W) Check for updates

Full Papers
doi.org/10.1002/0pen.202000295 Socienes puiehing

ChemistryOpen

Interfacial Sites in Ag Supported Layered Double Oxide for

Dehydrogenation Coupling of Ethanol to n-Butanol
Jian Zhang, Kai Shi, Yanru Zhu, Zhe An, Wanning Wang, Xiaodan Ma, Xin Shu,

Hongyan Song, Xu Xiang, and Jing He*"

Upgrading of ethanol to n-butanol through dehydrogenation
coupling has received increasing attention due to the wide
application of n-butanol. But the enhancement of ethanol
dehydrogenation and followed coupling to produce high
selectivity to n-butanol is still highly desired. Our previous work
has reported an acid-base-Ag synergistic catalysis, with Ag
particles supported on Mg and Al-containing layered double
oxides (Ag/MgAI-LDO). Here, Ag-LDO interfaces have been
manipulated for dehydrogenation coupling of ethanol to n-

1. Introduction

Production of n-butanol has drawn arising attention due to its
wide application as a raw bulk chemical in the manufacture of
chemical products.” Also, n-butanol is one of promising
alternatives to gasoline as it has 86 % energy density compared
to gasoline and is easier to store due to its water immiscible
nature.” Traditionally, n-butanol has been produced through
fossil-based oxo process (hydroformylation of propylene)® or
by the fermentation of sugars (acetone-butanol-ethanol
process)."™ The increased availability of ethanol from biomass®
drives the interest to upgrade ethanol into more valuable
chemicals.” Ethanol can undergo C—C formation via Guerbet
reaction, offering an economical and sustainable route for n-
butanol production. So far, it has been generally accepted that
the Guerbet reaction involves an aldol-condensation route,”
even though some researches support the direct condensation
mechanism.®! The aldol-condensation route implies ethanol
dehydrogenation to acetaldehyde, aldol condensation of gen-
erated acetaldehyde to crotonaldehyde, and hydrogenation of
crotonaldehyde to 1-butanol through a hydrogen transfer.

In 1901, Guerbet first reported the dehydrogenation cou-
pling of ethanol to n-butanol over barium ethoxide.”” Inspired
by Guerbet's work, both homogeneous”®? and heterogeneous
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butanol by tailoring the size of Ag particles and the interactions
between Ag and LDO. It has been revealed that increasing the
population of surface Ag sites at Ag-LDO interfaces promotes
not only the dehydrogenation of ethanol to acetaldehyde but
also the subsequent aldol condensation of generated
acetaldehyde. A selectivity of up to 76% to n-butanol with an
ethanol conversion of 44% has been achieved on Ag/LDO with
abundant interfacial Ag sites, much superior to the state-of-the-
art catalysts.

catalysts”**'? have been widely developed in upgrading of
ethanol to n-butanol. Even though excellent performance (>
90% selectivity to n-butanol and >20% conversion of ethanol)
has been achieved in homogeneous systems in a batch reactor
with the addition of extra base (EtONa,®* nickel or copper
hydroxide complexes®), heterogeneous catalyst, including
solid acids and/or bases (i.e. oxide or mixed oxides,"* alkali
metal-modified zeolites,"® and hydroxyapatite®™) and sup-
ported metals,"®* for continuously upgrading of ethanol to n-
butanol has been attracting continuous attention due to the
potential industrial application. Incorporation of metals in the
catalytic system allows the reaction to be carried out at lower
temperature with higher ethanol conversion due to the
enhanced ethanol dehydrogenation on the metal sites. Cu-
CeO,/AC affords a selectivity of 40% towards n-butanol with
ethanol conversions of 44-46% at 523 K and 2 MPa N,
Encapsulation of Pd into UiO-66 gives a selectivity of 49.9%
toward n-butanol with an ethanol conversion of 50.19%."%
Ethanol dehydrogenation to acetaldehyde is commonly consid-
ered as the rate-determining step in the upgrading of ethanol
to n-butanol."®*% |n our previous work, the dehydrogenation
of ethanol to acetaldehyde has been proposed to be promoted
on the metal-support interfacial sites."” Despite this progress,
the metal-support interfaces in the dehydrogenation coupling
of ethanol to n-butanol desire more attention. The develop-
ment of catalyst with tunable interfaces is thus of great
importance to enhance the catalytic performance. We previ-
ously reported an acid-base-Ag synergistical catalyst with Ag
supported on Mg and Al-containing layered double oxides (Ag/
MgAI-LDO), derived from Ag loading Mg and Al-containing
layered double hydroxides (Ag*/MgAI-LDHs). A selectivity of up
to 77% toward n-butanol have been achieved with ethanol
conversion of 23.2% at 350°C, 0.1 MPa and selectivity of 60%
toward n-butanol with ethanol conversion of 45% at 250°C,
2 MPa."?
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Intrigued by our recent discoveries, Ag-LDO interfaces have
been manipulated for dehydrogenation coupling of ethanol to
n-butanol in this work. To the best of our knowledge, this is an
original report of interfacial catalysis for upgrading of ethanol
to n-butanol. A n-butanol yield of 39% and a selectivity of 65%
toward n-butanol have been achieved on Ag-MgAI-LDO with
abundant interfacial Ag sites, which is much superior to the
state of art catalysts."™™

2. Results and Discussion

Figure 1 shows the XRD patterns of Mg,Al-LDHs, Ag*/Mg,Al-
LDHs, and Ag/Mg,Al-LDO prepared in this work. For as-prepared
or Ag* loaded Mg,AI-LDHs, the reflections characteristic of
hydrotalcite-like structure are clearly observed (Figure 1A, a and
b). No phase change occurs in the impregnation of as-prepared
Mg,Al-LDHs with AgNO; aqueous solution. By thermal treat-
ment of Ag’/Mg,Al-LDHs under either N, (Figure 1B, a) or H,
(Figure 1B, b-d) atmosphere, both of Mg—Al mixed oxide
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(MgAI-LDO) (JCPDS: 45-0946) and metallic Ag (JCPDS: 04-0783)
are clearly observed for the resulting Ag/Mg,AlI-LDO-N-3h and
Ag/Mg,Al-LDO-H-x. The reflections characteristic of Ag particles
become obvious gradually with the thermal treatment time
increasing from 1 h to 5 h under H, atmosphere (Figure 1B, b-
d). In the TEM images (Figure 1C), Ag particles are observed in a
maximum distribution at 7.4 nm for Ag/MgAI-LDO-N-3h (Fig-
ure 1C, a). But larger Ag particles are observed for Ag/MgAl-
LDO-H-x, the sample prepared by thermal treatment of Ag*/
Mg,Al-LDHs under H, (Figure 1C, b-d). Increasing thermal
treatment time in H, obviously results in Ag agglomeration,
with the maximum distribution shifting from 17.9 to 34.1 nm.
The Ag dispersion was determined by HOT as being 17.2%,
83%, 5.6%, and 4.3% (Table 1). Each Ag/MgAI-LDO shows a
BET surface area around 90 m?%/g (Table 1, entry 1-4).

The surface basicity has been determined by CO,-TPD
technique (Figure 2A). On each Ag loaded Mg,Al-LDO, a broad
CO, desorption is observed in the TPD profiles between 50 and
400°C, which can be deconvoluted into three contributions
identified""'® as the adsorption of CO, on weak basic sites at
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Figure 1. (A) XRD patterns of (a) Mg,sAl-LDHs and (b) Ag*/Mg,Al-LDHs; (B) XRD patterns and (C) TEM images, size distribution, and HRTEM images of metallic
Ag nanoparticle of (a) Ag/Mg,AI-LDO-N-3h, (b) Ag/Mg,Al-LDO-H-1h, (c) Ag/Mg,Al-LDO-H-3h, and (d) Ag/Mg,Al-LDO-H-5h.
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Table 1. Specific surface area and acid-base properties of Ag supported LDO.

Entry  Samples Seer/ D,/  Basic sites®/mmolg™ Basic density/  Acidic Acidic Acid/  Ag—O-AlY/

m’g” % weak medium  strong total umolm? sites’™/ density/  Base = %
mmolg™'  umolm?

1 Ag/Mg,Al-LDO-N-3h 90.2 17.2 0.16 0.07 0.21 0.44 4.88 0.25 2.77 0.57 295

2 Ag/Mg,Al-LDO-H-1h 88.3 8.3 0.15 0.07 0.22 0.44 4.98 0.26 2.94 0.59 19.7

3 Ag/Mg,Al-LDO-H-3h 87.7 5.6 0.14 0.07 0.22 043 4.90 0.26 2.96 0.60 11.6

4 Ag/Mg,Al-LDO-H-5h 89.8 4,3 0.17 0.07 0.21 0.45 5.01 0.27 3.01 0.60 8.7

5 Ag/Mg,Al-LDO*-N-3h 924 16.5 0.16 0.08 0.22 0.46 4.98 0.26 2.81 0.57 10.2

6 Ag-Mg,Al-LDO-H-3h 89.0 614  0.15 0.06 0.23 0.44 4.94 0.31 348 0.71 39.8

[a] The concentration of weak, medium-strong, and strong basic sites are calculated according to the results of CO,-TPD and the deconvoluted TPD profile in

the temperature region of 50-400°C. [b] The acidic sites are calculated according to the results of pyridine-FTIR. [c] The Ag—O—Al sites are calculated

according to the results of XPS.
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.'575;34;4;'11‘"“' basic sites at >260°C. Quantitatively, the total amount and
IShgH. density of base sites are summarized in Table 1. Similar amount
28 and density of basic sites are detected on the Ag/Mg,Al-LDO

2 e b A prepared by thermal treatment of Ag' loaded Mg,Al-LDHs

,d_/‘lk*:"‘:\’:\.ﬁ\“'“ under either N, or H, (Table 1, entry 1-4). The surface acidity
SRR L] has been determined by FT-IR spectra of pyridine adsorption

1 (Figure 2B). On the Ag/Mg,Al-LDO prepared by thermal treat-
¢ ! ment of Ag' loaded Mg,Al-LDHs under either N, or H,

1
| |
,b—j\’:“'l‘ﬁ\)?\’-"\ atmosphere, only Lewis acid sites"” are observed. The total
I
M amount of acid sites shows no marked change with thermal
|
AT N treatment atmosphere or thermal treatment time (Table 1,

entry 1-4). All samples show similar ratio of acid to base sites

CO, Desorption / a.u.
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100 150 200 250 300 350 400 1600 1500 1400
Temperature / °C Wavenumber / cm! (Table 1, entry 1-4).

Then the Ag/Mg,Al-LDO, with varied Ag particle size while

Figure 2. (A) CO,-TPD profiles and (B) FT-IR spectra of pyridine adsorption for similar acidic-basic properties, have been applied in the
(a) Ag/Mg,AI-LDO-N-3h, (b) Ag/Mg,AI-LDO-H-Th, (c) Ag/Mg,AI-LDO-H-3h, prop ' pp

and (d) Ag/Mg,Al-LDO-H-5h. dehydrogenation coupling of ethanol under ambient pressure

at 350°C (Table2 and Figure 3). An ethanol conversion of

32.6% is obtained on Ag/Mg,Al-LDO-N-3h with a selectivity of

61.3% to n-butanol (Table 2, entry 1). Acetaldehyde and acetate

Table 2. Catalytic results for dehydrogenation coupling of ethanol on LDO supported Ag particles.”
Entry Catalyst Con./ STC® Sel. in liquid product/mol % Cin gas
% Ethyl acetalde- ethyl butanal n- i- n- others  ,oqucts/
ether hyde acetate BuOH hexanol hexanol mol %
1 Ag/Mg,Al-LDO-N3h  32.6 50.8 (50.6) 9.6 14.0 4.1 1.5 61.3 2.1 34 4.0 13.8 (14.2)
(32.5) (9.2) (13.5) (4.0) (1.4) (62.1) (2.0 (3.5 (4.3)
2 Ag/Mg,Al-LDO-H- 279 90.1 10.7 14.2 10.7 26 54.5 1.6 2.1 3.6 14.5
1h
3 Ag/Mg,Al-LDO-H- 257 123.0 11.2 129 12.1 2.1 53.6 1.7 29 35 15.8 (16.3)
3h (25.5) (122.1) (10.8) (14.3) (12.5) (2.5) (52.5) (1.8) (2.4) (3.2)
4 Ag/Mg,Al-LDO-H- 17.9 111.6 11.5 15.0 16.8 2.8 47.5 1.4 1.7 33 18.8
5h
5 Ag/Mg,Al-LDO*-N-  21.2 344 109 149 16.7 0.7 52.7 0.8 1.0 23 14.3
3h
6 Ag-Mg,Al-LDO-H- 43.5 19.0 (19.2) 11.3 1.5 1.3 0.3 75.6 20 6.8 1.2 6.4 (5.8)
3h (44.1) (11.8) (1.2) (1.2) (0.4) (76.2) (1.8) (6.2) (1.2)
7 Ag-Mg,Al-LDO-H- 64.3 28.1 11.3 25 29 0.3 63.4 25(28) 139 3.2 5.7 (6.2)
3h9 (63.9) (27.9) (11.0) (2.3) (2.8) (0.2) (63.8) (14.0) 3.1)
8 Ag-Mg,Al-LDO-H- 63.2 27.6 (27.4) 9.2 2.2 1.7 0.5 65.7 3.2 14.8 2.7 6.7 (7.2)
3h (62.8) (9.9 (1.8) (1.8) (0.4) (65.6) 3.1 (14.5) 2.9
[a] Conversion and selectivity were obtained at initial point; reaction conditions: 500 mg of catalyst, 350°C, 60 mLmin~' of N, (0.1 MPa),
LHSV =6 mL(hgcat)™". [b] STC for ethanol conversion was calculated by the mole of ethanol converted on per mole of surface Ag per minute. [c] Conversion
and selectivity were obtained at initial point; reaction conditions: 250°C, 2 MPa. [d] Conversion and selectivity were obtained at the steady-state; reaction
conditions: 250°C, 2 MPa. Other products include butyl acetate, ethyl butyrate, 2-ethyl-butanal, hexanal, ethyl 2-ethyl butyrate, butyl butyrate, ethyl caproate,
etc. The data in parentheses are the reproduced experimental data.
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Figure 3. Stability of (a) Ag/Mg,Al-LDO-N-3h, (b) Ag/Mg,Al-LDO-H-1h, (c) Ag/
Mg,Al-LDO-H-3h, and (d) Ag/Mg,Al-LDO-H-5h. The sphere in dark grey,
square in black, star in red, up triangle in blue, and diamond in olive
represent for ethanol conversion, selectivity to acetaldehyde, diethy ether,
ethyl acetate, and n-butanol, respectively.

have also been produced in a selectivity of 14.0% and 4.1%
(Table 2, entry 1). But an ethanol conversion of 27.9% with a
selectivity of 54.5% to n-butanol and a selectivity of 10.7% to
acetate is obtained on Ag/Mg,Al-LDO-H-T1h (Table 2, entry 2).
Further increasing the Ag particle size disfavors not only the
conversion of ethanol but also the formation of n-butanol while
promotes the selectivity to ethyl acetate (Table 2, entry 3-4).
But the site time conversion (STC), determined by ethanol
conversion on per surficial Ag atom, first increases with
increasing Ag particle size from 7.4 nm to 22.9 nm and then
drops slightly with increasing Ag particle size further to 34.1 nm
(Table 2, entry 1-4). No obvious changes are observed in the
selectivity to ethyl ether with the increase in Ag particle size
(Table 2, entry 1-4). 14%-19% of methane and CO, are
detected in the gaseous products (Table 2, entry 1-4). In our
previous work, the acid-base properties showed clearly influ-
ence on the selectivity to n-butanol."? But the great difference
in ethanol conversion and selectivity to n-butanol is supposed
to result from the difference in Ag particle size because the
acid-base properties of the catalysts prepared in this work are
similar. The catalytic results clearly demonstrates that smaller
Ag particles favor the formation of n-butanol. The conversion of
ethanol and the selectivity to n-butanol on each catalyst exhibit
no visible change in 12.5 h reaction at 350°C (Figure 3).

To reveal the role of Ag particle size on dehydrogenation
coupling of ethanol, FT-IR spectra of ethanol adsorption/
desorption were recorded (Figure 4). In addition to the band
assigned to 8y, of un-dissociated ethanol at 1250 cm™',
2987-2868 cm™' to C—H stretching modes, and 1393-1382 cm™
to & modes of —CH,, the bands at 1099-1054 cm™' assigned to
C—O stretching in adsorbed ethoxide and 1617-1604 cm™' to
n'-adsorbed acetaldehyde have been observed for ethanol
adsorption at 50°C in each case, indicating that the activation
of ethanol on Ag/Mg,Al-LDO occurs through the adsorption of
O—H bond, affording ethoxide, followed by dehydrogenation to
acetaldehyde. Increasing desorption temperature, the absorp-
tion at 50°C clearly decreases in intensity. The band for C—O
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Figure 4. FT-IR spectra of ethanol adsorption on (A) Ag/Mg,Al-LDO-N-3h, (B)
Ag/Mg,Al-LDO-H-1h, (C) Ag/Mg,Al-LDO-H-3h, and (D) Ag/Mg,Al-LDO-H-5h at
50°C followed by desorption at 100°C, 150°C, 200 °C, 250°C, 300°C, 350°C,

and 400°C.

stretching of adsorbed ethoxide at 1099-1077 cm™' blue shifts
to around 1119-1124 cm™" since 100°C in each case, and
eventually vanishes since 250°C for Ag/Mg,AlI-LDO-N-3h while
300°C for Ag/Mg,Al-LDO-H-1h, Ag/Mg,Al-LDO-H-3h, and Ag/
Mg,Al-LDO-H-5h. The weak band for n'-adsorbed acetaldehyde
slightly increases in intensity with increasing desorption tem-
perature in each case and becomes dominant since 150°C for
Ag/Mg,Al-LDO-N-3h and 300°C for Ag/Mg,Al-LDO-H-1h, indi-
cating that smaller Ag particles promote the dehydrogenation
of ethanol to acetaldehyde, accounting for the higher con-
version with decreasing Ag particle size (Table 2, entry 1-4). The
bands at 1592-1559cm™ and 1416-1443 cm™' assigned to
acetate,™ which is formed via coupling of ethanol and
acetaldehyde or Tishchenko-type disproportionation of two
molecules of acetaldehyde,"” are hardly observed at 50°C on
Ag/Mg,Al-LDO-N-3h (Figure 4A) and Ag/Mg,AlI-LDO-H-1h (Fig-
ure 4B) while clearly observed on Ag/Mg,Al-LDO-H-3h (Fig-
ure 4C) and Ag/Mg,Al-LDO-H-3h (Figure 4D), demonstrating the
strong ability for acetate formation on larger Ag particles. The
band assigned to acetate at 1559 cm™' is hardly observed even
at increased desorption temperature for Ag/Mg,Al-LDO-N-3h
(Figure 4A), while emerges since 250°C for Ag/Mg,Al-LDO-H-Th
(Figure 4B). For Ag/Mg,Al-LDO-H-3h (Figure 4C) and Ag/Mg,Al-
LDO-H-5h (Figure 4D), the bands for acetate are observed at
1559 and 1381 cm™' since 50°C and become dominant since
250°C. With increasing Ag particle size, the bands to acetate
not only are observed at lower temperature, but also become
more visible and even dominant in the spectra (Figure 4A-D),
indicating that larger Ag particles favors the formation of
acetate, accounting for the increase in the selectivity to ethyl
acetate. The band at 1456-1451 cm™' assigned to & modes of
—CH," is hardly observed on Ag/Mg,Al-LDO-N-3h (Figure 4A)
and Ag/Mg,Al-LDO-H-1h (Figure 4B), while clearly observed on
Ag/Mg,Al-LDO-H-3h (Figure 4C) and Ag/Mg,Al-LDO-H-5h (Fig-
ure 4D) upon adsorption at 50°C and following desorption,
consistent with the acetate formation on larger Ag particles.

© 2021 The Authors. Published by Wiley-VCH GmbH
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In our previous work, the introduction of Ag particles
promoted the aldol condensation of acetaldehyde."? The FT-IR
spectra of acetaldehyde adsorption at 10°C on Ag particles in
74 nm.

(Ag/Mg,AI-LDO-N-3h) and 34.1 nm (Ag/Mg,Al-LDO-H-5h)
were thus recorded (Figure 5). In addition to the bands at
1717 cm™" assigned"'® to v(C=0), 1463 and 1371 cm™' as-
signed to §,(CH;) and &,(CH,), and 1583 cm™' assigned to
v,(OCO) of acetate, the bands at 1337 cm™" assigned"'>'® to the
8,(CH) of crotonaldehyde and 1272 cm™ to the &8(C-OH) in
adsorbed 3-hydroxybutanal are also observed in each case. The
intensity of 8,(CHs) at 1371 cm™' is clearly less dominant while
the intensity of &(C—OH) in adsorbed 3-hydroxybutanal at
1272 cm™ ' is more dominant on 7.4 nm Ag (Figure 5, a) than on
34.1 nm Ag (Figure 5, b). That indicates small Ag particles favor
the activation of C—H of CH; in acetaldehyde to promote the
aldol condensation, well accounting for the higher selectivity to
n-butanol on smaller Ag particles

To make clear the nature of the size effects of Ag particle on
the dehydrogenation coupling of ethanol, the electronic state

Absorbance / a.u.

1600 1500 1400 1300 1200

Wavenumber / cm™

Figure 5. FT-IR spectra of acetaldehyde adsorption at 10°C on (a) Ag/Mg,Al-
LDO7N-3h and (b) Ag/Mg,Al-LDO-H-5h.

1800 1700

of Ag/Mg,AI-LDO with varied Ag particle size was investigated
by XPS technique (Figure6). In the Ag 3ds;, XPS spectra
(Figure 6A), a binding energy at 368.58-368.35 eV assigned"” to
Ag® species is clearly observed in each case. Another binding
energy is clearly observed at 371.11 eV for Ag/Mg,Al-LDO-N-3h
(Figure 6A, a). With an increase in Ag particle size, the binding
energy at 371.11 eV shifts to lower value and becomes less
obvious (Figure 6A, b-d). So the binding energy higher than
Ag®, observed in this work, probably originate from the Ag sites
interacting with Mg,AI-LDO surface. In the Al 2p XPS spectra
(Figure 6B), in addition to the binding energy at 74.35-73.95 eV
assigned® to Mg—O-Al, another binding energy at 75.43-
74.91 eV is observed in each case. The peak at 75.43-74.91 eV
becomes less obvious with increasing size of Ag particle. In a
previous report on Ag doped alumina, an increase in the
binding energy of Al 2p has been observed due to the
formation of Ag—O—Al chemical bonds.”” The binding energy
at 75.43-74.91 eV is thus proposed to originate from the Al sites
interacting with Ag particles. In the Mg 1s XPS spectra
(Figure 6C), no obvious change in the binding energy
assigned®” to Mg—0O-Mg or Mg—O—Al is observed (Figure 6C)
with increasing Ag particle size, further confirming our proposal
that the negatively charged Ag sites originates from Ag
particles interacting with Al-O sites rather than Mg—O sites. The
binding energy of positively charged Ag, such as Ag,0, is lower
than that of Ag°"*9 The binding energy for Ag-O-Mg is also
lower than that for Ag°"® In a previous report on alumina
supported Ag,™ the binding energy of Ag at interfacial
Ag—O—Al sites has been verified to be higher than that for Ag’,
which supports our conclusion. In the O 1s spectra (Figure 6D),
three deconvoluted peaks, assigned to absorbed O,"*" M—O
(M=Mg or A" and Ag-O,"*Y are observed. With the
increase of Ag particle size, the deconvoluted area of Ag-O sites
declines (Figure 6D), consistent with the decrease in the
population of Ag—O—Al sites located at Ag-LDO interface. The
fraction of Ag—O—Al interfacial sites, estimated by the deconvo-
luted area, decreases from 29.5 to 8.7 % with Ag particle size
increasing from 7.4 to 34.1 nm (Table 1, entry 1-4).
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To confirm the key role of interfacial Ag—O—Al sites in the
dehydrogenation of ethanol to n-butanol, Ag/Mg,Al-LDO*-N-3h
has been prepared for control (Figure 7A). The Mg—O or AI-O in
face centered cubic structure of MgO on the LDO surface, unlike
the Mg—OH and AI-OH in octahedral structure of Mg(OH), on
the LDHs surface, provides different chemical environment for
Ag*, which might result in the difference in the formation of
Ag—O-—Al sites during topological transformation from Ag*/
LDHs to Ag/LDO. Mg,Al-LDO was first prepared (Figure 7A, a) by
thermal treatment of Mg,Al-LDHs under N, at 400°C for 3 h and
followed by impregnation of Ag* (Figure 7A, b). The hydro-
talcite-like structure was regenerated during the impregnation
(Figure 7A, b). Then the regenerated Ag*/Mg,Al-LDHs was re-
calcined under N, at 400°C for 3 h, producing the Ag/Mg,Al-
LDO*-N-3h (Figure 7A, c) with a Ag particle size of 7.3 nm at
maximum distribution (Figure 7B). The size distribution of Ag
particle size (Figure 7B) and the acid-base properties (Table 1,
entry 5) on Ag/Mg,AlI-LDO*-N-3h are observed to be similar to
those on Ag/Mg,Al-LDO-N-3h. In the XPS spectrum of Agsy
(Figure 7Q), interfacial Ag species is observed. The concentration
of Ag—O—Al sites is estimated as being 10.2% on Ag/Mg,Al-
LDO*-N-3h (Table 1, entry 5), which is much lower than that on
Ag/MgAI-LDO-N-3h and similar to that on Ag/MgAI-LDO-H-3h.
As a result, in the dehydrogenation coupling to butanol, Ag/
Mg,Al-LDO*-N-3h affords an ethanol conversion of 21.2%, with
a selectivity of 52.7% to n-butanol (Table2, entry5).
Acetaldehyde has also been produced in a selectivity of 14.9%
and ethyl acetate in 16.7 % (Table 2, entry 5). The conversion of
ethanol and the selectivity to butanol on Ag/Mg,Al-LDO*-N-3h
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2 Theta / degree
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Figure 7. (A) XRD patterns of (a) Mg,Al-LDO, (b) Ag*/Mg,Al-LDO, and (c) Ag/
Mg,Al-LDO*-N-3h. (B) TEM image and (C) XPS spectrum of Ag 3d for Ag/
Mg,Al-LDO*-N-3h. Insertion in (B) is the size distribution of Ag particles.

A[ sMgalLDHs F[agaa, Agld,,
A
s s

Ag

* MgALDO

37465 370.65

Intensity / a.u.
Intensity / a.u.

10 20 30 40 50 &0 7
2 Theta / degree

378 375 372 369 366
Binding Energy / eV

Figure 8. (A) XRD patterns of (a) Mg,Al-Ag(S,0;),-LDHs and (b) Ag-Mg,Al-
LDO-H-3h. (B-C) STEM image in the view of cross section, (D-E) HAADF-
STEM images and (F) XPS spectrum of Ag 3d for Ag-Mg,Al-LDO-H-3h.
Insertion in (D) is the shape simulation for Ag particles.
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are much lower than that on Ag/Mg,Al-LDO-N-3h, even though
Ag/Mg,Al-LDO*-N-3h and Ag/Mg,Al-LDO-N-3h possess similar
Ag particle size and acidity-basicity properties. Also, the STC on
Ag/Mg,Al-LDO*-N-3h is much lower than that on Ag/Mg,Al-
LDO-N-3h, indicating that the interfacial Ag—O—Al sites also
promote the ethanol conversion. Ag/Mg,Al-LDO*-N-3h affords
similar butanol selectivity to Ag/MgAI-LDO-H-3h due to their
similar concentration of Ag—O—Al sites, clearly confirming the
crucial role of Ag—O—Al sites in dehydrogenation coupling of
ethanol.

Further, Ag-Mg,Al-LDO-H-3h was prepared by thermal treat-
ment of Ag(S,0,),>" intercalated Mg,Al-LDHs (Figure 8A, a)
under H, for 3h at 400°C (Figure 8A, b). HAADF-STEM images
show that the cubic Ag particles with maximum distribution at
1.8 nm are located in the interlayer region (Figure 8B-E). Single
Ag atoms are also observed in Ag-Mg,Al-LDO-H-3h (Figure 8E).
Ag-Mg,AI-LDO-H-3h (Table 1, entry 6) displays similar basic
density to all Ag/Mg,Al-LDO, while slightly higher acidic density
than Ag/Mg,Al-LDO (Table 1, entry 1-5). From the XPS spectrum
of Ag,4 (Figure 8F), the fraction of Ag—O—Al sites on Ag-Mg,Al-
LDO-H-3h has been estimated as being 39.8% (Table 1, entry 6).
Not surprisingly, a selectivity of 75.6% to n-butanol with an
ethanol conversion of 43.5% has been achieved on Ag-Mg,Al-
LDO-H-3h (Table 2, entry 6), which is higher than all the
selectivity reported till now at an ethanol conversion of >40%.
But only 19.0 min~' of STC is obtained on Ag-Mg,Al-LDO-H-3h
(Table 2, entry 6). For better comparison, the dehydrogenation
coupling of ethanol has been carried out at 250°C and 2 MPa,
an ethanol conversion of 55-53% with a selectivity of 63-66 %
to n-butanol has been achieved (Table 2, entry 7-8), which is
superior to the performance of the state of art catalysts.
Interestingly, a selectivity of about 15% to n-hexanol has been
achieved at 250°C and 2 MPa (Table 2, entry 7-8).

Then the catalytic performance was plotted as a function of
the concentration of Ag—O-Al interfacial sites (Figure9).
Increasing the population of Ag—O—Al interfacial sites promotes
the formation of n-butanol while suppresses the formation of
acetate. Almost no changes in the selectivity to ethyl ether
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E 501 L B Selectivity to n-butanol
2 40 ® Selectivity to ethyl ether
-t B
%) A Selectivity to acetaldehyde
o 30- V¥ Selectivity to ethyl acetate
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0.1 0.2 0.3 0.4
Concentration of Ag-O-Al sites

Figure 9. The selectivity to n-butanol, ethyl ether, acetaldehyde, or ethyl

acetate and the conversion of ethanol as a function of Ag—O—Al
concentration.
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have been observed with increasing concentration of Ag—O—Al
interfacial sites (Figure 9). Due to the slightly higher acidic sites,
higher selectivity to n-butanol (75.6%) and lower selectivity to
acetaldehyde (1.5%) than expected have been achieved on Ag-
Mg, Al-LDO-H-3h (Figure 9). These results well verify that the
interfacial Ag—O—Al sites play a key role in promoting the
dehydrogenation coupling of ethanol to n-butanol. But the
correlation between STC and Ag—O-Al interfacial sites is still
ambiguous, even though the results on Ag/Mg,Al-LDO*-N-and
Ag/Mg,Al-LDO-N-3h showed that the Ag—O—Al interfacial sites
promoted the ethanol conversion. This result indicates that
besides the Ag—O—Al interfacial sites, some other factors on the
Ag particle that might affect the ethanol conversion should be
taken into consideration.

The catalytic stability in 50 h has been performed with Ag-
Mg,Al-LDO-H-3h. Satisfactory stability has been observed in
18 h. A slow decrease in the conversion of ethanol was
observed since 18 h and a rapid decrease since 38 h. But the
selectivity to n-butanol was well retained in 38 h (Figure 10).
Carbon deposition or aggregation of Ag particles might be the
reason for the deactivation, which needs further investigation.

3. Conclusions

In summary, the Ag-LDO interfacial sites have been tuned by
tailoring the size of Ag particles or changing the preparation
method of Ag supported MgAI-LDO. Increasing the interfacial
sites clearly enhances the ethanol conversion and aldol
condensation while suppresses the formation of ethyl acetate,
thus promoting the selectivity to n-butanol. A selectivity of up
to 76% to n-butanol with an ethanol conversion of 44% at
350°C has been achieved on Ag particles with abundant
interfacial Ag-LDO sites. More interestingly, a selectivity of 15%
to n-hexanol has been achieved at 250°C under 2 MPa.
According to the findings of this work, development of single
atom catalyst might be of great importance to enhance the
upgrading of ethanol to higher alcohols, such as Cs-alcohol. The
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Figure 10. Long-term stability of Ag-Mg,Al-LDO-H-3h in dehydrogenation
coupling of ethanol at 250°C, 2 MPa.
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mechanism for deactivation and development of catalyst with
long-term stability need further investigation.

Experimental Section

Preparation

Mg,Al-LDHs with Mg/Al molar ratio of 4.15 was prepared as
reported in our previous work."? Typically, a solution of Mg-
(NO,),-6H,0 (0.056 mol) and AI(NO;);-9H,0 (0.014 mol) in 200 mL
of deionized water and a solution of NaOH (0.14 mol) and Na,CO,
(0.007 mol) in 200 mL of deionized water were simultaneously
added drop-wise to a four-necked flask containing 200 mL of
deionized water under constant pH (10.0) at 30°C. The resulting
mixture was aged at 85°C for 10 h. Then the solid was filtered,
washed thoroughly with deionized water till the filtrate is neutral,
and dried at 60°C. Then the Mg,Al-LDHs was thermally treated of at
400°C for 3h under N, atmosphere in a rate of 5°Cmin~', producing
Mg,Al-LDO.

1 g of Mg,Al-LDHs was impregnated in 1 mL of AgNO; (4.2 mmol,
6.6 mg) aqueous solution, producing Ag*/Mg,Al-LDHs with Ag
loading of 0.42 wt%. Ag/Mg,Al-LDO-N-3h was prepared by thermal
treatment of Ag*/Mg,Al-LDHs at 400°C for 3h under N, atmos-
phere. Unless otherwise indicated, the temperature programmed
from ambient to reduction temperature in a rate of 5°C min~'. Ag
loading was determined by inductive couple plasma-optical
emission spectroscopy (ICP-OES) as being 0.65 wt%. Ag/Mg,Al-LDO-
H-x was prepared by thermal treatment of Ag*/Mg,Al-LDHs at
400°C for varied time under H, atmosphere, where x represents
treatment duration. Ag loading was determined by ICP-OES
technique as being in the range of 0.68~0.71 wt%.

Ag*/Mg,Al-LDO with a Ag loading of 0.53 wt% was prepared by
impregnation of 1g Mg,Al-LDO in 1 mL of AgNO; (5.3 mmol,
8.4 mg) aqueous solution. Ag/Mg,Al-LDO*-N-3h with a Ag loading
of 0.75 wt% was prepared by thermal treatment of 0.53 wt% Ag™/
Mg,AI-LDO at 400°C for 3 h under N, atmosphere.

Mg,Al-Ag(S,0;),-LDHs was prepared by the reconstruction of
Mg,AI-LDO in a Na;Ag(S,05), aqueous solution. Na;Ag(S,0s),
(0.15 mmol/LAg) was first prepared by mixing Na,S,0; and AgNO,
solutions.”” Typically, 150 mg of Na,S,0;-5H,0 was dissolved in
200 mL of deCO, and deionized water (Solution A) and 10 mg of
AgNO; in 200 mL of deCO, and deionized water (Solution B). Then
Solution B was added drop-by-drop into Solution A with vigorous
stirring, forming NasAg(S,05), solution. 1g of Mg,Al-LDO was
dispersed in 400 mL of the above Na;Ag(S,0;), solution and aged
for 24 h at room temperature with slow stirring. All the above
procedures were carried out under N, atmosphere. The solid was
filtered, washed with deionized water and anhydrous ethanol for
several times, and finally dried at 60°C in a vacuum oven, affording
Mg,AI-Ag(S,0;),-LDHs. Ag-Mg,Al-LDO-H-3h was prepared by ther-
mal treatment of Mg,Al-Ag(S,0,),-LDHs at 400°C for 3h under H,
atmosphere. The Ag loading was determined by ICP-OES method
as being 0.73 wt %.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on Shimad-
zu XRD-6000 diffractometer operating with Cu Ko radiation (A=
0.1541) in the range of 3°-80° at a scan rate of 10 ° min~'. The
quantitation of Ag, Mg, and Al was carried out by ICP-OES on a
Shimadzu ICPS-7500. The low temperature N, adsorption was
performed on a Micromeritics ASAP 2460 and specific surface area
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was calculated using Brunauer-Emmett-Teller (BET) method. TEM
and HRTEM images were taken on a Tecnai G? F30 operating at
300 kV. The high-angle annular dark field (HAADF)-scanning trans-
mission electron microscopic (STEM) images were taken on a JEM-
ARM 200F electron microscope capable of subangstrom resolution.
The Ag dispersion was determined by hydrogen-oxygen titration
(HOT) on a Micrometric ChemiSorb 2920 chemisorption system
with a thermal conductivity detector (TCD). 100 mg of Ag loaded
sample was pre-treated at 350°C for 1 h under 20 mLmin~' of He
and then cooled to 180°C in the flow of He. Afterwards, O, pulses
were introduced into the system until saturation and then the
absorbed oxygen was titrated by introducing pulses of H, at 180°C.
The Ag dispersion was calculated as follows:

Dag = 2 x amount of consumed H, /Ny (by ICP) x 100% (1)

The X-ray photoelectron spectra (XPS) were recorded on an AXIS
SUPRA X-ray photoelectron spectrometer equipped with mono-
chromated Al-K X-ray source (1486.6 eV) at a pass energy of 40 eV.
C 1s peak at 284.6 eV was used as a calibration peak. Since the
Auger peak of Mg overlaps with the peak of Ag 3d,,, the peak for
Ag 3d was obtained by subtracting the Auger peak of Mg from the
original data in this work. The population of Ag—O—Al sites was
calculated as follows:

Ag—O—Al % = Apg 0 n/(Arg 0 m + Ang”) X 100% )

where A; was the deconvoluted area for Ag—O—Al or Ag’.

CO,-temperature programmed desorption (TPD) experiment was
performed on a Micrometric ChemiSorb 2920. Typically, 100 mg of
sample was loaded in a U-type quartz tube reactor and pre-treated
at 400°C for 1 h under He mixture (40 mLmin™"). Afterward, the
sample was cooled to 50°C in the flow of He (40 mLmin~") and
then CO, (20 mLmin™") was fed into the reactor until saturation. A
flow of He (40 mLmin~") was subsequently fed for 0.5 h to desorb
weakly physical adsorption. CO,-TPD was carried out under He
(40 mLmin™") from 50 to 400°C with a temperature-programmed
rate of 10°Cmin".

The Fourier-transform infrared spectra (FT-IR) of pyridine,
acetaldehyde, or ethanol adsorption with self-support sample wafer
were recorded on an iS50 FT-IR (NICOLET) spectrometer equipped a
mercury-cadmium-telluride (MCT) detector, with a resolution of
4 cm™" and 64 scans. The to-be-measured sample was firstly loaded
into in-situ IR cell, then pre-treated under Ar (40 mLmin~") at 400°C
for 1 h, and cooled in Ar. For pyridine adsorption, the system was
first evacuated and the spectrum for background was recorded at
50°C. The sample was then exposed to pyridine vapor until
adsorption saturation, and then the adsorbed pyridine was
desorbed at 150°C until the spectra showed no change. The
spectrum was recorded. The Lewis and Brensted acid sites was
quantitatively caculated as following equation:"¥

C.=141x rz/W X Ajag0 (3)
Co = 1.88 x r2/w x Asqg (4)

where C_ and Cg are concentrations of Lewis acid sites and Brgnsted
acid sites (umolg™"), Ao and Ajse are integrated areas of the
bands at 1440 and 1540 cm ™, r is the wafer radius (cm), and w is
the wafer weight (g). For acetaldehyde adsorption, the system was
first evacuated and the spectrum for background was recorded at
10°C. The sample was then exposed to acetaldehyde vapor until
adsorption saturation, and then purged with Ar until the spectra
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showed no change. The spectrum was recorded. For ethanol
adsorption-desorption, the spectrum for background was recorded
at 400°C, 350°C, 300°C, 250°C, 200°C, 150°C, 100°C, and 50°C in
the cooling from 400 to 50°C after the pre-treatment. Subse-
quently, the ethanol was bubbled into the system by Ar
(20 mLmin™") at 50°C for 40 min, and then purged with Ar
(20 mLmin™") until the spectra showed no change. The spectrum
for ethanol adsorption at 50 °C was recorded. Then the temperature
was increased to 100°C under Ar with a heating rate of 10°Cmin™"
and maintained at 100°C for 10 min. The spectrum for ethanol
desorption at 100°C was recorded. The spectrum for ethanol
desorption at 150°C, 200°C, 250°C, 300°C, 350°C, or 400°C was
recorded in the same procedure.

Catalytic Tests

The dehydrogenation coupling of ethanol was carried out in a
fixed-bed reactor as the procedures described in our previous work
with a stainless steel tubular reactor in an external diameter of
10 mm and a length of 38 cm."? Typically, 0.5 g of catalyst (20-
40 mesh) was loaded into the constant temperature zone of the
reactor. Prior to the reaction, the catalyst was pretreated in situ
with N, (40 mLmin™") at 400°C for 1 h and then cooled to 350°C.
The N, gas flow was set to 60 mLmin~". The chromatographically
pure ethanol was pumped into a vaporizing chamber (150°C) at a
flow rate of 50 uLmin~', where ethanol vapor and N, were mixed,
and then into the reaction system. The pipeline behind the reactor
was heated to keep at 200°C. The products were analyzed
quantitatively by GC (Shimadzu, 2014C) with a flame ionization
detector (FID) and a GSBP-INOWAX column (30 m, 0.25 mm inner
diameter). The ethanol conversion and product selectivity were
calculated as follows:

Con.% = (Fin_Funreacted)/Fin x 100 % (5)
Sel% = Cin specific product/cin all liquid products x 100 % (6)

wherein, F,, and F,, e are the moles of initial ethanol and
unreacted ethanol; G, cthanol reaced Were calculated based on the
moles of carbon in all liquid and gaseous products; C;, secific product
and G, g siguid producs Were the moles of carbon in the specific product
and all liquid products. Each catalyst exhibited good stability in a
12.5 h test, showing traceable carbon deposition rate. Therefore,
the carbon balance is close to 100% and the Ci, gas products % iS
calculated as follows:

Cin gas products % = (1'Cin all liquid products/cin ethanol reacted) x 100 % (7)

Mass transfer limitations on Ag/Mg,Al-LDO-N-3h at 623 K, 0.1 MPa
with ethanol conversion of 32% were calculated using the Mears
and Weisz-Prater analyses.”” Mears Criterion for external diffusion
and Weisz-Prater Criterion for internal diffusion were 1.1x107<
0.15 and 0.1 <1, respectively, suggesting the absence of diffusion
limitation in this work.
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Synergistic Catalysis: Upgrading of
ethanol to n-butanol through dehy-
drogenation coupling provides a sus-
tainable way for n-butanol produc-
tion. But high selectivity to n-butanol
is still desirable. In this work, Ag-LDO
interfaces have been manipulated for
dehydrogenation coupling of
ethanol to n-butanol by tailoring the
size of Ag particles and the interac-
tions between Ag and LDO. Increas-
ing the population of interfacial Ag
sites promotes not only the dehydro-
genation of ethanol to acetaldehyde
but also the subsequent aldol con-
densation. A selectivity of up to 76 %
to n-butanol with an ethanol conver-
sion of 44% has been achieved on
Ag/LDO with abundant interfacial Ag
sites.
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