for the test, which allowed the
sequential passage of syngas through CuZnAlOx/γ-Al2O3 at
543 K and Py-HMOR held at a lower temperature (473 K).
However, DME dominated the effluent products, while only a
marginal amount of MA and AA could be detected (Figure
1b). To improve the carbonylation activity of Py-HMOR, its
reaction temperature was elevated. From Figure S10, the MA +
AA selectivity shows a gradual increase together with decreased
DME proportion. No deactivation is observed during the 36 h
test at 543 K. The CuZnAlOx/γ-Al2O3 and Py-HMOR were
further assembled into one reactor (separated by quartz wool),
and similar to the results of the dual bed, a high CO
conversion (50%) and MA + AA selectivity (97%, containing
12% of AA) were also realized at 543 K. It is noted that 543 K
is rarely used for DME carbonylation on Py-HMOR, as quick
deactivation commonly occurs at this high temperature. The
unexpected stability of the tandem catalyst CuZnAlOx/γ-
Al2O3|Py-HMOR will be further clarified in the Section 2.4.
To finalize the complete assembly of the triple tandem

system, the hydrogenation catalyst was integrated after
CuZnAlOx/γ-Al2O3|Py-HMOR to hydrogenate MA and obtain
the target ethanol product (Figure 1c). Widely used Cu/SiO2
and Pt/Al2O3 catalysts only gave ethanol selectivity of 15 and
6.5%, respectively, implying their weak hydrogenation ability
under the tested conditions. CuZnAlOx was also tested as the
third-stage catalyst. In the resultant CuZnAlOx/γ-Al2O3|Py-
HMOR|CuZnAlOx tandem system, an enhanced ethanol
selectivity of 30% was observed. Optimization endeavors
were subsequently carried out to enhance its hydrogenation
capacity, mainly by adjusting the Cu/Zn ratios of the
CuaZnbAlOx catalysts (Figures 1c, S11, and S12). For
Cu4Zn1AlOx with the highest Cu content, a significant decay
of ethanol selectivity was observed as the reaction proceeded,
accompanied by an increased proportion of unreacted MA.
Following the increase of ZnO content, both the catalytic
stability and activity were significantly improved. The highest
ethanol selectivity reached 62% over Cu1Zn2AlOx (Cu/Zn =
1:2 in mole), approaching the theoretical upper limit for
ethanol selectivity (67% on a CO2-free base) via DME
carbonylation. In the meantime, an overall CO conversion of
52% can be realized. This led to a significantly improved
ethanol space-time yield (STY) of around 6.5 mmol g−1 h−1,
which should stand for the best value ever reported for syngas
to ethanol (Table S2). In addition, small amounts of ethyl
acetate (EA) were observed in the products, which should be
formed by the esterification reaction between AA and ethanol
over the acid sites of Cu1Zn2AlOx (Figure S13). The AA
selectivity is below 0.1%, which implies negligible corrosion
problem for the subsequent pipelines and equipment after the
reactor.
The influence of catalyst mass ratios is illustrated in Figure

1d and Table S5. The zone colored in red represents the
catalyst compositions with the best ethanol selectivity (55−
63%), where the catalyst masses of the three stages are around
0.10, 0.20, and 0.20 g (1:2:2). Deviation from this ratio leads
to a decreased ethanol selectivity. A higher loading of
CuZnAlOx/γ-Al2O3 in the first stage can result in a higher
CO conversion and consequently a decreased CO partial
pressure in the outlet of the first stage. This gas composition is
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not in favor of the catalytic efficiency of the second stage, as
DME carbonylation activity is known to be in positive
correlation with the partial pressure of CO. Moreover, the
excessive loading of Py-HMOR would lead to a deficiency of
DME in the atmosphere and decrease the catalyst stability. For
the hydrogenation catalyst in the third stage, its overloading
could further hydrogenate a considerable proportion of CO to
methanol, leading to an increased methanol selectivity in the
final product.
The effect of the catalyst proximity in the triple stages was

further investigated by catalytic evaluation of the randomly
mixed catalyst particles (Figure 1a). The products are
dominated by aliphatic hydrocarbons including CH4, C2−C4
alkanes and olefins. The distinct catalytic behavior demon-
strates that the sequential loading of the catalysts in the
tandem system is pivotal for the targeted synthesis of ethanol,
which ensures that the oxygenate intermediates follow the
designed reaction pathway (Figure 1e).
2.2. Catalyst Characterization. Figure 2 displays the

structural and acidity information of H-MOR and Py-HMOR.
The XRD patterns evidence their high crystallinity with typical
MOR structure (Figure 2a). SEM image indicates that the
MOR zeolite has a nano slab morphology with diameter of 300
nm and thickness of 80 nm (Figure 2b). TEM image and
selected area electron diffraction (SAED) pattern reveal that
the short dimension of the crystals runs along the c-axis
(Figure 2c), which would facilitate the mass transfer in the
carbonylation reaction. The surface area and micropore
volume of H-MOR determined by N2 physisorption are 435
m2 g−1 and 0.14 cm3 g−1, respectively, confirming the good
crystallinity of the sample. The 27Al MAS NMR spectra reveal
that H-MOR contains tetrahedral Al species (55 ppm) and

small amounts of octahedral Al species (0 ppm).43 However,
the 0 ppm resonance is absent on Py-HMOR, implying that
the octahedral Al in H-MOR is in effect framework-associated
species and could be reconverted into tetrahedral coordination
with the assistance of pyridine (Figure 2e).34 The 1H MAS
NMR spectra indicate that the Si(OH)Al signal at 3.9 ppm was
significantly weakened after pyridine modification, while the
signals of Si(OH) and Al(OH) were less affected (Figure
2d).44 The density of BASs in the Py-HMOR is determined to
be about 0.32 mmol/g. The BASs distribution is investigated
by FT-IR. According to the deconvolution calculations, the
percentage of BASs in 8-MR rises from 52% for H-MOR to
98% for Py-HMOR (Figure 2f). Moreover, similar weight loss
curves (Figure S14) can be observed for Py-HMOR before and
after 50 h of reaction, suggesting the negligible coke
decomposition during the reaction. These results demonstrate
that the BASs in the 12-MR of Py-HMOR are effectively
covered by pyridine, consistent with the high selectivity and
stability of Py-HMOR discussed in the above section.
The characterization results of hydrogenation catalysts

CuaZnbAlOx with different Cu/Zn ratios are presented in
Figure S11. Following the increase of the Cu/Zn ratio, the
XRD peaks ascribing to CuO are gradually augmented. The
reduced catalysts Cu1Zn2AlOx and Cu4Zn1AlOx were further
observed by XRD and TEM. The latter sample shows
obviously strong XRD peaks arising from Cu species. From
the TEM images, the average particle size of Cu1Zn2AlOx is
about 9.6 nm and the Cu species are uniformly dispersed in the
ZnO phase. However, for Cu4Zn1AlOx with higher Cu content,
the average particle size increases to 40 nm. The results of H2-
TPR indicate that following the gradual increase of Cu/Zn
ratio, the reduction peak becomes wide and moves toward high

Figure 2. Characterization of MOR catalysts. (a) XRD patterns, (b) SEM image, (c) TEM image and SAED pattern, (d) 1H MAS NMR spectra,
(e) 27Al MAS NMR spectra, and (f) acidic hydroxyl region of FT-IR spectra of the fresh catalysts. The arrows in (b) show the direction of c-axis.
The numbers in (f) refer to the percentage of BASs in 8-MR.
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temperature. This implies an increased difficulty in reduction,
arising from the large CuO particle sizes and their broadened
distribution, which is in line with the XRD and TEM results.
These results demonstrate that suitable Cu/Zn ratio is
important for CuaZnbAlOx to maintain high Cu dispersion
and thus to achieve high catalyst stability and MA hydro-
genation activity.

2.3. Effect of Reaction Conditions and Stability of
Tandem Catalysts. Figure 3a displays the catalytic perform-
ance of the triple tandem system (CuZnAlOx/γ-Al2O3|Py-
HMOR|Cu1Zn2AlOx) at different temperatures. Following the
temperature increase from 473 to 543 K, both CO conversion
and ethanol selectivity rise significantly, although the reactions
in the three stages are exothermic and thermodynamically
more favorable at lower temperatures (Figures S15 and S16).

Figure 3. Catalytic performance of tandem system under different reaction conditions (a−d) and stability evaluation (e). The pie chart in (e)
shows the distribution of C2 oxygenates in the product. Reaction conditions for (a): H2/CO = 2, P = 2.0 MPa, and F = 35 mL min−1; for (b), H2/
CO = 2, T = 543 K, and F = 35 mL min−1; for (c), T = 543 K, P = 2.0 MPa, and F = 35 mL min−1; for (d), H2/CO = 2; P = 2.0 MPa; and T = 543
K; for (e), H2/CO = 2, P = 2.0 MPa, T = 543 K, and F = 35 mL min−1; and weight of CuZnAlOx/γ-Al2O3, Py-HMOR, and Cu1Zn2AlOx: 0.10,
0.20, and 0.20 g. MA: methyl acetate; EA: ethyl acetate; AC: acetone; and C2 oxy.: EtOH, MA, and EA. The selectivity of organics was calculated
on a molar carbon basis (CO2 free).
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Below 543 K, the overall tandem catalysis system is more likely
to be kinetically controlled. At a lower temperature (e.g., 473
K), an obviously enriched CH3OH selectivity could be
observed, possibly due to the weak dehydration ability of γ-
Al2O3 under this condition. With the further temperature rise
to 553 K, the CO conversion declines, as thermodynamical
limitations start to prevail over the kinetical limitations.
Meanwhile, DME disappears in the products and hydrocarbon
selectivity rises to 15%, showing the enhanced competition of
side reactions (MA conversion) over Py-HMOR at high
temperature. Besides, it is noted that about 5% of acetone
(AC) is detected at 553 K, indicating the occurrence of new
conversion pathway.
The reaction pressure also affects the catalytic behavior of

the tandem system (Figure 3b). With the increase of pressure
from 1 to 5 MPa, the CO conversion shows a monotonous
increase from 23 to 73%, consistent with the thermodynamic
analysis for the STD reaction (Figure S17). The ethanol
selectivity increases in parallel with the pressure rising from 1
to 2 MPa, while an opposite trend is observed for MA + EA
due to the enhanced hydrogenation capacity of Cu1Zn2AlOx at
higher pressure. Moreover, the relatively high selectivity of
hydrocarbons and acetone observed at l MPa implies the
occurrence of side reactions on Py-HMOR, which should be
caused by the higher CO partial pressure and complete DME
conversion in the carbonylation section.41 With the pressure
increase from 2 to 5 MPa, the ethanol selectivity drops
dramatically, accompanied by a notable increase of DME
selectivity. This should be caused by the increased CO/DME
ratio on Py-HMOR at 5 MPa, though the partial pressure of
both CO and DME shows an increase. The existence of a large
amount of unconverted DME cause the observed low ethanol
selectivity.

Figure 3c shows the effect of H2/CO ratios on syngas
conversion. Not surprisingly, the CO conversion rises with the
increased H2/CO ratio, whereas an opposite trend is observed
for selectivity of MA + AA. A similar volcano curve is observed
for the variation trend of ethanol selectivity versus H2/CO
ratios. The maximum ethanol selectivity is achieved with the
H2/CO being 2. Further increasing the H2/CO ratio, the CO
partial pressure becomes too low for DME carbonylation,
leading to the low MA production in the second stage and
consequently the decreased ethanol selectivity in the final
product.
In addition, increasing the space velocity from 1000 to 8000

mL g−1 h−1 gave rise to a continuous decrease in CO
conversion (Figure 3d). Below 4000 mL g−1 h−1, the
excessively high CO conversion is not favorable for MA
formation, leading to the lower ethanol selectivity and larger
amounts of DME residues. When the space velocity is higher
than 4000 mL g−1 h−1, the low CO conversion leads to an
increased CO partial pressure and facilitates the carbonylation
reaction over Py-HMOR. However, complete DME con-
sumption caused increased selectivity of hydrocarbon and
acetone. Moderate space velocity of 4000 mL g−1 h−1 should
be a better choice, balancing CO conversion, ethanol
selectivity, and catalyst stability.
The above results demonstrate that fine-tuning the reaction

conditions in order that all the three reactions proceed in a
concerted way is pivotal for the efficiency of the tandem
system. According to the results, the optimal conditions for the
triple tandem system is determined (543 K, 2 MPa, 4000 mL
g−1 h−1 and H2/CO = 2). Based on this reaction condition, the
long-term stability of the catalysts was tested (Figure 3e). The
CO conversion was preserved above 50% during the 120 h
lifetime test with no obvious deactivation. The ethanol
selectivity is observed to be stably preserved above 60%

Figure 4. In situ DRIFT spectra of the effect of H2O on acidic hydroxyls and the formation of methoxy over Py-HMOR. (a) Dynamic changes of
acidic hydroxyl groups after introducing H2O at different temperatures and normal pressure. (b,c) DME adsorption on Py-HMOR in the presence
or absence of H2O at 473 K and 543 K. Adsorption conditions for (b,c): P = 2 MPa, 5% DME in N2 (35 mL min−1). For the introduction of H2O,
30 mL min−1 of N2 was passed through a water bath at 298 K at normal atmospheric pressure (a) or at 2 MPa (b,c).
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during the entire run. The total space-time yield of C2
oxygenates reached 7.5 mmol g−1 h−1, containing about 92
wt % of ethanol (6.5 mmol g−1 h−1) and 8 wt % of MA and EA.
To the best of our knowledge, such a high ethanol synthesis
efficiency has not ever been achieved for syngas conversion, be
it via the direct or indirect approach (Table S2). Moreover, the
spent catalysts after 120 h of reaction were characterized, and
the results are displayed in Figure S18. No obvious change in
crystal structure or particle sizes can be observed.
2.4. Understanding the Activity and Stability of Py-

HMOR in the Tandem System. Various experiments were
designed and carried out to understand the intrinsic reasons
for the inferior catalytic activity of Py-HMOR at 473 K and its
high stability at 543 K in the tandem system. It is speculated
that the low activity at 473 K may be caused by the existence of
a small amount of H2O in the effluents from the first section.
Moreover, the CH3OH in the effluents can also exert negative
influence as it yields H2O when forming methoxy. This
speculation was corroborated by the results of control
experiments using simulated outlet compositions of the first-
stage CuZnAlOx/γ-Al2O3 without H2O or CH3OH presence
(Figure S19).
In situ DRIFTS experiments were further carried out to

figure out the intrinsic reason on negative effect of H2O
molecules. It was revealed that H2O molecules can interact
with the acidic hydroxyls of zeolites, forming hydronium ions
or hydrogen-bonding to acid sites.45 The hydrolysis of Si−O−
Al bonds would become inevitable under high H2O partial
pressure, which even causes the collapse of zeolitic frame-
work.46 Thus, the influence of H2O on the acidic hydroxyls of
Py-HMOR was first investigated by in situ DRIFTS. As
illustrated in Figure 4a, the introduction of H2O at 473 K leads
to a rapid weakening of the peaks attributed to BASs (3590
cm−1). Meanwhile, the peak at 3660 cm−1 presented a
corresponding enhancement, which might arise from the
hydronium ions.45 With the increase of the temperature to 513
K, the influence of H2O shows a significant attenuation. In
addition, given that the presence of H2O may affect the
formation of methoxy from DME at the BASs,31 Py-HMOR
was pretreated with N2/DME or N2/DME/H2O at 473 K and
2 MPa, followed by N2 purging and spectra collection to
monitor the methoxy formation on the catalyst. From Figure
4b, before N2 purging, a multitude of absorption bands could
be observed between 2806 and 3009 cm−1 due to the gas phase
DME. Upon purging, these peaks disappear, and the hidden
peaks at 2964 and 2867 cm−1 can be observed, which arise
from surface methoxy formed by DME dissociation at the
BASs.47 However, cofeeding H2O leads to an obviously
reduced intensity of the bands, indicating that methoxy
formation can be significantly perturbed by H2O at 473 K.
With the temperature elevated to 543 K, H2O perturbance
obviously abates, corroborated by the slightly weakened
methoxy signals after cofeeding H2O (Figures 4c and S20).
Based on the above results, it can be summarized that at 473 K,
the H2O in the effluents from the first stage of tandem system
competes with DME to interact with the acidic hydroxyls of
Py-HMOR, disturbs the formation of methoxy, and causes the
inferior activity of Py-HMOR. At 543 K, both the attenuated
effect of H2O and the accelerated reaction kinetics lead to the
improved carbonylation activity of Py-HMOR.
Designed carbonylation reactions were carried out to

understand the high catalytic stability of Py-HMOR at 543
K. From Figure S21, DME almost completely converted over

Py-HMOR at 573 K under simulated effluent from the first
stage without H2O or CH3OH presence. The catalyst suffered
fast deactivation after 10 h. In contrast, under similar
conditions, a lower DME conversion and good catalyst
stability are observed over the tandem system (Figure 3e).
Evidently, H2O perturbance toward DME carbonylation still
exists at 543 K, although significantly attenuated compared
with that at 473 K. These results suggest that the avoidance of
complete DME conversion should be critical for catalyst
stability, as DME deficiency can hinder the re-establishment of
surface methoxy, undermine the catalytic cycles of carbon-
ylation, and cause the occurrence of MA to hydrocarbons and
subsequent catalyst deactivation. Additionally, the existence of
H2 in the feed gas was also revealed to be positive for inhibiting
coking and prolonging the catalyst stability (Figure S22).
Figure 5 illustrates the crucial factors determining the
carbonylation activity and stability of Py-HMOR in the
tandem system.

3. CONCLUSIONS
A triple tandem catalyst system CuZnAlOx/γ-Al2O3|Py-
HMOR|Cu1Zn2AlOx has been developed to efficiently convert
syngas to ethanol. Under the optimized conditions, the CO
conversion and ethanol selectivity can reach 52 and 62%,
respectively, together with a high ethanol space-time yield of
6.5 mmol g−1 h−1. CuZnAlOx/γ-Al2O3 possesses higher
catalytic stability than CuZnAlOx/H-ZSM-5 for the STD
reaction. The unavoidable formation of small amounts of H2O
from the first stage can have a strong interaction with the acidic
hydroxyls on Py-HMOR, disturb the methoxy formation, and

Figure 5. Illustration of the crucial factors determining the catalytic
activity and stability of Py-HMOR in the tandem system.
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decrease the carbonylation activity, which however can be
abated at an elevated temperature of 543 K. The excellent
catalytic stability of Py-HMOR resulted from the contribution
of pyridine modification, the controlled incomplete DME
conversion (ensuring the formation of abundant methoxy and
the smooth catalytic cycle), and the H2 reaction atmosphere.
This work demonstrates the promising application of tandem
catalysis for the large-scale manufacturing of ethanol from
syngas.
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