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ABSTRACT: This paper describes a molecular layer deposi-
tion (MLD)-assisted route for the preparation of Cu-ZnO
catalysts used in the hydrogenation of levulinic acid to produce
y-valerolactone. A Cu precursor supported on multiwalled
carbon nanotubes was coated with Zn-polyurea organic—
inorganic hybrid films via MLD first, and the catalyst was
obtained after calcination and reduction under mild con-
ditions. The produced catalysts exhibited remarkably enhanced
selectivity, efficiency, and stability due to the created Cu-ZnO
interface sites (Cu’Zn) and the cooperative effect between
Cu’Zn and Cu'. The ratio of Cu’Zn sites could be simply
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modified by changing the MLD cycle number. The correlation between catalytic activity and the ratio of different Cu species
(Cu’Zn, Cu’ and Cu") suggests that Cu’Zn is the main active site and responsible for the remarkably enhancing catalytic activity

and low apparent activation energy.
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1. INTRODUCTION

Hydrogenation of C=0 bond, such as CO, CO,, furfural and
levulinic acid (LA), has emerged as a powerful way to produce a
variety of chemicals and fuels from biomass, coal, and
petroleum.' ™ Copper-based catalysts are widely used for the
hydrogenation of C=O bond due to their selectivity in
hydrogenation of C=0O bonds and inactivity for the hydro-
genolysis of C—C bonds.”° As the relatively unstable copper
nanoparticles (NPs) tend to agglomerate or leach during
preparation stages (or high temperature reactions), it is of vital
importance to enhance their thermal and chemical stability
without impairing their intrinsic high performance.”” High-
efficiency copper catalysts could be achieved mainly by tailoring
the interplay of the metal-oxides and optimizing the micro-
structure by using special oxides as additive™®™'" or forming
stable copper precursors.””""

Cu-ZnO composites have wide apglications in catalytic
conversion of CO, or CO to methanol,”"*~'® hydrogenation/
dehydroxylation of biomass (fructose, sorbitol, glycerol or
furfural) to diols, photocatalytic H, production,'” methanol
steam reforming,18 and gas sensors.”” However, there is still a
lack of understanding of the influence of Cu-ZnO interface on
their activity and selectivity in the hydrogenation of carbonyl
compounds, such as furfural and LA. In general, ZnO is widely
used as an additive to improve the performance of Cu-ZnO
methanol synthesis catalysts by two ways. First, ZnO NPs
function as a physical spacer between Cu NPs and help to
disperse the Cu phase during catalyst preparation, resulting in
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high copper surface area.'”'? Second, the interaction of Cu and
ZnO also leads to an increase of intrinsic activity of Cu-based
methanol synthesis catalysts, an effect known as the Cu-ZnO
synergy.”'*~'® Behrens and co-workers have demonstrated that
the Cu-ZnO synergy is related to the presence of Zn’" at the
defective (stepped) Cu surface, which is a result of a strong Cu-
ZnO interaction leading to a partial coverage of the Cu surface
with ZnO, under reducing conditions.* Substitution of Zn into
the Cu steps further strengthens the binding of the intermediates
and increases the catalytic activity. Liao and co-workers ascribed
the synergy of Cu and ZnO in methanol production from CO,
hydrogenation to certain interaction between ZnO and Cu NPs
over the catalyst prepared by physically mixing Cu and ZnO
NPs.'® Recently, Valant and co-workers have discovered that the
activity of the Cu-ZnO methanol synthesis catalyst is correlated
to the number of contact points between Cu and ZnO NPs.'
Therefore, it is crucial to tailor the interplay of Cu-ZnO interface
for a high efficiency C=0 hydrogenation catalyst. However, it is
difficult to tailor the Cu-ZnO interface by traditional methods.
Atomic layer deposition (ALD) and molecular layer
deposition (MLD) have shown to be effective in the generation
of metal-oxide interface sites by overcoating the metal NPs with
porous oxide films. ALD produces films by self-limiting chemical
reactions between gaseous precursors and a solid surface in an
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atomic layer-by-layer fashion.”® It was employed to engineer the
metal-oxide interface in the subnanometer precision by coating
the surface of metal NPs with oxide films.”"** In order to
produce more metal-oxide interface sites on the surface of
catalyst, high annealing temperature (>700 °C) is necessary to
create microporsity in the ALD oxide films. MLD is a subset of
ALD which produces polymer or organic—inorganic hybrid films
using organic precursors by similar self-limiting surface
reactions.””**~>* The obtained organic—inorganic hybrid films
can be converted into porous oxide films after removin; organic
parts at lower temperature in comparison with ALD.”**” Besides,
the porous structure of the film could be modified by the
chemical structure of the organic part. Although metal NPs with a
porous oxide shell can retain the catalytic activity and only sinter
at much higher temperature, the porous shell still results in the
loss of surface active sites and the annealing temperature is too
high to generate porous shell.””**

Herein, we demonstrate a new approach to tailor the Cu-ZnO
interface by MLD. The Cu-ZnO catalysts are prepared by
depositing a Zn-polyurea hybrid layer by MLD on the surface of
Cu precursors supported on multiwalled carbon nanotubes
(CNTs) and then calcinating at mild temperature. The low
annealing temperature (300 °C) can prevent the aggregation of
the produced CuO NPs. The use of polyuria as organic part of
the Zn MLD film is beneficial to tailor Cu-ZnO interface sites by
changing MLD cycle number. The activity and stability of the Cu
catalyst for levulinic acid (LA) hydrogenation are significantly
improved due to the generation of abundant Cu-ZnO interface
sites.

2. EXPERIMENTAL SECTION

Precursors and Materials. Diethyl zinc (Zn(Et),, 1.0 M
solution in hexanes) was obtained from J&K Scientific Ltd. It has
a high vapor pressure and high reactivity and is wildly used as Zn
source in ALD process.”” The solution was injected into a
precursor cylinder in a N, glovebox (O,, H,O < 1 ppm). 14-
Phenylene diisocyanate (PPDI) and ethanediamine (EDA) were
used without further purification. High purity N, (99.999%) was
used as the purge gas and carrier gas. Urea and copper nitrate
were used for the synthesis of copper precursors. CNTs were
purchased from Shenzhen Nanotech Port Co. Ltd. (40—60 nm in
diameter, S—15 um in length). CNTs were pretreated in
concentrated nitric acid at 120 °C for 6 h before catalyst
preparation. Commercial Cu—Zn—Al catalyst (MWC-612) was
purchased from Lanzhou Katie Chemical Technology Co., Ltd.

Catalyst Preparation. First, 0.150 g treated CNTs were
added into an aqueous solution of urea (0.148 g) and copper
nitraties (0.152 g) at room temperature. Then, the reaction slurry
was heated in an oil bath at 170 °C for 0.5 h. The resulting
powders were dried at 110 °C overnight to obtain Cu/CNTs
precursors. The MLD process was carried out in a hot-wall,
closed chamber-type ALD reactor at 100 °C. Prior to MLD, 50
mg Cu/CNTs precursors dispersed in ethanol were spread out
on a quartz wafer and dried in air. Then, Zn-hybrid films were
deposited by sequential exposure of the Cu/CNTs precursors to
Zn(Et),, PPDI, EDA and PPDI with x cycles (x is the MLD cycle
number). Exposure and purge times for all precursors were 10
and 25 s, respectively. The temperature of the PPDI source was
kept at 80 °C. After MLD process, the samples were transferred
to a tube furnace and calcinated at 300 °C in air for 2 h producing
Cu—Zn(x)MLD. For comparison, direct coating of ZnO on the
Cu precursors by ALD was also performed by sequentially
exposing the Cu/CNTs precursors to Zn(Et), and H,O with y
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cycles. Then the samples were calcinated at 300 °C in air to form
Cu—Zn(y)ALD. Cu/CNTs precursors were also calcinated at
300 °C before the catalytic test to reveal the function of ZnO. It
can be known by inductively coupled plasma optical emission
spectroscopy (ICP-OES) that the contents of Cu in Cu—Zn-
MLD and Cu/CNTs catalysts are around 20 and 25 wt %,
respectively.

Catalytic Reaction. The performance evaluation of these
catalysts was carried out in a tubular fixed-bed microreactor
combined with an online gas chromatogram (GC). Prior to
reaction, the catalyst was reduced in situ in a 10% H,/N, (v/v)
gas mixture under atmospheric pressure at 300 °C for 1 h, with a
ramp of 2 K/min. Then 2 wt % solution of LA in ethanol was
pumped into a vaporizer, mixed with carrier gas (40 mL/min N,
and 20 mL/min H,) and then introduced into the reactor. The
total pressure in the reactor was kept at 1.0 MPa. The reaction
products were analyzed using GC(GC-9720, Zhejiang Fuli
chromatogram analysis Co., Ltd., China) equipped with a
hydrogen flame jonization detector (FID) and a capillary column
(HP-S, 30 m X 0.32 mm). The conversion and selectivity were
determined based on the area normalization method.

Characterization and Equipment. TEM and high-
resolution TEM (HRTEM) images were collected using a
JEOL JEM 2100F instrument. The concentration of the metal in
the catalyst was determined by ICP-OES, (Thermo iCAP 6300,
U.S.A.). Fourier-transform infrared (FTIR) spectroscopy
measurements were performed on a Bruker VEREX70
(Germany) using a MCT-A detector in the transmission mode.
Spectra were taken with 60 scans at 4 cm ™' resolution. The MLD
films were deposited onto a KBr pellet for FTIR analysis. XRD
analysis was carried out on a D/max-RA X-ray diffractometer
(Rigaku, Japan) with Cu Ka radiation (4 = 0.154 nm) operated at
40 kV. The Cu crystallite size was calculated with the Scherrer
equation using the full width at half-maximum (fwhm) of the
Cu(111) diffraction peak at 20 = 43.2°. Thermogravimetric
(TG) was performed on Rigaku TG analyzer at a 10 K/min scan
rate in air from 30 to 800 °C. X-ray photoelectron spectroscopy
(XPS) and auger electron spectroscopy (AES) were recorded
with a VG MiltiLab 2000 system at a base pressure of 1 X 107
mbar. Samples were excited with monochromatized Mg Ka
radiation (hv = 1253.6 eV). The analyzer was operated in a
constant-pass energy mode (20 eV). In order to reveal the real
surface structure of the catalysts in the hydrogenation process,
Cu catalysts were reduced in 10% H,/N, gas mixture at 300 °C
for 1 h in the XPS pretreatment chamber prior to XPS
measurement. The exposed copper surface area was measured
using N,O chemisorption method as described previously (Cu
surface atom density: 1.47 X 10'° atoms/m?).”"~*

3. RESULTS AND DISCUSSION

Scheme 1 shows the proposed reaction sequence for the four-
step (ABCB) MLD process of the Zn-hybrid film growth. First,
PPDI (B) is noncovalently adhered onto the surface of samples
(MWCNTSs or copper precursors) via strong physical
adsorption.”” Second, the reaction of Zn(Et), (A) with adsorbed
PPDI (B) molecules proceeds by the insertion of one isocyanate
group (-NCO) into the Zn-Et bond, giving the half heteroleptic
amidate complex.”* Then PPDI molecules are introduced and
react with surface -Zn-Et to form complete heteroleptic amidate
complex. Other —NCO groups can then react with EDA (C)
molecules in the following step to form a —NHCH,CH,NH,
terminated surface, which can anchor PPDI (B) molecules to
leave —NCO groups in the final step.”® This four-step ABCD
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Scheme 1. Proposed Four-Step (ABCB) Reaction Sequence
for Zn-Hybrid Film Formation by MLD using Zn(Et),, PPD],
and EDA as Precursors
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sequence is repeated until the required Zn hybrid film thickness
is obtained. The process enables tuning of the distance between
adjacent Zn moieties through the length of the organic part.*®
The FTIR spectra (Figure 1) and XPS results (Supporting
Information, Figure S3) confirm the successful covalent bonding

A+B+C+B

Intensity (a. u.)
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Figure 1. FTIR spectra of the MLD films prepared using Zn(Et), (A),
PPDI (B), and EDA (C) as molecular precursors with different reaction
sequence at 100 °C.

of urea and zinc amidate and the formation of Zn-hybrid film
using the four-step ABCB reaction sequence. To confirm this,
MLD processes with Zn(Et), and PPDI (A + B) as precursors
and with PPDI and EDA (B + C) as precursors were also
conducted. For B + C MLD film (Polyurea), three bands at 1664
(C==0 stretching vibration), 1513 (C—N stretching), and 1306
(N—C—N stretching) cm™ are characteristic of a polyurea
linkage.”® The A+B MLD film shows three different peaks at
1703, 1068, and 513 cm™, corresponding to N,O-chelating
amidate moieties bonded with Zn atom.”* The peak at 1068 cm ™
is also observed in the FTIR of ABCB MLD film. Besides, all
MLD films containing PPDI (B) monomers have the peaks at
1223 cm™" (in-plane bending of C=C—H in Ph ring), and 830
cm™! (out-plane bending of C=C—H in Ph ring). Typical bands
of the B + C and A + B MLD films are also present in the
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spectrum of ABCB MLD film. This reveals the covalent bonding
of urea with zinc amidate in the Zn-hybrid film. For the XPS
spectrum of ABCB MLD film, all the Zn 2p, N 1s and O 1s
spectra can be fit to a single peak, indicating a single form for each
element. However, from the reaction (Scheme 1), there should
be three distinct nitrogen atoms in the ABCB MLD film: the
amide nitrogen bonded to the Zn ion, the amide nitrogen
bonded to the alkyl carbon, and the amide nitrogen bonded to
the aryl carbon. This indicates that these nitrogen atoms are too
electronically similar to be resolved by XPS. Similar results were
observed for the case of MLD polyurea films®® and
Polythiourea.”” The C 1s spectrum of ABCB MLD film contains
three distinct feature peaks, attributed to the aromatic carbon,
alkyl carbon (C—N), and carbonyl carbons (C=0), respec-
tively.*®

The Zn-hybrid MLD film was deposited onto the Cu
precursors supported on CNTs to prepare the Cu—Zn-MLD
catalysts. After 80 cycles of MLD, a uniform Zn-hybrid film of 40
nm thickness is successfully coated on the surface of the sample
(Figure 2A), which is clearly visible from its brighter contrast.
The interlayer with a darker contrast located between the Zn-
hybrid MLD film and CNTs corresponds to the copper
precursors. Figure 2B shows the typical TEM image of the
calcinated Cu—Zn120MLD sample, which exhibits a uniform
dispersion of CuO and ZnO NPs on the CNTs. After reduction,
the NPs on the surface of CNTs are closely contacted with each

Figure 2. (A) Cu—Zn80MLD before calcination; (B) Cu—Zn120MLD
after calcination at 300 °C in air; (C) Cu—Zn120MLD reduced at 300
°Cin H,/N,; (D) HRTEM of reduced Cu—Zn120MLD; (E) Reduced
Cu/CNTs; (F) Reduced Cu—Zn120ALD.
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other (Figure 2C). Figure 2B and 2C reveal that the average
particle size of the NPs on CNTs is around 6 nm. HRTEM was
used to reveal the microstructure of Cu-ZnO interface. The
interplanar spacing of 0.21 and 0.25 nm (Figure 2D) matches
well with the (111) plane of Cu® and (101) plane of ZnO,
respectively. The Cu’ NPs are interacted with ZnO NPs. In
contrast, the Cu’ NPs of reduced Cu/CNTs catalyst have a broad
size distribution ranging from 2 to 300 nm (Figure 2E).
Therefore, it can be inferred that the ZnO NPs interacting with
CuO NPs can prevent the agglomeration of Cu’ NPs and
promote the generation of Cu-ZnO interface during reduction.
For comparison, copper catalysts modified by direct ALD of ZnO
were also prepared and designated as Cu—Zn-ALD. Figure 2F
shows that ZnO particles with a diameter of 11—18 nm are
attached on the surface of the reduced Cu—Zn120ALD catalyst.

XRD patterns and TG curves of the samples are illustrated in
Figure 3 and Figure S3. The Cu precursors on the CNTs before
MLD are mixtures of Cu,(OH);NO;, CuNH;(NO;), and
Cu(OH),, which are mainly converted into Cu(EDA),(NO;),
after Zn-hybrid MLD process (Figure 3A). This indicates that
the Zn-hybrid MLD film interacts with the copper precursors
through copper coordination with EDA. TG analysis (Figure
3C) shows that the decomposition temperatures of the copper
precursors and Zn-hybrid MLD films are below 350 °C in air.
After calcination in air at 300 °C, copper precursors and Zn MLD
films are converted into CuO and ZnO NPs, respectively (Figure
S3). XRD analysis reveals that all the CuO NPs are further
converted into Cu” after reduction (Figure 3B). The XRD peak
of the Cu(111) around 43.2° for the reduced Cu/CNTs is
significantly narrower than those in other reduced Cu—Zn-MLD
catalysts. Crystallite size of Cu NPs for these samples was
calculated by using the Scherrer equation based on the fwhm of
the Cu(111) diffraction peak (Figure 3B). Crystallite size of Cu
NPs follows the order: Cu/CNTs (11 nm) > Cu—Zn40MLD (6
nm) > Cu—Zn80MLD (5 nm) > Cu—Znl120MLD (4 nm),
indicating that the Zn MLD film prevents the agglomeration of
Cu’ NPs during preparation process. This is consistent with the
TEM results. The interaction between ZnO and Cu may also
result in the line broadening of the XRD peaks. The lattice
constant of Cu’ is determined from the XRD peak position of the
Cu(111). However, the lattice constant of Cu® for Cu—Zn-MLD
is similar to that of Cu/CNTs, indicating that the ZnO species is
not dissolved into the Cu particles to form a Cu—Zn alloy.'®
Figure 3B(S) reveals the formation of larger ZnO particles for the
Cu—Zn120ALD from the obvious sharp peaks. The peaks of Cu’
are invisible in the reduced Cu—Zn120ALD catalyst due to the
overcoating of ALD ZnO.

XPS and AES analyses of the reduced catalysts were carried out
to obtain a detailed chemical environment of the Cu-ZnO
interface. The absence of “shakeup” peaks in Cu 2p spectra
(Figure 4A, Figure SSA) indicates that the Cu®" is completely
reduced to metallic copper (Cu’) and/or Cu'* for the reduced
Cu—Zn-MLD, Cu/CNTs, and Cu—Zn-ALD catalysts.29 Cu’and
Cu'" can be distinguished from the AES spectra (Figure 4B). For
the reduced Cu/CNTs catalyst, only two AES peaks are observed
at 918.8 and 916.7 eV, attributing to Cu® and Cu",
respectively.”*”*® However, a new AES peak appears at 918.3
eV for the Cu—Zn-MLD catalysts in addition to the peaks
observed in the Cu/CNTs catalyst. Moreover, the intensity of
the peak at 918.3 eV increases with the increase of Zn MLD cycle
number from 40 to 120, while the intensity of the peak at 918.8
eV is dramatically decreased. The peak at 918.3 eV is due to the
Cu’ species which have interaction with the ZnO, labeled as
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Figure 3. (A) XRD patterns of the samples before calcination; (B) XRD
patterns of the samples after reduction in H,/N, at 300 °C; (C) TG
curves of the samples before calcination. Samples: (1) Cu/CNTs; (2)
Cu—Zn40MLD; (3) Cu—Zn80MLD; (4) Cu—Zn120MLD; (S) Cu—
Zn120ALD.

Cu’Zn.*® No peak at 919.1 eV is observed, suggesting the
absence of two-dimensional epitaxial Cu’ monolayer on the
surface of ZnO NPs.**** For the Cu—Zn160MLD catalyst, the
AES peak at 918.8 eV disappears, suggesting most of the Cu’
species are converted into Cu’Zn species. In order to understand
the electrical density change of the Cu’Zn species, the modified
Auger parameter [ = KE(Cupyy) + BE(Cu 2p3,)] was
introduced.”” The a’ for Cu’Zn (KE = 918.3 eV) is 1850.8 €V,
which is lower than that of Cu® (o’ = 1851.3 eV). This indicates
the electron density increases on Cu’Zn compared with that on
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Figure 4. XPS and AES of reduced samples. (A) XPS of Cu 2p; (B) AES

of Cuppypy Samples: (1) Cu/CNTs; (2) Cu—Zn40MLD; (3) Cu—
Zn8OMLD; (4) Cu—Zn120MLD; (5) Cu—Zn160MLD.

pure Cu’.**** Electron transfer from ZnO to Cu is further
revealed from the XPS of O 1s. Figure S4B shows that two
oxygen species, the hydroxyl group on the ZnO surface (531.6
eV) and the crystal lattice oxygen in ZnO (530.7 eV),">*" are
produced on the reduced Cu—Zn-MLD catalyst due to the
loading of ZnO NPs. The binding energy (BE) of The lattice
oxygen in Cu—Zn-MLD is higher than that on pure ZnO (530.2
+02eV'7), suggesting the electron transfer from ZnO NPs to
Cu NPs at the Cu-ZnO interface.' Because the lattice oxygen is
responsible for the electoral transfer between ZnO and Cu NPs,
the content of the lattice oxygen species is also correlated with
the content of Cu-ZnO interface sites. Therefore, the ratio of the
lattice oxygen in ZnO is increased with the increase of Zn MLD
cycle number, indicating the increase of Cu-ZnO interface sites.

Previous studies reveal that the reduction process of Cu—Zn-
based catalysts usually results in the formation of Cu—Zn
alloy.”'® However, on the surface of reduced Cu—Zn-MLD
(Figure S4C), all the BE of Zn 2p,, is located at 1022.1 eV,
which is higher than that that of ZnO bulk (1021.7 ¢V)** and
similar to partially reduced ZnO, on the surface of Cu(111)
(1021.9 eV).*” AES of Zn LMM is more sensitive than the Zn 2p
spectra to the chemical environment. Only two AES peaks are
observed at 991.2 and 988.1 eV (Figure S4D). No peak at 992.4
eV is observed in the AES of Zn LMM, indicating that no Zn
metal or alloy but ZnO or ZnO, is present on the surface of
reduced Cu—Zn-MLD.******* The o’ [@’' = BE(Zn 2ps) +
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KE(Zn LMM)] for the two Zn species were 2013.3 and 2010.2
eV, attributing to ZnO, and pure ZnO, respectively.’***

It was reported that the formation of metal-oxides interface by
ALD or MLD is realized at the expense of metal surface
sites.”"*>*7** However, the Zn MLD process here does not
result in loss of copper surface sites. Based on the XPS result
(Table S2), the surface Cu/Zn ratio of Cu—Zn-MLD is
calculated to be 0.3. Interestingly, such ratio reduces slowly
along with the increase of MLD cycle number. In contrast to this,
the Cu/Zn ratio of Cu—Zn-ALD drop significantly with the
increase of Zn ALD cycle number due to the ZnO overcoating,

The hydrogenation of LA was carried out to evaluate the
performance of Cu/CNTs, Cu—Zn-MLD and Cu—Zn-ALD
catalysts. It is revealed that the Cu—Zn-MLD catalysts have much
better performance for the synthesis of GVL than that of Cu/
CNTs (Figure S). The catalytic activity of Cu—Zn-MLD raise
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Figure S. Arrhenius plot for GVL synthesis from LA hydrogenation on
Cu/CNTs (M), Cu—Zn40MLD (@), Cu—Zn8OMLD (A), Cu—
Zn120MLD (¥),and Cu—Zn160MLD (). These values are obtained
at the steady-state measured at 180, 200, 220, and 240 °C, respectively.

first but slightly reduced by increasing the MLD cycle number
from 40 to 120 and then to 160. In contrast, the yield of GVL on
Cu—Zn-ALD is not substantially raised with the increase of Zn
ALD cycle number (Table S3). The apparent activation energy
(E,) of GVL formation was calculated according to the Arrhenius
equation (k = Ae"E/RD) (Table S3). The E, of GVL formation
on Cu/CNTs is 38.9 + 5.5 kJ/mol, which is comparable with
previous values ranging from 33 to 59 kJ/mol over Cu-based
catalyst in C=0 bond hydrogenation of CO (33.6—41.8 kJ/
mol),” CO, (58.8 kJ/mol),” and acetophenone (54.9 kJ/
mol).”” However, the E, of GVL formation is dramatically
decreased on the Cu—Zn80MLD (15.1 + 0.3 kJ/mol), Cu—
Zn120MLD (15.7 + 1.6 kJ/mol), and Cu—Zn160MLD (17.9 +
2.1 kJ/mol), suggesting the generation of new surface active sites
with high catalytic efficiency due to the Cu-ZnO interaction.
Generally, high copper surface area is advantageous to the
hydrogenation activity of Cu catalyst.”® Table S3 shows the
metallic copper surface areas (Sc,) of the reduced catalysts and
the turnover frequency (TOF) of GVL. The S, of Cu/CNTs is
lower than that of Cu—Zn-MLD but higher than that of Cu—Zn-
ALD. Moreover, the Sc, of Cu—Zn-MLD slightly increases with
the Zn MLD cycle number. Therefore, Zn MLD results in the
generation of more Cu sites, and Zn ALD leads to the decrease
of Cu’ sites. This accounts for the enhanced GVL yield on Cu—
Zn-MLD as well as the low activity of Cu—Zn-ALD. All TOF
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values of Cu—Zn-MLD or Cu—Zn-ALD are higher than those of
Cu/CNTs (40 h™') and commercial Cu—Zn—Al catalyst
(MWC-612, 3.0 h™'). The Cu—Zn120MLD turns to be most
efficient catalyst with a TOF value of 11.3 h™", which is nearly 3
times higher than that of Cu/CNTs. This reveals that the
formation of additional surface microstructure enhances the
activity of Cu NPs due to ZnO interaction.”*’

AES analysis of the reduced catalysts indicates that the content
of new Cu’Zn species increases with the increase of MLD cycle
number. On the contrary, the amount of Cu’ and Cu* reduce
with the increase of Zn MLD cycle number. This can be ascribed
to the interaction between Cu and ZnO NPs. To further gain
insight into the effect of Cu valence state in the LA
hydrogenation to GVL, the TOF of GVL as a function of ratio
of different copper valences was examined. Figure 6A shows that
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Figure 6. (A) Correlation of the TOF of GVL yield with Cu’Zn/(Cu® +
CuZn + Cu*); (B) The stability of the catalysts in the hydrogenation of
LA (240 °C, 1 MPa, H,/N, = 0.5).

TOF increases with the Cu®Zn/(Cu® + Cu’Zn + Cu") ratio at
different reaction temperatures, suggesting that the catalytic
activity mainly depends on the number of Cu’Zn sites. In
contrast, the ratio of Cu®/(Cu® + Cu®Zn + Cu*) and Cu*/(Cu® +
Cu’Zn + Cu") decrease with the increase of Zn MLD cycle
number (Figure S6). Since the TOF is not perfectly lineally
increased with the Cu’Zn/(Cu® + Cu’Zn + Cu") ratio, it would
be reasonable to assume the subsidiary of Cu’ and Cu* in the
hydrogenation of LA over the Cu—Zn-MLD catalyst.

In the vapor-phase LA hydrogenation, surface adsorption and
activation of reactants (H, and LA) and intermediates are vital
catalytic steps. Different mechanisms have been proposed in
previous works to interpret the C=0 hydrogenation behaviors
over the Cu-based catalysts. Chen and co-workers have
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demonstrated that a modest Cu’/(Cu’ + Cu*) ratio on the
surface leads to the optimal TOF in ester hydrogenation, and Cu’
is the primary active site, while Cu" may facilitate the conversion
of intermediates.” Our results indicate that Cu’Zn is the key
copper species to induce high activity for LA hydrogenation over
Cu—Zn-MLD catalyst, and that Cu" species decreases with the
increase of Zn MLD cycle number. Although Cu" may facilitate
the conversion of intermediates, it is not the key catalytic site. We
have found that the E, of GVL formation is obviously reduced
over Cu—Zn80MLD, Cu—Zn120MLD and Cu—Zn160MLD in
comparison with Cu/CNTs. XPS and AES analyses reveal that
the Zn species is partially reduced to ZnO,, by interacting with
Cu, owing to the Cu—Zn electron transfer at the interface of Cu-
ZnO. In CO hydrogenation, in situ XPS and theoretical
simulation indicated that Zn®* species at Cu steps/defects result
in the increasing of binding strength of intermediate (HC=0%,
H,C=0%*) and decreasing of reaction barriers.* This is
consistent with our results, indicating that the Cu-ZnO interface
site (Cu’Zn) has special activity and low energy barriers in
hydrogenation of LA.

Figure 6B displays the comparison of catalytic activity as a
function of reaction time for the Cu—Zn120MLD catalyst and
the Cu/CNTs catalyst. The yield of GVL is dramatically
decreased from 73% to 10% over the Cu/CNTs catalyst.
However, there is no obvious change in the yield of GVL for the
Cu-Zn120MLD catalyst. Yue and co-workers reported that
higher Cu®/(Cu® + Cu") ratio (0.27) on the Cu@PSNT-in leads
to an enhanced stability.” Analogously, the interaction between
the Cu NPs and ZnO NPs and increase of Cu’Zn/(Cu® + Cu’Zn
+ Cu") ratio also induce the high stability of the Cu—Zn120MLD
catalyst by suppressing the sintering of Cu NPs. This MLD
method has also been used to deposit Zn MLD film onto a Cu—
based catalyst, which was prepared by a direct precipitation
method using sodium hydroxide as precipitant (Cu-Pre-
Zn120MLD). Similarly, the catalytic activity and TOF of the
Cu-based catalyst were dramatically increased in LA hydro-
genation after Zn MLD modification (Table S3).

4. CONCLUSIONS

In conclusion, we have demonstrated a new approach to tailoring
the Cu-ZnO interface by depositing Zn-hybrid film with
controlled thickness by MLD on Cu precursors supported on
CNTs. Cu NPs are uniformly mixed with small ZnO NPs to form
more Cu-ZnO interface sites, which have intrinsic catalytic
activity and stability in LA hydrogenation by reducing the
apparent activation energy. In contrast, the Cu catalysts modified
with ALD ZnO result in the covering of the Cu surface sites and
low yield of GVL. The tailoring of Cu-ZnO interface of Cu—Zn-
MLD catalysts can pave the way for other similar C=O
hydrogenation processes, such as the hydrogenation of furfural,*
CO, CO,* and dimethyl maleate.” Production of new Cu”Zn site
by Cu-ZnO interaction via MLD could help us to better
understand the nature of the copper active sites and the synergy
of metal and metal oxide interface in the C=0 hydrogenation.
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