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1. Introduction

Rational design of the La-doped CuCoAl
hydrotalcite catalyst for selective hydrogenation
of furfuryl alcohol to 1,5-pentanediolf

@0 Yuanna Zhang,®® Jinglei Cui, (& *©
2 and Yulei Zhu (2 "9

Jingjing Tan,*® Hailong Huang,
Jing Zhang, ©© ¢ Long Huang,® Yongzhao Wang

1,5-Pentanediol (1,5-PeD) is an important raw material for the preparation of degradable polyesters, poly-
urethanes and pharmaceutical intermediates. Efficient synthesis of 1,5-PeD from biomass-derived furfuryl
alcohol (FFA) by hydrogenation is a green synthetic route instead of using fossil raw material production.
Nevertheless, it suffers from great challenges as the various adsorption configurations of FFA on the cata-
lyst surface induce diverse product distributions and low selectivity for 1,5-PeD. Herein, a CuCoAl hydro-
talcite catalyst modified by La was fabricated and applied in the hydrogenation of FFA to 1,5-PeD. The
results demonstrated that in the catalyst doped with La via deposition—precipitation methods (La/CuCoAl-
DP) there appeared a strong Cu-La interaction, and it exhibited superior activity compared with other cat-
alysts. A near 60% yield of 1,5-PeD was achieved under 160 °C, 4 MPa H, within 2 h. Extensive character-
izations including XRD, HRTEM, N,O-TPD and CO,-TPD demonstrated that the doping of La improved
markedly the dispersion of Cu and the concentration of strong basic sites. Furthermore, HRTEM and the
in situ XPS characterization verified that the addition of La species promoted the formation of a Cu-La
interface with a stable Cu”*—O-La(OH)sz structure on the catalyst surface. Such Cu"*-O-La(OH)s sites
can simultaneously activate the furan ring and the —OH group in FFA with an intermediate six-membered
ring transition state, leading to high selective cleavage of the C2-0O1 bond in the furan ring to 1,5-PeD.
Meanwhile, the DFT calculation results corroborated that the modifying by La species remarkably pro-
moted the C2-end tilted adsorption of FFA on the catalyst surface and enhanced the ability of the catalyst
to activate hydrogen. This study provided a new strategy for the high-value utilization of biomass
resources and the development of multi-center catalysts.

Moreover, it is expected to replace 1,4-butanediol and 1,6-hexa-
nediol in the polyester market due to its excellent thermal

1,5-Pentanediol (1,5-PeD) is an important monomer for the
preparation of biodegradable polyesters, unsaturated poly-
esters, polyurethanes and pharmaceutical intermediates.'™
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stability. At present, 1,5-PeD is in great demand, while the pro-
duction capacity cannot meet the required levels. In industry,
1,5-PeD has been mainly synthesized from non-renewable pet-
roleum-based C5 hydrocarbons, likely glutaric acid and its
derivatives. The production process is complex and has high
energy consumption, causing the high price and limited utiliz-
ation of 1,5-PeD. According to the statistics, its global econ-
omic output reached approximately $133 million, and the
price soared to $9700 per ton in 2020.° Thus, it is of great sig-
nificance and high economic value to explore a green, sustain-
able and efficient process for the synthesis of 1,5-PeD.
Biomass is a renewable organic carbon with the advantages
of having a wide variety of sources and being highly renewable,
which makes it one of the most explored potential new energy
sources.”® Compared with fossil materials, biomass and its
derivatives are more suitable as raw materials for the pro-
duction of diols as they possessed high oxygen content and
possess C-O/C=0 bonds."® Furfural is an important biomass

This journal is © The Royal Society of Chemistry 2024
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platform compound, and its annual production exceeds
400 000 tons."™'* More than 75% of furfural was used for the
production of furfuryl alcohol (FFA). FFA can be converted to
1,5-PeD by the hydrogenation and highly selective breakage of
the C2-0O1 bond in the furan ring (Fig. 1). This is a green and
sustainable process, which is promising for the synthesis of
1,5-PeD.

It is a great challenge to synthesise 1,5-PeD from FFA with
high selectivity due to the diverse adsorption configuration of
FFA on the catalyst surface. The product distribution is
complex and the selectivity of 1,5-PeD is low. As shown in
Fig. 2, FFA can be adsorbed on the catalyst surface by planar
(Fig. 2A) and tilted adsorption configurations, in which tilted
adsorption includes C5-end and C2-end adsorption (Fig. 2B
and C).">"* Tetrahydrofurfuryl alcohol (THFA) generated easily
when FFA was adsorbed by planar (furan ring) adsorption
(Fig. 2A) on the catalyst surface. In contrast, pentanediols can
be obtained via cleavage of the C-O bond in the furan ring
when FFA was adsorbed by tilted adsorption configurations
(Fig. 2B and C). Typically, C5-end oblique adsorption of FFA
was prone to occur due to the large steric hindrance of the

OH
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Fig. 1 The route of furfuryl alcohol to 1,5-PeD and 1,2-PeD.
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—-OH group and the high reaction energy barrier of the C2-end,
and 1,2-pentanediol (1,2-PeD) will be the dominant product by
C5-01 bond cleavage (Fig. 2B).">'* Therefore, the surface
active site in the catalyst is required to possess the ability to
adsorb and anchor the -OH group outside the furan ring,
which will reduce the reaction energy barrier and eliminate
the steric hindrance. Subsequently, the C2-end of the furan
ring would close to the catalyst surface, and the oblique
adsorption of FFA can occur (Fig. 2C). Then, the active H on
the metal site attacks the C2—C3 bond, the C2-0O1 bond will
be weakened and broken to form 1,5-PeD.

Recently, researchers have developed a few precious metal
and non-precious metal catalysts to modulate the adsorption
performance of FFA on the catalyst surface and enhance the
selectivity of 1,5-PeD. Meanwhile, metal-acid or metal-base
synergistic catalytic mechanisms were proposed. For instance,
Chen et al. explored the metal-acid bifunctional Cu/Al,O; cata-
lysts for FFA conversion.'” The conversion of FFA was 85.8%
together with an 18.9% yield of 1,5-PeD at 140 °C, 8 MPa H,
within 8 h. They proposed that the -OH group of FFA can be
anchored by Lewis-acid sites derived from Al,03, inducing C2-
end oblique adsorption of FFA and promoting the cleavage of
the C2-0O1 bond to produce 1,5-PeD. Peng et al. claimed that a
42.5% yield of 1,5-PeD was obtained from FFA hydrogenation
on a Ni-Co-Al mixed metal oxides catalyst at 160 °C, 4 MPa H,
for 4 h.'® They considered that the ~OH group of FFA was
absorbed by CoO, species due to its oxophilicity. The tilted
adsorption of FFA occurred on the catalyst surface, thereby
promoting the cleavage of the C2-O1 bond to create 1,5-PeD.
These acid sites in the catalyst can promote FFA to show C2-
end oblique adsorption, which is favored for the production of
1,5-PeD. However, such acid sites also boosted the generation
of 2-methylfuran and n-pentanol by the hydrogenolysis of FFA
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Fig. 2 The adsorption configurations of FFA on the catalyst surface.
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and 1,5-PeD, respectively."” Therefore, metal-basic dual-site
catalysts and their catalytic mechanism have gained more
attention. For example, basic support, likely CeO,, MnO, and
hydrotalcite supported Ru or Pt were used to transform FFA to
1,5-PeD at 150-170 °C and 1-2 MPa H,.'*'®2° The authors
considered that the surface basic site in the catalyst can
anchor the ~OH group of FFA to form an alkoxide structure,
making FFA absorb on the catalyst in the form of C2-end
oblique adsorption. However, 1,2-PeD was the principal
product with a yield of 1,5-PeD (<10%) due to the insufficient
alkaline strength. Meanwhile, such noble metal catalysts are
difficult to use for large-scale industrial production due to
their high price. Thus, researchers have paid more attention to
the non-precious metal catalysts, like Cu, Ni and Co-based
catalysts.'"**? Liu et al. designed a CuMgAl hydrotalcite cata-
lyst for the conversion of FFA to 1,5-PeD. A 25.5% yield of 1,5-
PeD was gained at 140 °C, 6 MPa H, within 24 h. They claimed
that the -CH,OH of FFA interacted with the basic sites of
hydrotalcite to form an alkoxide complex, inducing the C2-end
oblique adsorption to generate 1,5-PeD.>' Qur group explored
CuMgAl and CuCoAl hydrotalcite catalysts with basic sites to
catalyze the transformation of FFA to 1,5-PeD, respectively. The
catalyst CuMgAl displayed a 21% yield of 1,5-PeD at 140 °C, 4
MPa H, for 8 h.?? Notably, the yield of 1,5-PeD raised to 45%
on CuCoAl hydrotalcite catalyst in a shorter reaction time
under the same reaction conditions.'® Besides the C2-end
tilted adsorption of FFA being promoted, it was observed that
the CoO, species derived from a Co3;0, reduction facilitated
the adsorption and activation of the C2=C3 bond in FFA,
resulting in the weakening and cleavage of C2-O1 bond to 1,5-
PeD.>*** However, the yield of the main by-product THFA was
more than 20%, which can be assigned to the inadequate
strength of the basic sites. Meanwhile, the Co® and CoO, were
uniformly dispersed on the catalyst surface, resulting in the
parallel adsorption of FFA for THFA production (Fig. 2A).
Moreover, THFA is more stable than FFA as the furan ring is
saturated, and it would not convert to 1,5-PeD over the CuCoAl
catalyst. To further enhance the selectivity of 1,5-PeD, stronger
basic sites in the catalyst were required, which will regulate the
adsorption configuration of FFA with C2-end tilted adsorption
rather than parallel adsorption. Furthermore, this catalyst can
catalyze THFA conversion to 1,5-PeD.

Rare earth metal oxides and hydroxides, especially La,O3
and La(OH)s, are widely used in catalysis due their strong basi-
city and good chemical stability.**° It is reported that the
strong basic sites of La(OH); in the Ni-Ln (Ln = La, Pr and Sm)
catalyst can extract H from the -OH group of THFA, making it
deprotonate to form alkoxide species, thereby promoting the
C2-end inclined adsorption for THFA.® Then, the C2-O1 bond
was cleaved and hydrogenated to 1,5-PeD. However, the vari-
ation of La species, the relationship between several active
sites and the cooperative catalysis are not clear.

Herein, La-doped CuCoAl catalysts were explored and used
in the synthesis of 1,5-PeD from FFA for the first time. The
impact of La doping on the catalyst structure and catalytic
activity was studied. The results showed that the catalyst
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doped with La by deposition-precipitation methods exhibited
superior catalytic activity. The yield of 1,5-PeD reached about
60% at 160 °C, 4 MPa H, within 2 h. Moreover, THFA can
be transformed to 1,5-PeD under the same conditions when
it was the reaction substrate. Extensive characterizations,
including XRD, H,-TPR, H,-TPD, in situ XPS, N,O-TPD,
HRTEM, CO,-TPD and DFT calculations were executed to
understand the active sites and their synergistic catalysis.
This study will provide a new strategy for the high-value utiliz-
ation of biomass resources and the development of multi-
center catalysts.

2. Experimental
2.1 Synthesis of the catalysts

The CuCoAl hydrotalcite-like catalyst precursors were syn-
thesized by a co-precipitation method with a fixed molar ratio
of metals (Cu:Co:Al = 1:29:10). The La/CuCoAl-DP, La/
CuCoAl-CP and La/CuCoAl-IM catalyst were prepared by the
deposition-precipitation method, co-precipitation method and
incipient wetness impregnation method, respectively. The
details are shown in the ESL.}

2.2 Catalyst characterization and DFT calculation

The catalysts’ structure and properties were measured by XRD,
BET, ICP-OES, H,-TPR, H,-TPD, TEM, in situ XPS and CO,-
TPD. The adsorption behaviors of furfuryl alcohol and the
energy values for dissociative H, adsorption over CuCoAl and
La/CuCoAl catalysts were investigated by DFT calculation.
More details are shown in the ESL}

2.3 Catalyst evaluation and product analysis

The catalytic performance of the catalysts for the conversion of
FFA to 1,5-PeD was performed in a 100 ml stainless-steel auto-
clave (MSG-100-P5, AnhuKemi Machinery Technology Co., Ltd,
Hefei, China) with a gas input system and mechanical agita-
tion. Typically, 0.1 g catalyst (reduced at 400 °C for 1 h within
an H,/N, mixed atmosphere), 0.5 g FFA and 39.5 g solvent
were added into the autoclave. Afterward, the reactor was
sealed and flushed with N, and H, 5 times, respectively. Then,
H, pressure was added to reach the required pressure. The
control program temperature was set. Next, the reaction system
was heated (5 °C min™") to the required temperature. After the
reactions, the reactor was cooled to normal temperature, and
the H, inside the reactor was vented. The mixture was centri-
fuged to remove the catalyst, a clear solution filtered using a
0.45 pm needle-type filter was obtained. The Agilent 7890 gas
chromatograph with a hydrogen flame detector was used to
analyze the reaction products. The chromatographic column
was HP-INNOWAX (30 m x 0.32 mm x 0.5 um). The catalyst
was recycled by the following procedure: After finishing the
first hydrogenation run, the catalyst was separated from the
reaction mixture by a high rate of centrifugation. Then, it was
washed with ethanol 3 times for the next run under identical
conditions.

This journal is © The Royal Society of Chemistry 2024
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3. Results and discussion
3.1 Evaluation of catalytic performance

Fig. 3a shows the preparation of 1,5-PeD from FFA on different
catalysts. The activity of the catalyst and the selectivity of 1,5-
PeD were enhanced apparently over the La/CuCoAl catalyst
compared with the CuCoAl catalyst. Moreover, the catalyst syn-
thesized by the deposition—precipitation method (La/CuCoAl-
DP) exhibited higher FFA conversion and 1,5-PeD selectivity
than that prepared by the impregnation (La/CuCoAl-IM) and
co-precipitation (La/CuCoAl-CP) method. Specifically, the con-
version of FFA increased markedly from 53% to 82%, and the
1,5-PeD selectivity reached 50.4% over the La/CuCoAl-DP cata-
lyst. This phenomenon implied that more effective La active
species can be formed by the deposition-precipitation
method. Such La species have high basicity and can act as
adsorption sites to adsorb the -OH group in FFA. Then, FFA
was absorbed on the catalyst surface by C2-end oblique
adsorption, forming an alkoxide structure and facilitating the
generation of 1,5-PeD.>?* Additionally, such La species can
promote the activating of H, to form active hydrogen by metal
Cu sites. Generally, the La species in the catalyst might exist in
the form of La(OH);, LaOOH or La,0j3, in which La(OH); can
transform to LaOOH by dehydration, and LaOOH was further
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dehydrated to obtain La,O; with an elevated calcination temp-
erature in air (typically high than 590 °C).?° The order of basic
sites for these La species were La(OH); > LaOOH > La,03.*” To
prevent the conversion of La(OH); into La,O; during the calci-
nation process, the catalysts were reduced with H,/N, at 400 °C
without calcination in air. The catalyst activity and the selecti-
vity of 1,5-PeD were at the same level compared with that of
the calcined catalyst (Table S1,} entries 1 and 2), indicating
that the current calcination and reduction condition did not
change the structure of the La species. Meanwhile, multiple
complex metal oxides were generated and the interactions
between Co and other metal oxides were enhanced by calcina-
tion. In comparison, this interaction was weak in the catalyst
without calcination, leading to the Co species being relatively
easier to reduce, and producing more Co° sites. The Co° sites
have been identified to be more favorable in the hydrogenation
of the C=C bond, leading to a higher selectivity of THFA.*® To
further verify the role of La(OH); species, the catalysts mixed
mechanically with different content of pure La(OH); and
reduced CuCoAl were applied to transform FFA to 1,5-PeD
(Table S1,t entries 3-5). A significant improvement in FFA con-
version and 1,5-PeD selectivity, together with the decrease in
THFA selectivity occurred over La(OH); (content 1.5%-3%) &
CuCoAl mixed catalyst compared with CuCoAl catalyst. The
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Fig. 3 The test for the hydrogenation of FFA. (a) Effect of catalyst, (b) Effect of temperature, (c) Effect of H, pressure, (d) Effect of solvent. Reaction
conditions: FFA 0.5 g, catalyst 0.1 g, ethanol 39.5 g, reaction time 2 h, carbon balance in all reactions > 97%. THFA: tetrahydrofurfuryl alcohol; FFA:
furfuryl alcohol; 1,2-PeD: 1,2-pentanediol; 1,5-PeD: 1,5-pentanediol, others: n-pentanol, 2-pentanol and 1-butanol, 2-MF: 2-methylfuran.
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conversion of FFA reached 87.6% with a 52.9% selectivity of
1,5-PeD. Meanwhile, as expected, the selectivity of THFA was
reduced from 22.6% to 17.5%. These results further indicated
that La(OH); species play a crucial role in the conversion of
FFA to 1,5-PeD. However, both the FFA transformation and the
1,5-PeD selectivity decreased with further increasing of the
content of La(OH);. The reason might be that the excessive La
(OH); encapsulated the Cu sites, reducing the amount of
surface Cu’ and leading to a great decrease in activity. Notably,
the catalytic activity and 1,5-PeD selectivity over La/CuCoAl-DP
were much higher than those over the catalyst with physically-
mixed La species. This was ascribed to the stronger interaction
between La sites and active metals (Cu or CoO,) for doping La
species by the deposition-precipitation method than that with
doped La species via physical mixing. Furthermore, THFA was
used as the substrate to verify the effect of La (Table S2t). 1,5-
PeD was detected in the product over the La/CuCoAl-DP cata-
lyst, while it was not detected on the CuCoAl catalyst and the
main product was 2-MTHF. This result confirmed that the
doping of La promoted the ring cleavage of THFA.

Fig. 3b depicts the impact of reaction temperature on the
transformation of FFA to 1,5-PeD on the La/CuCoAl-DP cata-
lyst. The conversion of FFA improved monotonically from
35.3% to 100%, while the selectivity of 1,5-PeD displayed a
“volcano pattern” with rising the temperature from 100 °C to
180 °C. The 1,5-PeD selectivity improved initially until achiev-
ing the highest value (54.2%) at 160 °C, accompanied by the
visible decline of THFA selectivity. However, the 1,5-PeD
selectivity gradually decreased when the temperature further
increased to 180 °C as more over-hydrogenated products
(n-pentanol, 2-pentanol and 1-butanol) were formed. The
product distribution changed evidently with the varying of the
temperature, which might be related to the variation of FFA
adsorption performance on the catalyst surface due to its heat-
sensitive nature.'®**?° It has been reported that higher temp-
eratures can promote the weak bond cleavage between the sub-
strate and the surface metal sites (-C=C-metal complex).
Therefore, the adsorption configuration of the reactant will
change to that linked by a stronger bond, likely the ~-OH-basic
site complex on the catalyst surface.®’ At lower temperatures
(below 140 °C), the selectivity of 1,5-PeD is low, even much
lower than that of THFA. This might result from the strong
affinity between the catalyst and the furan ring with parallel
adsorption for FFA without steric hindrance and the reaction
energy barrier being much lower. Such an adsorption perform-
ance of FFA facilitated the generation of THFA by furan ring
hydrogenation,'® which was too stable to allow ring-opening
for 1,5-PeD production.”® However, the strong basic sites on
the catalyst surface can anchor the ~OH groups in FFA to form
an alkoxide structure when the reaction temperature is elev-
ated. This resulted in a C2-end tilted adsorption configuration,
while it reduced the affinity of the C2=C3 bond on the catalyst
surface. The hydrogenolysis of -CH;OH and the hydrogenation
of the furan ring can be prevented with this adsorption con-
figuration, thereby enhancing the selectivity of 1,5-PeD. Thus,
appropriate reaction temperature and suitable adsorption
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structure are indispensable for the conversion of FFA to 1,5-
PeD.

Other reaction conditions, including H, pressure (Fig. 3c)
and the solvents used (Fig. 3d) were examined to ensure their
influence on FFA conversion. With an increase in H, pressure
from 3 MPa to 5 MPa, the conversion of FFA grew linearly,
while the selectivity of 1,5-PeD showed a tendency to the
normal distribution curve. The selectivity of 1,5-PeD reached
the maximum value of 54.2% at 4 MPa H,. Hence, the optimal
H, pressure was 4 MPa, which was used for further
investigation.

Fig. 3d illustrates the effect of various alcohols on the syn-
thesis of 1,5-PeD from FFA on the La/CuCoAl-DP catalyst.
Methanol, ethanol, n-propanol, isopropanol, isobutanol,
2-butanol, tert-butanol and tert-pentanol were selected as the
solvents. Compared to tertiary alcohol solvents (tert-butanol
and tert-pentanol), secondary alcohol (isopropanol and isobu-
tanol) solvents exhibited higher activity during the reaction. In
particular, the conversion of FFA and the selectivity of 1,5-PeD
achieved were 93.6% and 50.2% in isopropanol solvent,
respectively. The lower activity of tertiary alcohols with
branched chains was likely due to the lack of a-H, resulting in
an insufficient hydrogen donation ability. Both the conversion
of FFA and the selectivity of 1,5-PeD were relatively low when
primary alcohol (methanol) was used as the solvent. This was
ascribed to the difficulty of deprotonation for methanol.>>7*
Interestingly, the superior activity and higher selectivity of 1,5-
PeD were achieved with the solvent of ethanol (the other
primary alcohol) compared to isopropanol. This can be attrib-
uted to the lower reduction potential of ethanol. Meanwhile,
ethanol, derived from biomass, is a green and renewable
solvent. Considering economic factors and the toxicity of
alcohol compounds, ethanol is an ideal solvent compared to
isopropanol. Additionally, the effects of water, which can
promote the ring-opening of furan and hydrogenation,'® on
the catalyst activity and the product distribution were investi-
gated. As shown in Table S3,f the selectivity of 1,5-PeD was
maintained, while the conversion of FFA decreased signifi-
cantly when a small amount of water was added. Furthermore,
besides the conversion, the selectivity of 1,5-PeD declined
obviously in the aqueous solution. This can be attributed to
the change of the catalyst structure as the “memory effect of
the hydrotalcite structures” in the presence of water.>*™’
Meanwhile, FFA can be rearranged and hydrogenated to cyclo-
pentanone and cyclopentanol in an aqueous solution with
weak acidity,*®?° thereby lowering the selectivity of 1,5-PeD.

The hydrogenation and ring-cleavage of FFA is a complex
reaction. The product distribution was influenced remarkably
by the reaction time (Fig. S1t). The transformation of FFA
raised gradually while the selectivity of 1,5-PeD enhanced
initially and then decreased with the increase of reaction time.
The conversion of FFA attained 100% together with the
highest selectivity of 54.1% for 1,5-PeD within 3 h. However,
the selectivity of 1,5-PeD, 1,2-PeD and THFA decreased gradu-
ally, while the over-hydrogenated products, such as n-pentanol,
2-pentanol and 1-butanol were formed with further extending

This journal is © The Royal Society of Chemistry 2024
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Table 1 Textural properties of the catalysts
wt% ¢

Catalyst Cu Co La Sper” (m* g™ Vo2 (em® g™ Dp? (nm) Dey € (%) Scu € (M*g™)
CuCoAl 2.8 73.8 — 83.3 0.64 30.8 10.0 1.3
La-CuCoAI-CP 2.3 66.1 1.3 94.4 1.0 42.3 21.9 2.5
La/CuCoAl-IM 2.6 65.3 1.9 87.8 0.87 39.7 11.0 1.4
La/CuCoAl-DP 2.7 68.0 1.8 149.1 0.56 14.9 16.7 2.2
La/CuCoAI-DP ¢ 2.3 66.6 1.7 — — — — —

“Determined by ICP-OES analysis. ” Determined by N,-adsorption-desorption, Sgp: specific surface area. Vp: pore volume, Dy: pore size.
°Determined by N,O chemisorption, D¢,: dispersion of metallic Cu, Sc,: Cu metallic surface area per gram of catalyst. “ The catalyst that had

been reused 8 times.

the reaction time. It can be inferred that THFA undergoes ring-
opening to produce 1,5-PeD, and 1,5-PeD can be further hydro-
genated to n-pentanol, 2-pentanol and 1-butanol, which was
corroborated by the results illustrated in Tables S2 and S4.f

3.2 Catalysts characterization

Fig. S21 presents the N, adsorption-desorption isotherms and
the pore distribution curves of the calcined catalysts. All cata-
lysts were mesoporous materials as each of them showed a
type IV isotherm shape with an H; hysteresis loop.*® Table 1
lists the surface area, pore volume and average pore diameter
of the catalyst. The surface area improved evidently after
doping La onto the CuCoAl catalyst. The highest specific
surface area was obtained for the La/CuCoAl-DP catalyst pre-
pared by the deposition-precipitation method (149.1 m? g™%),
which was conducive to the distribution of active metal sites.
The pore size decreased from 30.8 nm to 14.9 nm, and the
pore volume decreased from 0.64 cm?® g™ to 0.56 cm® g™ . This
phenomenon might result from the strong interaction between
La sites and Cu sites, and Cu-O-La bonds were formed. Such
interaction inhibited grain growth and reduced the crystallite
size, thereby enhancing the surface area. The content of each
metal in the catalysts was determined by ICP-OES analysis,
and each of them is close to the theoretical value. Moreover,
some physical properties of Cu, likely its dispersion (D¢,) and
surface area (Sc,) were measured by N,O chemisorption. The
dispersion of Cu and its surface area were improved with the
doping of La onto CuCoAl. Compared with the catalyst of La/
CuCoAl-DP and La/CuCoAl-IM, the La/CuCoAl-CP -catalyst
showed the highest Cu dispersion and surface area. This can
be ascribed to the confinement effect of the hydrotalcite-like
structure. However, the catalytic performance of the La/
CuCoAI-CP catalyst was lower than that of the La/CuCoAl-DP
catalyst. This implied that the excellent activity of the La/
CuCoAIl-DP catalyst might mainly derive from the strong inter-
action between Cu and La rather than the high dispersion and
surface area of the active metal.

The microstructure and the elemental distribution of the
reduced catalysts were analyzed using TEM (Fig. 4). The TEM
images (Fig. 4a, c, e and g) reveal the formation of metal Cu
nanoparticles (NPs) after reduction and they dispersed uni-
formly on the catalyst surface. Lattice fringes can be observed

This journal is © The Royal Society of Chemistry 2024

from the HRTEM images (Fig. 4b, d, f and h), which can be
used to identify the crystalline phases of different metals or
metal oxides on the catalyst surface. For instance, the interpla-
nar spacing of 0.21 nm, 0.23 nm and 0.28 nm appeared in
each sample, which correspond to Cu (111), CoO (200) and
Co30, (220), respectively. This implied that Co;0, was partly
reduced during the process of reduction. The interplanar
spacing of 0.19 nm assigned to La(OH); (002) appeared in La/
CuCoAI-CP and La/CuCoAl-DP, while that of 0.16 nm ascribed
to La,05(111) crystal planes was observed in the La/CuCoAl-IM
catalyst. The alkalinity of La(OH); was stronger than that of
La,0s, which likely improved the catalytic efficiency of La/
CuCoAIl-DP and La/CuCoAl-CP compared to that of La/CuCoAl-
IM for the conversion of FFA to 1,5-PeD. Notably, the La(OH);
species and Cu species in the La/CuCoAl-DP catalyst were
close. The structural distortions and poor resolution of lattice
fringes with high defect concentration at Cu-La(OH); inter-
faces were observed (Fig. 4h, dashed red circle), displaying that
there was a strong interaction between Cu and La (OH);
species.*™*?

Additionally, HAADF-STEM-EDS was employed to analyze
the elemental distribution of the reduced La/CuCoAl-DP cata-
lyst (Fig. 5 and Fig. S3t). The Cu, Co, Al and La species co-
existed on the catalyst surface, displaying the successful modi-
fication of the CuCoAl catalyst by the La species. Moreover, the
La species dispersed uniformly on the catalyst surface and
overlapped with Cu and Co species, further verifying a strong
interaction exists between La and Cu or Co species.

Fig. 6 depicts the XRD patterns and H,-TPR for CuCoAl and
La/CuCoAl catalysts. As shown in Fig. 6a, all catalyst precursors
exhibited diffraction peaks at 20 11.7°, 23.7°, 34.7°, 39.5°,
47.0°, 60.5° and 61.8°, corresponding to the (003), (006), (009),
(015), (018), (110) and (113) crystal planes of hydrotalcite,
respectively."*** These characteristic peaks almost disappeared
after calcination at 500 °C (Fig. 6b). The emerging peaks cen-
tered at 31.3°, 36.8°, 44.8°, 59.4° and 65.2° were attributed to
the (220), (311), (400), (511) and (440) crystal planes of Co30,
(JCPDS 78-1970), respectively. The Co3O, species is still
present in the catalysts after reduction (Fig. 6c), while the
peaks became wide and weak compared to those of the cal-
cined catalyst, indicating that part of Co;0, was reduced to
CoO, during the reduction procedure. No Cu species were
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Fig. 4 TEM images of the reduced catalyst. (a—b) CuCoAl, (c—d) La/CuCoAl-CP, (e—f) La/CuCoAl-IM, (g—h) La/CuCoAl-DP.

detected in each sample, implying the smaller NPs of Cu,
which were uniformly dispersed on the catalyst surface.
Meanwhile, the La species in the catalyst of La/CuCoAl were
not observed in the patterns. This can be attributed to the
high dispersion of La on the CuCoAl hydrotalcite or the fact
that their concentration is below the detection limit of XRD.
H,-TPR was conducted to understand the redox behavior of
the catalyst and the interactions between mixed metal oxides.

1614 | Green Chem., 2024, 26, 1608-11624

As shown in Fig. 6d, all catalysts exhibited two H, consump-
tion peaks within the temperature scope of 150 °C-250 °C and
300 °C-550 °C, respectively. The peak centered at low tempera-
tures (150 °C-250 °C) was related to Cu species reduction,
while the peak at high temperatures (300 °C-550 °C) was
ascribed to Co species reduction.'***** Compared with the
CuCoAl catalyst, the H, consumption peaks assigned to Cu
reduction for each La/CuCoAl were shifted to higher tempera-

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 The HAADF-STEM-EDS image of the reduced La/CuCoAl-DP catalyst.

tures, suggesting that a strong interaction between La and Cu
species existed and inhibited the reduction of Cu sites.
Particularly, such a reduction peak in La/CuCoAl-DP was split
into two peaks; a new shoulder peak appeared at 230 °C, sig-
nifying there are two kinds of Cu species in the catalyst. The
main peak at about 180 °C was ascribed to the reduction of Cu
species with good dispersion and small NPs, while the
shoulder peak at 230 °C was assigned to the reduction of Cu
species that strongly interacted with La. For Co species in the
La/CuCoAl-DP catalyst, the reduction peak shifted to higher
temperatures. This might result from the strong interaction
between Cu and La weakening the interaction between Cu and
Co, reducing the H spillover from Cu, and making the Co
species difficult to reduce.

XPS characterization was carried out to provide further
insight into the interaction between the active sites and the
electronic structure of Cu, Co and La sites in the catalysts
(Fig. 7). As shown in Fig. 7a, a weak “shakeup” satellite peak
centered at 940 eV-950 eV assigned to Cu®" was observed for
the La/CuCoAl catalyst, confirming that the Cu®" were not fully
reduced due to the strong interaction between La and Cu
species. However, it disappeared in the CuCoAl -catalyst,
suggesting that Cu”* was entirely reduced to Cu® or Cu". The
XANS spectra of Cu were executed to identify Cu® and Cu®,
because they are overlapped in Cu 2p XPS and difficult to dis-
tinguish from each other. As depicted in Fig. 7b, three peaks
can be deconvoluted in the Cu LMM spectra for all catalysts.
Among them, the peak at around 918.8 eV and 916.2 eV
matched with the kinetic energy of Cu® and Cu" within the

This journal is © The Royal Society of Chemistry 2024

limit of accuracy, respectively.*> The new peak at about 911.0
eV intensified after doping La to the catalyst, which was
ascribed to the Cu™" in the La/CuCoAl catalyst.*°™*® For each
sample, the content of Cu"" species increased from 20.6%
(CuCoAl) to 42.4% (La/CuCoAl-DP), further verifying the specu-
lation of a strong interaction between the Cu species and La
(OH);. The strong basicity of La (OH); and its geometric effect
promote the electron transfer from Cu species to La
species,”*® facilitating the formation of a Cu"-O-La(OH),
structure at the Cu-La interface, corroborated by HRTEM
results.”*®*® The structure-activity relationship between Cu™*
and the selectivity of 1,5-PeD demonstrated that the content of
Cu™" was positively correlated with the selectivity of 1,5-PeD
(Fig. S4t). This indicated that the Cu™" at the Cu-La interface
was responsible for the C2-O1 bond cleavage. Additionally,
Cu™" can promote the adsorption and activation of H, to gene-
rate more active hydrogen species on the catalyst surface as the
unoccupied d-orbitals of Cu can bond with H,, which wea-
kened the H-H bond and facilitated the bond breaking.’>>" As
displayed in Fig. 3a, the conversion of FFA accelerated after
doping La to the catalyst, which might relate to the formation
of Cu™" at the Cu-La interface.

Fig. 7c shows the XPS spectra of Co 2p for the catalysts. Two
broad and asymmetric peaks were observed at around 780.5 eV
and 796.0 eV, respectively, corresponding to Co 2p*? and Co
2p'? of Co*" in Co;0,. The peaks centered around 782.5 eV
and 798.1 eV belong to Co 2p*? and Co 2p*/? of Co®" in Co,0,,
and a small peak at about 778.5 eV belongs to Co°."'*>*>3
In addition, there were two satellite peaks of Co 2p at near

Green Chem., 2024, 26, 11608-11624 | 11615
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Fig. 6 XRD pattern of the catalyst precursor (a); the calcined catalysts (b); the reduced catalysts (c). (d) H,-TPR of the catalysts.
786.6 eV and 802.9 eV, which were related to the Co 2p*? and  activation of C2=C3 bonds near the ~OH group,**"** thereby

Co 2pY* of Co®" species in CoO, respectively.***>> These
results demonstrated that part of the Co;0, species in the cata-
lyst was reduced to Co°® and CoO, (mainly Co**) accompanied
by the generation of an oxygen vacancy,"*'®****°% which was
consistent with the XRD and HRTEM results. As listed in
Table S5,7 the content of Co® and CoO, decreased obviously
with the doping of La to CuCoAl, together with the increase for
Co*'species. The weak interaction between Cu and Cos;0,
reduced the hydrogen spillover effect between them, thereby
lowering the reduction degree of Co;0,, which was also
revealed by the H,-TPR results. Combined with the results in
Fig. 3a, the content of Co° is positively correlated with the
selectivity of THFA due to the higher hydrogenation activity of
Co° species towards the C—=C bond. Additionally, the content
of CoO, (mainly Co**) and the selectivity of 1,5-PeD present a
correlational dependence over the La/CuCoAl catalyst. The
oxygen vacancies in CoO, were also beneficial to the adsorp-
tion of -OH groups of FFA, promoting the C2-end tilted
absorption on the surface of the catalyst.'® Furthermore, the
low coordinated CoO, species have unoccupied orbitals that
can hybridize with C=C bonds, promoting the adsorption and

1616 | Green Chem., 2024, 26, 1608-11624

enhancing 1,5-PeD selectivity. However, the lower selectivity of
1,5-PeD was gained over CuCoAl with a higher content of
CoO,. This can be attributed to the high content of Co° in
CuCoAl, which was beneficial to the production of THFA.

Fig. 7d displays the O 1s spectra of the reduced catalysts.
The O 1s peak can be deconvoluted into three Gaussian peaks
positioned at 529.8 eV, 531.0 eV and 532.2 eV, which were
attributed to lattice oxygen (Oy), surface defect oxygen (Oy) and
other oxygen species (Oyy, including -OH, H,0 and CO;>7),
respectively.’*™>° As exhibited in Table S5,7 the content of
surface defect oxygen (Oy;) in the La-doped catalyst was in the
order La/CoCuAl-DP > La/CoCuAl-CP > La/CoCuAl-IM, corres-
ponding to the content of CoO,.

Fig. 7e depicts the spectra of La 3d for the reduced catalyst
and the details are shown in Table S6.1 The La 3d spectra gen-
erally split two distinct peaks because of the spin-splitting
effect and its well-separated spin-orbit components. Four
obvious satellite peaks were observed. Among them, the peaks
at around 835.0 eV and 838.7 eV were ascribed to the multiplet
splitting at La 3d*? while the peaks centered at about
851.9 and 855.4 eV were assigned to the multiplet splitting at

This journal is © The Royal Society of Chemistry 2024
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La 3d*22%% The binding energy gap between La 3d*? and
La 3d*? was about 16.8 eV, confirming the presence of La®"
species. It has been reported that the La®" species is in the
form of La(OH); if the splitting distance (AE) is 3.9 eV in the
La 3d*? multiplet, while a AE value of 4.6 eV is for La,0;.5"*>

This journal is © The Royal Society of Chemistry 2024

Fig. 7f shows that the value of AE in the La 3d*? multiplet for
La/CuCoAl-DP and La/CuCoAl-CP catalysts were 3.7 eV and
3.3 eV, respectively. These AE values match with that of La(OH);
within the error limit, indicating that the La sites in these cata-
lysts were La(OH);. However, the AE value was 4.6 eV for the
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La/CuCoAl-IM catalyst, implying that the La sites were La,O; in
this catalyst, which is consistent with the HRTEM results.

To understand the ability to activate H,, H,-TPD was
carried out for the reduced catalysts. As demonstrated in
Fig. 8a, each sample exhibited three H, desorption peaks,
marked as o, p and v, respectively, indicating that three types
of H, desorption active sites existed. The peak centered at
95 °C (o) was ascribed to the H, desorption that adsorbed on
oxygen vacancies.’”®®® The peak located at 120 °C (p) is
related to the weak adsorption and dissociation of H, species
at the metal-support interface, which is closely adjacent to the
oxygen vacancies on the support.®*"°® In the high-temperature
region (400 °C-600 °C), all catalysts exhibit a broad H, desorp-
tion peak y, which was ascribed to the dissociated hydrogen
anchored on Cu and CoO, sites.’*®™® Compared to the
CuCoAl catalyst, the integrated peak area of a + f and y
increased notably after La addition, resulting in a substantial
increase in the amount of desorbed hydrogen (Table S77). The
H, desorption amounts for each catalyst were in the order of
La-CuCoAl-DP > La/CuCoAl-CP > La/CuCoAl-IM > CuCoAl,
suggesting that the doping of La promoted the formation of
active H,. Such enhancement can be explained by two factors.
Firstly, the introduction of La increased the dispersion and the
surface area of Cu®, which favored the H, adsorption and acti-
vation. Secondly, as indicated by the Cu 2p XPS, electronic
effects existed between Cu species and La species due to the
geometric effect of La(OH); and the strong interaction between
them.>®®” The d-electrons of Cu species can easily flow to the
d-orbitals of La species, creating unoccupied d-orbitals for Cu
(Cu™). Cu™ can bond with the H, molecule and weaken the
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H-H bond, leading to the formation of active H.>>®” It is thus
speculated that the electronic effect between La species and
Cu species was the other key factor for the improved active H
absorption on the La/CuCoAl-DP catalyst, since the dispersion
and the surface area of Cu® was lower than that of the La/
CuCoAI-CP catalyst. Consequently, an appropriate amount of
La incorporated into the CuCoAl catalysts enhanced the H,
adsorption and activation capacity, thereby improving the con-
version of FFA, which is in accordance with the results in
Fig. 3a.

Fig. 8b demonstrates the basicity of the reduced catalysts
evaluated by CO,-TPD characterization. Each catalyst displayed
the CO, desorption peak centered at 50 °C-300 °C, 300 °C-
500 °C and 500 °C-800 °C, indicating that each catalyst owns
weak, medium and strong basic sites.®®®® As indicated by the
integral area of CO,-TPD curves and the capacity of CO, de-
sorption (Tables S7 and S87), the total basic density of the La-
doped catalyst increased compared with the CuCoAl catalyst.
This implied that the introduction of La significantly
enhanced its basicity, particularly for the strong basic sites.
Moreover, the La/CuCoAl-DP catalyst possessed more basic
sites, followed by La/CuCoAl-CP and La/CuCoAl-IM. This indi-
cated that more strongly basic La(OH); species were formed by
doping La via the deposition-precipitation method, which was
also verified by the results of HRTEM and XPS. As observed in
Fig. 3a and Fig. S4, the incorporation of La enhanced remark-
ably the conversion of FFA and 1,5-PeD selectivity, together
with the decrease in THFA selectivity. The selectivity of 1,5-PeD
was in the order of La/CuCoAl-DP > La/CuCoAl-CP > La/
CuCoAl-IM > CuCoAl, which was positively correlated with the
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Fig. 8 (a) Ho-TPD and (b) CO,-TPD patterns of the reduced catalysts.
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concentration of strongly basic La(OH); on the catalyst surface.
Furthermore, as corroborated by HRTEM and XPS, the Cu™'-
O-La(OH); structure was formed at the Cu-La interface
because of the strong basicity of La (OH); and its geometric
effect. Cu"'-O-La(OH); sites can simultaneously activate the
furan ring and the ~OH group in FFA. In detail, Cu"" adsorbed
the O atom in the furan ring as it is highly electron-deficient,
while La(OH); attacked the H in the -OH group outside the
furan ring. Then, the -OH group deprotonated and generated
an alkoxide complex, inducing the C2-end tilted adsorption on
the catalyst surface, thereby enhancing the selectivity of 1,5-
PeD. These results demonstrated that the presence of strongly
basic La(OH); species and the Cu-La interface played a vital
role in boosting the activity and 1,5-PeD selectivity over the La/
CuCoAl-DP catalyst.
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3.3 DFT calculations

To gain further insight into the effect of La on the catalytic
activity and 1,5-PeD selectivity, DFT calculations were carried
out. Fig. S5 shows the catalyst models for CuCo and CuCoLa.
These models were constructed based on the results provided
by XRD and HRTEM characterizations. Specific computational
parameters can be found in the ESL

To investigate the influence of La on H, activation on the cata-
lyst surface, the energy values for dissociative H, adsorption on
both models were calculated. Fig. S61 illustrates the adsorption
reaction pathways for H, dissociation on the CuCo and CuCoLa
models. The H, molecules were favorably attached to Cu atoms
in both the CuCo model and the CuCoLa model. After H, dis-
sociation, the H atoms are forcefully adsorbed on Cu and Co
atoms in the CuCo model, whereas they were strongly adsorbed
on Cu and La atoms in the CuCoLa model. The activation energy
barriers required for H, dissociation on CuCoLa (0.84 eV) were
lower than that on CuCo (1.21 eV), confirming that the catalyst
doped by La is more favorable for the dissociation of H, to active
H atoms (Fig. 9), which was consistent with the H,-TPD results.
This result further verified that the incorporation of La into the
catalyst promoted the activation of H, at adjacent active Cu sites,
resulting in a higher content of activated H atoms on the catalyst
surface, thereby enhancing the catalytic activity.

The adsorption energies of FFA with different adsorption
configurations on the pristine CuCo and CuCoLa models were
calculated by DFT (Fig. 10 and Fig. S7). As shown in Fig. 10,
the adsorption energies of FFA on the CuCo and CuCoLa sur-
faces appeared in three modes: C2-end tilted adsorption (C2),
C5-end tilted adsorption (C5) and planar adsorption (pa).
According to the results in Fig. 10a and Fig. S7(a—c),T the order
of adsorption energy for FFA on CuCo catalyst surface with
different adsorption configurations was parallel (—2.18 eV) >
C2 (-1.44 eV) > C5 (—1.28 eV). After modification by La
(Fig. 10b and Fig. S7(e, f)f), the parallel adsorption energy

C5 pa

Adsorption structure

C5 pa

Adsorption structure

Fig. 10 Optimized adsorption geometries and adsorption energies of FFA on (a) CuCo and (b) CuCola surfaces. Cu: magenta, Co: dark blue, La:

green, O: red, H: light pink; C: brown.
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decreased obviously (from —2.18 eV to —1.92 eV), the adsorption
energy of C5-end oblique adsorption reduced slightly (from
—1.28 eV to —1.24 eV), while the adsorption energy of C2-end
oblique adsorption increased remarkably (from —1.44 eV to
—1.76 eV). This result supported the speculation that the
addition of La species regulated the adsorption configuration of
FFA on the catalyst surface. The C2-end tilted adsorption was
more favorable, while the possibility of parallel adsorption and
C5-end tilted adsorption was reduced on the CuCoLa catalyst
surface. It is worth noting that FFA was more prone to parallel
adsorption both on CuCo or CuCoLa surface according to the
adsorption energies, implying that the main product might be
THFA. This was not consistent with the experiment results
under the optimal conditions (160 °C, 4 MPa H,), where 1,5-
PeD was the main product with a yield exceeding 50%. This was
likely due to the fact that the DFT calculation models were
carried out under normal temperatures and pressure. Except for
the adsorption, a variety of factors, including temperature and
H, pressure, played an important role on the catalytic activity
and product distribution during the catalytic reaction. As indi-
cated in Fig. 3, the main product was THFA when the reaction
temperature was below 140 °C, in line with the DFT calculation
results, and 1,5-PeD was the main product when raising the
reaction temperature. This phenomenon can be ascribed to the
difficulty of overcoming the large steric hindrance and the high
reaction energy barrier of oblique adsorption at low tempera-
tures. However, the surface strong basic sites can overcome the
large steric hindrance and high reaction energy barrier by
adsorbing and anchoring the -OH group in FFA, leading to an
alkoxide structure under the higher temperatures. Then, the C2-
end tilted adsorption of FFA on the catalyst surface was more
favorable, thereby improving the selectivity of 1,5-PeD.

3.4 The reusability of the La/CuCoAl-DP catalyst

To explore the stability and reusability of the La/CuCoAl-DP
catalyst, eight consecutive evaluations were conducted under
optimal conditions. As shown in Fig. 11, the conversion of FFA
remained high level after 8 cycles, whereas the selectivity of
1,5-PeD decreased slowly (from 54.2% to 46.9%) accompanied
by an increased THFA selectivity (from 12.9% to 25.9%) with
the increased recycling numbers. To investigate the reason for
the decrease of 1,5-PeD selectivity in the recycling experiments,
the catalyst after 8 cycles was characterized by ICP, HRTEM,
XRD and XPS (Fig. S8 and S9t). As illustrated in Table 1 and
Fig. S8, the content of each element and the phase structure
did not change significantly after the catalyst was used for 8
times, demonstrating that the catalyst possessed good struc-
tural stability. However, the concentration of Cu™" decreased
from 42.4% to 35.5% together with an increase of Cu° from
11.6% to 17.2% (Fig. S9a and Table S57). This result indicated
that the Cu™ sites were gradually reduced to Cu® during the
reaction process under the hydrogen and ethanol environ-
ment. Additionally, the content of Co° in the spent catalyst
also increased obviously with a slight improvement for CoO,
(Fig. S9b and Table S5t), further verifying the reduction of the
catalyst in the reaction process. The Co° species were more
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Fig. 11 The reusability of the La/CuCoAl-DP catalyst. Reaction con-
ditions: FFA 0.5 g, catalyst 0.1 g, ethanol 39.5 g, 160 °C, 4 MPa H,, 2 h.

favorable for the formation of THFA because of its high capa-
bility of adsorbing and activating furan ring. It is thus that the
selectivity of 1,5-PeD decreased accompanied by an increasing
of THFA after 8 recycling runs. Moreover, compared with the
fresh catalyst, the chemical environment of the O element and
the structure of La(OH); did not change obviously (Fig. S9c, d
and Tables S5, S67). Consequently, it was concluded that the
decrease of 1,5-PeD selectivity was mainly derived from the
change in the electronic structure of Cu and Co species due to
the in situ reduction during the reaction.

3.5 The impact of pretreatment conditions on the catalytic
performance

To further improve the selectivity of 1,5-PeD, the pretreatment
conditions for La/CuCoAl-DP catalyst were optimized. As
shown in Table 2, a 59.5% yield of 1,5-PeD was achieved on
the catalyst treated by calcination at 250 °C for 8 hours in air
and reduction at 250 °C for 6 hours. To compare the catalytic
ability of the La/CuCoAl-DP catalyst in this work, the results
compared to non-noble catalysts reported in the literature are
summarized in Fig. 12 and Table S9.f It was observed that the
yield of 59.5% for 1,5-PeD in this work was higher than that
reported in the literature, displaying the superior ability of the
La/CuCoAl-DP catalyst for the conversion of FFA to 1,5-PeD.
The La 3d spectrum in Fig. S10at showed a splitting distance
AE of 3.9 eV, indicating the presence of La(OH); in the catalyst,
which was also verified by the results of HRTEM (Fig. S11af).
The CO,-TPD results (Fig. S11c and Tables S7, S81) demon-
strated that the total basic sites increased remarkably in the
catalyst pretreated under lower temperatures due to the abun-
dant surface La(OH);. Particularly, a significant enhancement
of medium and strong basic site concentration (from
0.27 mmol g to 0.84 mmol g~ ') was observed. The surface La
(OH); was beneficial to the C2-end tilted absorption of FFA on
the catalyst surface, thus enhancing the selectivity of 1,5-PeD.
The XPS spectra of Cu LMM (Fig. S10bt) shows that the
amount of Cu™" was enhanced obviously by optimization of
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Table 2 The influence of pretreatment conditions on the catalytic performance of La/CuCoAl-DP catalyst
Calcination Reduction Yield %

Entry Ti/°C t;/h T,/°C t,/h Conversion % 1,5-PeD 1,2-PeD THFA Others
1 500 3 400 1 97.6 52.9 12.5 12.7 19.6

2 350 3 400 1 98.8 54.6 13.2 12.6 18.7

3 250 3 400 1 99.3 52.9 13.4 13.4 19.6

4 250 5 400 1 99.0 53.9 14.1 12.8 18.3

5 250 8 400 1 99.3 53.7 13.0 13.8 18.7

6 250 8 250 4 91.2 52.4 14.3 9.7 14.8

7 250 8 250 5 96.3 55.1 15.9 11.0 14.4

8 250 8 250 6 100.0 59.5 15.5 10.4 14.6

9 250 8 270 6 97.2 53.1 15.2 14.4 14.5

Reaction conditions: FFA 0.5 g, catalyst 0.1 g, ethanol 39.5 g; temperature 160 °C, reaction time 2 h, 4 MPa H,; carbon balance in all reactions >
97%, THFA: tetrahydrofurfuryl alcohol; FFA: furfuryl alcohol; 1,2-PeD: 1,2-pentanediol; 1,5-PeD: 1,5-pentanediol; others: 1-pentanol, 2-pentanol,

1-butanol, 2-methylfuran.
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Fig. 12 The comparison of the catalytic ability of La/CuCoAl-DP with
the non-noble metal catalysts reported in the literature (refer to
Table S97 for details).

pretreatment conditions. This was attributed to the increased
surface La(OH); promoting the generation of the Cu-La inter-
face, which corresponds with the results of HRTEM and CO,-
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TPD (Fig. S111). Meanwhile, the content of CoO, and Oy also
increased markedly (Fig. S10(c, d) and Table S5t), which might
result from the difficulty in reducing Co;0,4 to Co® under low
temperatures. The H,-TPR results (Fig. S12a}) of the catalyst
calcined at 250 °C for 8 h showed that the H, consumption
peak (around 150 °C-300 °C, assigned to Cu species reduction)
shifted to a higher temperature compared with the catalyst cal-
cined at 500 °C for 3 h. This phenomenon indicated that a
stronger interaction between Cu and La, resulting from more
La(OH);, was generated with lower calcination temperature.
Furthermore, the H,-TPD of reduced catalysts was performed.
As illustrated in Fig. S12,f the desorption peak area of H, at
high temperatures increased. The total desorption of H, (1)
of the catalyst raised from 0.42 mmol g~ to 0.79 mmol g*
(Table S7t). This increase suggests that the catalyst pretreated
under lower calcination and reduction temperature has a
stronger ability to adsorb and store H,, which would enhance
the hydrogenation activity. Consequently, it was judged that
the excellent activity of the La/CuCoAl-DP catalyst was derived
from the cooperation catalysis of Cu’, CoO, strongly basic La
(OH); and the Cu-La interface (Cu™'-O-La(OH);).
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Fig. 13 Reaction mechanism of FFA to 1,5-PeD over the La/CuCoAl-DP catalyst.
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Based on the above analysis, a rational reaction mechanism
for FFA transformation to 1,5-PeD on La/CuCoAl-DP catalyst
was presented (Fig. 13). Initially, H, molecules are dissocia-
tively adsorbed on Cu species. FFA adsorbed on the sites of
Cu-La interface (Cu"'-O-La(OH);) with an intermediate six-
membered ring transition state. The furan ring and the -OH
group in FFA can be simultaneously activated. Specifically, the
strong basic site La (OH); at the Cu-La interface attacked the
H in -OH group outside the furan ring. The ~-OH group depro-
tonated and generated an alkoxide complex, promoting the
C2-end tilted adsorption of FFA on the surface of the catalyst.
Meanwhile, the O atom in the furan ring was adsorbed by Cu™"
with a strong oxygen affinity, resulting in a polarizing of the
C2-01 bond. Then, the low-coordination CoO, activated the
C2=C3 bond in the furan ring through coordination adsorp-
tion, and it was hydrogenated by the active H formed on the
Cu species. Finally, the C2-O1 bond was further weakened and
cleaved to form 1,5-PeD with high selectivity.

4. Conclusions

In this work, the effect of La doping into CuCoAl catalysts on the
conversion of FFA to 1,5-PeD was systematically evaluated. It was
demonstrated that the catalyst doped with La by deposition-pre-
cipitation methods (La/CuCoAl-DP) displayed excellent activity
compared with other catalysts. A nearly 60% yield of 1,5-PeD was
obtained at 160 °C, 4 MPa H, within 2 h. Extensive catalyst
characterization, including H,-TPD, CO,-TPD and N,O-TPD
demonstrated that the addition of La in the catalyst significantly
improved the dispersion of Cu, the ability to activate H, and the
concentration of strong basic sites on the catalyst surface.
Furthermore, HRTEM and XPS results corroborated that the
doping of La favored the formation of the Cu-La interface. A
Cu""-O-La(OH); structure was generated due to the strong elec-
tronic interaction between Cu and La(OH);. Such Cu"-O-La
(OH); sites can simultaneously activate the furan ring and the
—-OH group in FFA with an intermediate six-membered ring tran-
sition state. Typically, the strong basic site La (OH); anchored
the -OH group to form an alkoxide complex. The tilted adsorp-
tion of FFA at the C2-end on the catalyst surface was promoted.
At the same time, Cu™" with strong oxygen affinity adsorbed the
O atom in the furan ring, the C2-O1 bond was polarized and
cleaved to 1,5-PeD. The DFT calculations results verified that the
doping of La to the catalyst enhanced the possibility of C2-end
tilted adsorption for FFA on the surface of the catalyst, and
improved the ability of the catalyst to activate H,. Consequently,
it was summarized that the superior catalytic activity of the cata-
lyst was attributed to the synergistic catalysis between Cu’, CoO,,
La (OH); and the Cu-La interface on the catalyst surface.
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