omogeneous & Bio- & Nano-

CATCHEM

CATALYSIS

Accepted Article

Title: Insight into the correlation between Cu species evolution and
ethanol selectivity in the direct ethanol synthesis from CO
hydrogenation

Authors: Xiaoli Li, Guohui Yang, Meng Zhang, Xiaofeng Gao,
Hongjuan Xie, Yunxing Bai, Yingquan Wu, Junxuan Pan, and
Yisheng Tan

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: ChemCatChem 10.1002/cctc.201801888

Link to VoR: http://dx.doi.org/10.1002/cctc.201801888

ChemPubSoc

L)

Check for
updates



http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.201801888&domain=pdf&date_stamp=2018-12-18

ChemCatChem

10.1002/cctc.201801888

WILEY-VCH

Insight into the correlation between Cu species evolution and
ethanol selectivity in the direct ethanol synthesis from CO

hydrogenation

Xiao-Li Li,*" Guo-Hui Yang,” Meng Zhang,*" Xiao-Feng Gao,*" Hong-Juan Xie,?
Yun-Xing Bai,™® Ying-Quan Wu,?® Jun-Xuan Pan, and Yi-Sheng Tan®

Cu/SiO; catalyst was prepared by the ammonia evaporation method
for the direct synthesis of ethanol from CO hydrogenation. The
catalyst exhibited the initial ethanol selectivity as high as 40.0 wt%,
which dramatically decreased from 40.0 to 9.6 wt% on the stream of
50 h. XRD, XPS, TEM and N0 titration techniques were employed
to elucidate the ethanol selectivity change and catalyst structure
evolution during reaction process. The experiment and
characterization results indicated that both Cu*/(Cu*+Cu®) value and
copper crystallite size had great effects on the ethanol selectivity.
During the initial 38 h, the ethanol selectivity obviously decreased
from 40.0 to 18.2 wt%, and Cu'/(Cu™+Cu® value on the catalyst
surface rapidly dropped from 0.67 to 0.39, while the copper
crystallite size remained almost unchanged. However, during the
reaction period of 38-50 h, the Cu'/ (Cu™+Cu®) value possessed no
distinct change, but a further decrease in ethanol selectivity and a
rapid aggregation in Cu particles were observed simultaneously. The
present systematic investigation demonstrated that the decrease of
Cu'/ (Cu*+Cu® value was the main factor for the loss of ethanol
selectivity during the initial 38 h, whereas the rapid growth of Cu
particles during the reaction period of 38-50 h were mainly

contributed to the further decline of ethanol selectivity.

Introduction

Ethanol is widely used as fuel, fuel additive, and even a
potential substitute for gasoline [1-2]. Besides, it is also an
important intermediate for value-added fine chemicals [3-4]. With
increasing concerns for environmental pollution and depletion of
nonrenewable petroleum resources, the direct synthesis of
ethanol from CO hydrogenation, since its high atom economy
and low waste emission, has attracted growing attention in a few
decades [4-6].
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Typically, suitable catalysts for higher alcohols synthesis
from CO hydrogenation can be divided into the following types:
the modified Cu-based methanol synthesis catalysts [7, 8], the
modified Fischer-Tropsch synthesis catalysts [9], the Mo-based
catalysts [10-12] and the Rh-based catalysts [13]. Among these
catalysts, the Cu-based catalysts have been widely investigated
because of their high activity and low price [3, 14-17]. It was
found that the ethanol selectivity could achieve ~ 40 Cmol% in
the direct ethanol synthesis from CO hydrogenation over Cu-
based catalysts [7, 9-11, 14-17]. Unfortunately, the previous Cu-
based catalysts employed for direct synthesis ethanol from CO
hydrogenation generally suffered a rapid deactivation, especially
the decline in ethanol selectivity, which limited its further large-
scale application.

It is generally thought that Cu dispersion and/or the
distribution of Cu® and Cu* species have great influence on the
product selectivity during the hydrogenation process over Cu-
based catalysts [18-26]. Tuning catalyst preparation parameters
(e.q. [18-22], Cu [23-26],
temperature [24]) of Cu-based catalysts is really efficient to

promoters loading calcination
modify Cu dispersion and Cu*/(Cu® + Cu") value. According to
the previous literatures, it is plausible that both more dispersed
Cu species and higher Cu*/(Cu’+Cu’) value are effective to
improve the product selectivity. However, since the catalyst
preparation process is tedious, the above-mentioned catalyst
system is too complicated to obtain a clear and intrinsic
explanation on the evolution of catalyst structure during the
reaction process.

To rule out the influence of catalyst preparation parameters
on catalyst structure, comparing the catalyst structure at the
reduced and spent stages is an alternative approach to clarify
the structure-performance relationship of Cu-based catalysts for
hydrogenation process. Sun et al. [27] pointed out that the
severe sintering and the formation of CoxC species on the used
catalyst caused the decline of activity. Sahibzada et al. [28]
studied the loss of Cu/ZnO/Al,O3 activity for methanol synthesis
from CO hydrogenation. They demonstrated a similar conclusion

that the decrease in methanol selectivity was resulted from the
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sintering of Cu particles. Shen et al. [29] found that the Cu/SiO,
catalyst showed outstanding activity with a total selectivity of
95 % for ethanol and methanol during dimethyl oxalate (DMO)
hydrogenation. It was found that the average size of copper
but the

Cu*/(Cu®+Cu*) ratio increased during the course of reaction. By

particles kept unchanged in the spent catalyst,
comparing the reduced and used catalysts, Zhao et al. [30]
reported that the activity loss of ethanol formation from DMO
over Cu/SiO, catalysts was mainly attributed to the destruction
of suitable surface Cu* and Cu° distribution and to the decline of
Cu dispersion. T. Wiliams et al. [31] also found that the
imbalance of Cu* and Cu’ species and crystallite aggregation
resulted in rapid decrease of ethanol selectivity during DMO
hydrogenation. Comparing the structure changes on the reduced
and spent catalysts provided a superficial understanding of the
relation between structure evolution and performance of Cu-
based catalysts. However, the main factor, which influenced the
performance (activity and/or selectivity) change, was still
equivocal and controversial.

Based on the above literatures, we are convinced that
investigating the correlation between Cu species evolution and
performance over a simplified catalytic system is vital to explore
the key factor on ethanol selectivity change during the reaction
process. In heterogeneous catalysis, metals or metal oxides are
traditionally dispersed as nanoscale particles on a support with a
large surface to maximize the number of exposed active sites
[32]. As reported [33-36], copper species are much easier to be
highly dispersed on Al,O3; or SiO, support with large surface in
comparison to the TiO, support with a small surface. Despite
that Al,O3 support has been used for widespread applications,
the relatively high quantity of acid sites on Al,O3; surface may
catalyze unwanted isomerization or oligomerization reactions
according to many studies [28, 32, 36, 38]. Therefore, in the
present study, an inert SiO, support with a large surface was
considered as a suitable choice [20-23, 39].

In this work, we prepared a simple Cu/SiO, catalyst using
the ammonia evaporation method and evaluated its performance
for ethanol synthesis from CO hydrogenation. The ethanol
selectivity at initial 14.5 h over the catalyst achieved to 40.0 wt%
but sharply decreased to 9.6 wt% when the reaction time was
enhanced to 50 h. In the whole reaction process, the major
alcohol products were methanol and ethanol (above 98.9 wt%).
To elucidate the reason for the decline of ethanol selectivity, the

evolution of Cu/SiO, catalyst structure at different stages was
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investigated by the characterization techniques, including X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Transmission electron microscope (TEM) and NyO titration.
Furthermore, the correlation between the structure evolution and
the decrease of ethanol selectivity during reaction process was

systematically discussed.

Results and Discussion
Performance of Cu/SiO, catalyst

The performance of Cu/SiO; catalyst for ethanol synthesis
via CO hydrogenation was evaluated and the results were
presented in Fig. 1. The total alcohols selectivity showed a
decrease trend (from 30.2 to 23.9 %) with reaction time.
Obviously, the primary products over Cu/SiO, catalyst were
methanol and ethanol (~98.9 wt%) during the whole reaction
process, while the selectivity of ethanol sharply decreased from
40.0 to 9.6 wi%,

dramatically increased from 58.9 to 90.0 wt%. Here, in order to

simultaneously, methanol selectivity
investigate the relation between the structure evolution and loss
of ethanol selectivity during reaction, the Cu/SiO, catalyst at
different stages was studied by XRD, XPS, TEM and NO

titration.
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Fig. 1. Performance of Cu/SiO; catalyst for CO hydrogenation as a function of

reaction time
Reaction conditions: T = 300 °C, P = 3 MPa, GHSV = 5000 h™", H,/CO = 2.5.

Catalyst characterization

Fig. 2 showed the XRD patterns of CS-calcined, CS-
reduced, CS-reaction-14.5 h, CS-reaction-28 h, CS-reaction-38
h and CS-reaction-50 h, in which the diffraction peak at around
22° came from amorphous silica [34]. The XRD pattern of the

CS-calcined sample showed two strong diffraction peaks at 26 of

This article is protected by copyright. All rights reserved.



ChemCatChem

35.6 and 38.7° along with two weak peaks at 48.8 and 61.5°,
which were attributed to the typical peaks of CuO (JCPDS no.
05-0661) [40-42]. For CS-reduced sample, the peaks of CuO
phase almost disappeared, accompanied by the observable
Cu,O peaks at 36.6 and 42.4° (JCPDS no. 034-1354). It
indicated that most of CuO phase could be reduced to Cu®
species after reduced in the fixed-bed reactor, consistent with
the previous report by Zhao et al. [30]. It was found that the
peaks of Cu,O were dramatically weakened with the
enhancement of reaction time until they were vanished when the
three weak
diffraction peaks at 28 of 43.3° 50.4° and 74.1° for Cu (JCPDS
no. 04-0836) emerged in CS-reaction-14.5 h sample [19]. The
intensities of Cu diffraction peaks remained almost unchanged in

reaction was evaluated to 50 h. Meanwhile,

the first 38 h but displayed an obvious growing with a further
increase of reaction time. The significant sharpening of Cu
diffraction peaks indicated that Cu particles possessed a severe
aggregation during the reaction process, which is probably
because that the reaction temperature (300 °C) in this work is
higher than the Hiittig temperature of Cu (134 °C) [43] and the
CO hydrogenation to ethanol is an exothermic reaction. From
the calculation results based on the Scherrer equation (Table 1),
the Cu crystallite size showed a quite slight growth before 38 h
reaction and markedly increased from 15.8 to 27.3 nm when the
reaction time increased from 38 to 50 h. These results clearly
revealed that the CuO phase could transform into Cu>O during
the reduction process and the Cu,O species would be further
gradually reduced into metallic Cu during the CO hydrogenation
process [26, 30].

CS-reaction-50 h|
*
A
CS-reaction-38 h|

CS-reaction-28 h|

Intensity / a.u.

CS-reaction-14.5 h|
N

CS-reduced|

CS-calcined|

|
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Fig. 2. XRD patterns of catalysts: CS-calcined, CS-reduced, CS-reaction-14.5
h, CS-reaction-28 h, CS-reaction-38 h and CS-reaction-50 h
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Table 1 Crystallite sizes of CuO, Cu,0 and Cu over CS-calcined, CS-reduced,
CS-reaction-14.5 h, CS-reaction-28 h, CS-reaction-38 h and CS-reaction-50 h
catalysts

Crystallite sizes (nm)™®

Samples
CuO Cu,0 Cu
CS-calcined 14.4

CS-reduced 5.0 18.1
CS-reaction-14.5 h - L7/ 13.7
CS-reaction-28 h - 6.5 14.9
CS-reaction-38 h - 5.9 15.8
CS-reaction-50 h - - 27.3

[a] CuO, Cu,0 and Cu crystallite sizes calculated by the Scherrer formula

952 —ols 938 o5
B.E (eV)
Fig. 3. Cu 2p XPS spectra of catalysts: (a) CS-calcined (b) CS-reduced
(c) CS-reaction-14.5 h (d) CS-reaction-28 h (e) CS-reaction-38 h
(f) CS-reaction-50 h
XPS analysis was carried out to elucidate the chemical
states of Cu species. As displayed in Fig. 3, for the CS-calcined
sample, the Cu 2ps, peak at ~933.0 eV, Cu 2p+,, peak at ~954
eV and the satellite peak at 942-944 eV could be observed,
indicating that copper existed in the oxidation state of +2 [44].
Considering the asymmetry of the Cu 2p32 envelope, the peak of
CS-calcined

contributions centered around 933.4 and 935.6 eV, which were

sample could be deconvoluted into two
corresponding to CuO and copper phyllosilicate, respectively
[42]. After the sample was reduced, the peak at 933.4 eV of CuO
shifted toward lower BEs (932.7eV), revealing that the CuO
phase was reduced to a low valence state of +1 or 0. However,
the peak at 935.6 eV of copper phyllosilicate and the satellite
peak at 942-944 eV were still detectable in the CS-reduced

sample, confirming that a temperature of 300 °C was insufficient
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to reduce the CS-calcined sample due to the strong interaction
between silica support and Cu species. It was found that the
characteristic peaks of copper phyllosilicate (935.6 eV) and Cu
2p satellite peak (942-944 eV) apparently weakened along with
the reaction time and disappeared at 50 h. It suggested that
most of Cu?* species were reduced to Cu* or Cu® when reaction
time was 50 h. These results revealed that the copper valence

transition occurred during CO hydrogenation.

581 574 567
B.E (eV)

Fig. 4. XAES spectra of catalysts: CS-calcined, CS-reduced, CS-reaction-14.5
h, CS-reaction-28 h, CS-reaction-38 h and CS-reaction-50 h

The amount of Cu* and Cu® could be determined via X-ray
auger electron spectra (XAES). In the XAES spectra of CS-
reduced sample (Fig. 4), the appearance of two obvious
overlapping peaks at around 570 and 574 eV was employed to
distinguish between Cu® and Cu* species [23, 45]. From the
deconvolution results (Fig. 4), the molar ratio of the surface

Cu*/(Cu’+Cu") was significantly affected by reaction time. The
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Cu*/(Cu*+Cu°) value dramatically decreased from 0.67 to 0.39
within first 38 h and tended to be stable after 38 h. These results
indicated that the chemical states of copper species in Cu/SiO;
catalyst underwent changes during reaction, which directly
affected the Cu*/(Cu*+Cu°) value.

The TEM images of CS-calcined, CS-reduced, CS-reaction-
14.5 h, CS-reaction-28 h, CS-reaction-38 h and CS-reaction-50
h were given in Fig. 5. It was easily observed that the metal
nanoparticles were distributed uniformly on the silica surface for
the catalyst after calcined. As shown in Fig. 5, the particle
diameter distribution possessed the mean particle size of
approximately 5.2 nm on the CS-reduced sample. In addition,
the average crystallite size did not obviously increase (5.0 ~ 5.8
nm) before 38 h, while the particle size grew significantly from
5.8 to 8.9 nm when the reaction time increased from 38 to 50 h.
These results were in good agreement with XRD.

The Cu® surface areas (Scu() of CS-reaction-14.5 h (187.4
m?g-Cu), CS-reaction-28 h (193.1 m?g-Cu), CS-reaction-38 h
(186.9 m?/g-Cu) and CS-reaction-50 h (116.0 m?/g-Cu) catalysts
were measured using N2O titration. During the initial 38 h, the
Scuo) Vvalue (~ 190 m?g-Cu) remained almost unchanged.
Interestingly, Cu particle size did not obviously change before 38
h, as revealed by XRD and TEM results. Nevertheless, the Scy()
value clearly decreased from 186.9 to 116.0 m%*g-Cu when the
reaction time increased from 38 to 50 h, resulted from the
aggregation of Cu particles [3, 20, 26, 30, 43]. Consistently, the
above-discussed XRD and TEM results showed the similar
variation trend during the reaction period of 38-50 h. Thus, the
evolution of Cu particle size was systematically investigated

based on the aforementioned characterizations including XRD,

TEM and N.O titration.
|||5.0 nm
M.

52nm(3

Fig. 5. TEM images of catalysts: (1) CS-calcined, (2) CS-reduced, (3) CS-reaction-14.5 h, (4) CS-reaction-28 h, (5) CS-reaction-38 h and (6) CS-reaction-50 h
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Discussion of Cu species evolution

Fig. S1 showed the in situ XRD patterns of Cu/SiO; catalyst
during the reduction and reaction process. In accordance with
the results displayed in Fig. 2, the XRD pattern of the CS-
calcined sample showed three strong diffraction peaks at 26 of
35.6, 38.7 and 48.8 °, ascribed to the typical peaks of CuO
(JCPDS no. 05-0661) [40-42]. During the reduction process, it is
easily observed that the intensities of CuO diffraction peaks
decreased gradually, accompanied by the observable Cu,O
peaks at 36.5 and 42.4° (JCPDS no. 034-1354). Moreover, after
reduction treatment, most of CuO phase could be reduced to
Cu® species. When the catalyst was exposed under the Hy/CO
mixture gas, the peaks of Cu,O were dramatically weakened
with the enhancement of operation time. Simultaneously, three
diffraction peaks at 28 of 43.3° 50.4° and 74.0° for Cu (JCPDS
no. 04-0836) emerged [19]. The intensities of Cu diffraction
peaks increased slightly in the initial reaction period but
displayed an obvious growth with time further increased, which
indicated that Cu particles possessed a severe aggregation.
These results were in good agreement with the discussion of the
conventional XRD.

According to the XRD (including conventional and in situ
results) and XPS analysis, it was suggested that the Cu.O
species can be reduced into metallic Cu, thereby resulting in the
decrease of Cu*/(Cu*+Cu’) value with reaction time. H. Oguchi
and his co-workers [46, 47] reported that Cu,O was more stable
than Cu metal. It revealed that, when the Cu®/(Cu™+Cu®) value
was high, the high Cu* species density around Cu® species
could efficiently fix copper species and retard the particle growth.
However, when Cu*/(Cu++Cu°) value was below a certain value,
the metallic Cu migration was not able to be suppressed
because of the relatively low Cu® species density. Thus, the
rapid aggregation of Cu particles occurred inevitably during the
reaction period of 38-50 h (XRD, TEM, N2O titration).

Based on the characterizations above, the proposed Cu
species evolution over Cu/SiO; catalyst was displayed in Fig. 6.
As described in Fig. 6, the copper species were highly dispersed
on the silica surface. CuyO phase (Cu” species) was the main
copper species and high Cu*/(Cu*+Cu®) value was detected in
the CS-reduced sample. After reduced, feed gas (CO + H,) was
introduced into the reactor. Cu,O (Cu® species) gradually

reduced into metallic Cu with reaction time and thus the value of
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Cu*/(Cu*+Cu°) declined. When the Cu*/(Cu*+Cu°) value was
relatively high, the high Cu* species density around Cu® species
could efficiently fix copper species and, hence, the particle size
remained unchanged. However, when Cu*/(Cu*+Cu®) value was
below a certain value, due to the lower Hutting temperature of
Cu (134 °C) [44, 46, 47] and the exothermic CO hydrogenation,
the low amount of Cu® species in vicinity of metallic Cu could not
hamper the metallic Cu of migrating, consequently resulting in
the migration and aggregation of Cu particles.

‘ o Deactivation:
@ (@ Valence changes
(@ Aggregation of Cu particles

Fig. 6. Schematic representation of the deactivation of Cu/SiO; catalyst

Study on the correlation between structural

evolution and the change of ethanol selectivity

In the entire process of CO hydrogenation, the primary
products over Cu/SiO, catalyst were methanol and ethanol
(above 98.9%). During reaction, the selectivity of ethanol sharply
decreased from 40.0 to 9.6 wt%, while methanol selectivity
dramatically increased from 58.9 to 90.0 wt%. According to the
characterization results, the CuO phase was observed in CS-
calcined sample, and most of CuO phase (Cu® species)
transformed into Cu,O after reduction treatment and then the
Cu" species could be further reduced to Cu® species gradually
with reaction time (Fig. 2, 3). The Cu*/(Cu*+Cu®) value on the
catalyst surface significantly dropped from 0.67 to 0.39 during
the initial 38 h and tended to be stable after 38 h (Fig. 4).
Conversely, the copper crystallite size did not change obviously
before 38 h, but it grew rapidly with the further increase of
reaction time (Fig. 2, 5). Here, a plot of ethanol selectivity,
Cu*/(Cu*+Cu°) value and copper crystallite size versus reaction
time was presented in Fig. 7. It was obvious that both the
Cu*/(Cu™+Cu°) value and copper crystallite size influenced the

ethanol selectivity. To further understand the correlation between

This article is protected by copyright. All rights reserved.
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Cu species evolution and ethanol selectivity change during the
reaction, Fig. 7 can be roughly divided into two stages: 0-38 and
38-50 h.
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Fig. 7. Ethanol selectivity, Cu*l(Cu++Cu0) and Crystallite size as a function of

reaction time

During the initial 38 h, the ethanol selectivity decreased
from 40.0 to 18.2 wt%. The value of Cu*/(Cu*+Cu’°) declined
sharply, while the copper crystallite size kept almost unchanged.
This result revealed that the Cu*/(Cu*+Cu®) value was closely
related to ethanol formation before 38 h. Ma et al. reported [23,
30, 44] that the Cu® species boosted the H, decomposition and
Cu" species facilitated the C-O cleavage in CHxO by polarizing
the C=0 bond to increase the content of CHx species, thus
favoring the formation of ethanol. The authors also pointed out
that the synergy effect of Cu*-Cu® species required a suitable
amount of the two sites in catalyzing methyl acetate to ethanol.
In addition, in our previous studies on K-Cu/Al,O3 catalysts [37],
we found that the synergy of Cu™ and Cu’ species played an
important role in ethanol synthesis via CO hydrogenation.
Hence, the cooperation of Cu™ and Cu® sites on the catalyst
surface should be considered as a key cause for the loss of
ethanol selectivity during the initial 38 h. A possible mechanism
of ethanol synthesis from CO hydrogenation was proposed in
this work (Fig. 8). As displayed in Fig. 8, the Cu° species on the
Cu/SiO, catalyst surface boosted the H, decomposition and
provided H species [13, 23, 44, 48]. The CHxO species, formed
by CO hydrogenation, has been considered as the key reactive
intermediates involved in ethanol formation [49] and Cu® species
as electrophilic or Lewis acidic sites were proposed to act
toward accelerating the C-O cleavage in CHxO to give CHx
species [13, 23]. Then, the CHxCO species formed by CO

insertion into CHx and terminated by H species, thereby turning
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into ethanol (The results of in situ Fourier transform infrared
results and
When

Cu*/(Cu*+Cu%) value decreased, as shown in Fig. 8, the

convinced our assumption and the relevant

discussion were put in supporting information.).
decrease in the amounts of Cu® sites restrained the C-O
cleavage in CHxO, and the amounts of CHx species was bound
to decline, which inevitably resulted in a decrease in ethanol
selectivity. Meanwhile, the content of CHxO species increased
on the catalyst surface by limiting the C-O cleavage in CHxO.
Then, the CHxO species basically underwent a step-wise
Thus,

significantly improved with decreasing in the Cu*/(Cu*+Cu°)

hydrogenation  to  methanol. methanol  selectivity

value (Fig. 1).

Fig. 8. Schematic representation of methanol and ethanol from CO
hydrogenation over Cu/SiO, catalyst

During the reaction period of 38-50 h, the ethanol selectivity
still showed a continuing decrease, although the Cu*/(Cu*+Cu®)
value did not change significantly, the value of Cu*/(Cu*+Cu°)
after 38 h were so small that the low Cu® species density in
vicinity of metallic Cu could not hamper the migration of Cu
particles (Cu,O was more stable than Cu metal [46, 47]).
Moreover, the exothermic CO hydrogenation also boosted the
accumulation of Cu particles. Thus, the further decrease in
ethanol selectivity may be caused by the aggregation of Cu
particles when the reaction time increased from 38 to 50 h (Fig.
7). In addition, a further increase in selectivity of methanol was
also observed during the reaction period of 38-50 h (Fig. 1).
Arena et al. [50] used Cu/Zn/Zr catalysts with Cu particle size
from 2 to 25 nm for methanol synthesis and found that selectivity
to methanol was favored over catalysts possessing larger

copper nanoparticles. It suggested that larger Cu particles after

This article is protected by copyright. All rights reserved.
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38 h promoted methanol formation in our present experiment.

In the entire process of CO hydrogenation, it should be
noted that despite a continuous decrease in ethanol selectivity,
the main factor which led to the result was different during the
different stages. Specifically, highly dispersed CuO species on
the calcined catalyst were reduced into Cu,O phase (Cu*
species) after reduction treatment, accompanied by a high
Cu*/(Cu™+Cu°) value, which was a crucial factor in ethanol
formation from CO hydrogenation. After reduced, when the
catalyst was exposed under the Ho/CO mixture gas, Cu,O (Cu”
species) gradually transformed into metallic Cu with increased
time. Apparently, both the Cu*/(Cu*+Cu°) value and ethanol
selectivity declined, however, the Cu particle size occupied a
stable state. When Cu*/(Cu*+Cu°) value decreased to a certain
value, the low amount of Cu® species in vicinity of metallic Cu
could not hamper the metallic Cu migration and thus resulted in
the aggregation of Cu particles, which inevitably further led to

the loss of ethanol selectivity.

Conclusions

Studying the relation between Cu species evolution and
ethanol selectivity over Cu/SiO, catalyst for ethanol synthesis
from CO hydrogenation would provide a theoretical basis for
designing an efficient catalyst in terms of improving ethanol
selectivity and stability. In the present work, a simplified catalytic
system Cu/SiO; catalyst prepared by the ammonia evaporation
from CO
hydrogenation and the correlation of catalyst structure evolution

method was studied for ethanol synthesis
and ethanol selectivity change was investigated. The Cu/SiO,
catalyst exhibited a high initial ethanol selectivity of 40.0 wt%.
But it dramatically decreased to 9.6 wt% when the reaction time
was enhanced to 50 h. According to the characterization results
(at different stages), both copper valence and copper crystallite
size underwent changes during the CO hydrogenation process.
During the initial 38 h, the Cu*/(Cu*+Cu®) value on the surface of
Cu/SiO, catalyst rapidly dropped from 0.67 to 0.39, while the
copper crystallite size remained almost unchanged. During the
reaction period of 38-50 h, the Cu'/(Cu'+Cu°) value did not
change significantly, but Cu*/(Cu*+Cu®) value was so small that
could not hamper the Cu particles migration, thus resulting in an
inevitable occurrence of the Cu particles accumulation.

Combined with the experimental results, both the Cu*/(Cu*+Cu®)
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value and copper crystallite size were considered to be
contributed to ethanol formation from CO hydrogenation within
50 h. In the beginning 38 h, the decrease in Cu*/(Cu*+Cu°) value
led to the loss of ethanol selectivity. During the reaction from 38
to 50 h, the rapid growth of Cu particle further decreased in
ethanol selectivity. Thus, designing a catalyst possessing
relatively small Cu particles and high Cu*/(Cu*+Cu®) value may
be a promising prospect to improving ethanol selectivity and

stability from CO hydrogenation over Cu-based catalysts.

Experimental Section
Materials

The analytical-grade chemical Cu(NO3)2:3H>O (99%) was
purchased from the Beijing Chemical Co., Ltd., and used directly
without further purification. The employed SiO, was purchased

from Aladdin Industrial Co.
The preparation of Cu/SiO, catalyst

The Cu/SiO; catalyst was prepared using the ammonia
evaporation method, briefly described as follows. 5.33 g of
Cu(NO3)2-3H20 was dissolved in 100.00 mL of ethanol. Then,
100.00 mL of 28 % ammonia aqueous solution was added and
stirred for 20 min. Subsequently, 10.00 g SiO, was added into
the copper ammonia complex solution, stirred in ultrasonic wave
for 1 h at room temperature. After that, the suspension was
transferred into a Teflon-lined stainless autoclave and heated at
180 °C for 6 h. The obtained precipitate was collected, filtered,
washed with ethanol and deionized water carefully. Finally, the
mixture was dried at 120 °C for 10 h and the dried precursor was
calcined under static air at 450 °C for 5 h. The resulted Cu/SiO>
catalyst was tableted, crushed, sieved to 30-40 mesh, and
denoted as CS-calcined, where C and S indicated CuO, and
SiO,, respectively. The reduced catalyst was denoted as CS-
reduced and the used catalysts were simplified as CS-reaction-t
(t = 14.5, 28, 37 and 50 h), where “t’ represented the reaction

time.
Catalyst characterization

The structure of CS-calcined, CS-reduced, CS-reaction-
14.5 h, CS-reaction-28 h, CS-reaction-38 h and CS-reaction-50
h catalysts was studied by XRD, XPS, TEM and NO titration
techniques.

Before characterization, in order to keep the
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structure of CS-reduced, CS-reaction-14.5 h, CS-reaction-28 h,
CS-reaction-38 h and CS-reaction-50 h catalysts unchanged as
far as possible, after taken out from the fixed-bed reactor, those
catalysts were immediately filled with N, and crushed in an inert
glove box.

Powder X-ray diffraction patterns (XRD) were recorded over
the 20 range from 5 to 90 ° using a Rigaku MiniFlex Il X-ray
diffractometer, which was operated at 40 kV and 40 mA with Cu
Ka radiation (A = 0.15418 nm).

In situ XRD patterns of the catalyst were recorded over the
26 range from 30 to 80 ° equipped with an XRK900 instrument,
which was operated at 40 kV and 40 mA with Cu Ka radiation (A
= 0.15418 nm). The CS-calcined catalyst was heated to 300 °C
at a rate of 10 °C/min under a flow of 10 % H2/N, mixture gas,
kept at that temperature for 4 h. After reduction treatment,
CO/H;z (1/2.5) mixture gas was introduced into the flow system at
300 °C.

X-ray photoelectron spectroscopy (XPS) and X-ray auger
electron spectroscopy (XAES) were used to analyze the change
in the surface composition using an AXIS ULTRA DLD
instrument equipped with Al Ka (hv = 1486.6 eV). Charging
effects were corrected using the C 1s peak due to adventitious
carbon with Eg fixed at 284.5 eV.

The
recorded
microscope (HRTEM, JEM-2100 F), which was operated at 200
kV.

Copper surface area of the catalyst in different stages

information about the catalyst morphology was

using a field emission transmission electron

during reaction was determined by N,O titration at 50 °C using
the procedure described by H. Xi et al. [32] and Z. Yuan et al.
[33]. In order to obtain the copper surface area (Scue)) under
reaction temperature (300 °C), the used catalyst was pretreated
by 5 % oxygen at 300 °C for 30 min and cooled to 30 °C, which
totally oxidized the metallic Cu. After that, the catalyst was
reduced by 10 % Hy/Ar (15 mL/min) with the temperature
increasing from 30 to 300 °C and keeping for 1 h. The amount of
consumed H; was measured and marked as X. And then, the
catalyst was cooled down to 50 °C under Ar. The surface copper
atoms were oxidized to Cu20 in 5 % N2O/Ar (15 mL/min) at 50
°C for 20 min. Finally, the catalyst was reduced by 10 % Ha/Ar
(15 mL/min) with the temperature increasing to 300 °C at a rate
of 10 °C/min. The amount of consumed H, in the second TPR
was denoted as Y. The exposed Cu surface area at 300 °C was

calculated by the following equation:

10.1002/cctc.201801888
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2xYxN,, _ 1353 xY

2
XxMc,x1.4%x10° X (m*/g-Cu)

Scu) =

where N, = Avogadro’s constant, Mcy = relative atomic mass
(63.456 g/mol), 1.4 x 10" came from that an equal abundance
of an average copper surface atom area of 0.0711 nm? (1.4 x
10" copper atoms per square meter).

Here, Scu() represented the areas of surface Cu(0) at 300 °C
(both the reduction temperature and reaction temperature were
300 °C).

Catalytic performance evaluation

The catalyst evaluation experiments were carried out in a
stain-less fixed-bed reactor. The flow rate of feed gas was
controlled by a mass flow controller, and the exit gas was
measured by a wet flow meter. The reactions were conducted at
a temperature of 300 °C and pressure of 3 MPa, using CO/H,=
1/2.5 at a space velocity of 5000 h™'. Before reaction, the
catalyst was reduced according to the designed temperature
program, i.e. from room temperature to 300 °C, using a 10 %
H2/N, mixture for 4 h at 300 °C. The products during the reaction
were analyzed using four GCs. The organic gas products,
consisting of hydrocarbons and methanol, were detected online
by flame ionization measurement using a GC4000A (GDX-403
column). The inorganic gas products were measured online by
thermal conductivity measurement using a GC4000A (carbon
molecular sieves column). The H,O and methanol products in
the liquid phase were detected by thermal
measurement using a GC4000A (GDX-401 column). The alcohol
products in the liquid phase were detected by flame ionization

conductivity

measurement using a GC-7AG (Chromosorb 101).
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