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amework-derived CuO catalysts
for the efficient hydrogenolysis of hardwood lignin
into phenolic monomers†

Qian Xu, Qiang Wang, Ling-Ping Xiao, * Xiao-Ying Li, Xi Xiao, Meng-Xin Li,
Meng-Ran Lin, Yu-Man Zhao and Run-Cang Sun *

The selective reductive catalytic deconstruction (RCD) of lignin into phenolic monomers provides the

possibility for making the full use of lignocellulose. However, the widespread use of precious metal

catalysts and the harsh reaction conditions present the challenge of poor industrial utilization in the

current research. Herein, we report a metal–organic framework (MOF)-derived copper oxide catalyst

(CuO/c-UiO-66), which exhibits superior catalytic properties in the RCD of hardwood lignin and affords

high yields (up to 42.8 wt%) of monomeric phenols via the C–O bond scission. The mechanistic

reactions using lignin model compounds reveal that phenolic compounds with propyl or propanol end

chains are selectively produced during the catalytic hydrogenolysis reaction. The enhanced catalytic

reactivity is attributed to the synergy of acid and base sites of the catalyst, which facilitates the C–O

bond cleavage process. The new insights of this study provide guidance toward the rational design of

Cu-based catalysts for RCD of lignin.
1. Introduction

Lignocellulose is a nonedible biomass feedstock, which is made
up of cellulose (30–50%), hemicellulose (20–35%), and lignin
(15–30%).1 In particular, lignin is a heterogeneous bio-
macromolecule, representing the largest and most widely
renewable carbon resource.2,3 Such sustainable carbon feed-
stock can be used as an alternative to produce bio-fuels and bio-
based materials.4,5 Currently, to relieve the fossil energy crisis,
increasing attention has been put into the efficient utilization of
lignocellulose materials to replace petroleum-derived chemicals
with sustainable alternatives.6,7 Phenolic monomers from lignin
depolymerization serve as an upstream product of aromatic
chemicals.8–11 However, the natural complexity and heteroge-
neity of lignin restrain its efficient utilization.12 Additionally,
the lignin undergoes structural rearrangement during the
isolation or pulping process and forms irreversible C–C bonds
while sacricing the tenuous b-O-4′ linkages, thus resulting in
the difficult transformation of industrial lignin.13 Therefore, the
recalcitrant lignin in the papermaking industry is always
burned as fuel to provide the energy needed for the pulp
industry.14,15 In spite of extensive efforts, the efficient
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transformation of lignin into valuable chemicals is still
challenging.15–17

Many efficient strategies have been explored for lignin
depolymerization. Reductive catalytic deconstruction (RCD) is
an effective method to produce aromatic platform chemicals
from lignin.18–22 This strategy enables the efficient hydro-
genolysis of lignin to phenolic compounds without affecting the
chemical carbohydrate's structural integrity for further pro-
cessing.20,23 The hydrogen-donor suitable solvents, degree of
reaction, and catalysts could increase the product yield in
RCD.21,24,25 Lower-grade aliphatic alcohols, which have
hydrogen donor characteristics, are oen applied as organic
solvents as they not only increase dissolution at the depoly-
merization interface and prevent char formation but also offer
in situ hydrogen resources during the hydrogenolysis process of
lignin.26 Moreover, they behaved differently as hydrogen donors
during the hydrogenolysis of lignocellulose owing to their
different reactivity.27 For example, Kim and co-workers28 re-
ported that themore polar alcohols seemed to bemuch effective
in inhibiting the repolymerization process during the catalytic
hydrogenolysis of biomass.

The fundamental challenge of RCD of woody sawdust is the
selective dissociation of aryl-ether linkages while preserving
aromaticity, which requires tailored catalysts. In this process,
many precious metal catalysts, such as Ru3,29,30 and Pd,31,32 have
been reported to produce monomeric phenols with end chains
by cleaving the C–O linkage from b-O-4′ lignin units. Sels'
group33 used a commercial Ru/C catalyst for the hydrogenolysis
of birch wood and obtained 50.5 wt% phenolic compounds,
J. Mater. Chem. A, 2023, 11, 23809–23820 | 23809
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wherein guaiacol and syringol with propyl side chains were the
major monomers. Huang and co-workers34 disclosed that
55 wt% mono-aromatics could be obtained from native birch
lignin with small amounts of Pd/C. Hu et al.35 revealed that the
bimetallic catalyst (Ni–Pd) was more active during the hydro-
genolysis of birch native lignin than the parent monometallic
catalysts, which was due to the ‘synergistic effects’.36–38

However, the capability of the bimetallic catalysts for hydro-
genolysis of native lignin is still unclear.17 Moreover, precious
metal catalysts show limitations in large-scale industrial appli-
cations due to their scarcity and high price. Therefore,
a number of researchers have taken note of the development of
non-precious metal catalysts. For example, MoOx/SBA-15
showed high selectivity to produce monolignols and etherized
derivatives in the hydrogenolysis of woody biomass.39 Rautiai-
nen and co-workers40 reported that the Co-based catalyst could
effectively break down the b-O-4′ bonds of birch lignin, afford-
ing the yield of aromatic monomers up to 34 wt%. For lignin
hydrogenolysis, catalysts based on copper have been rarely
investigated. Ford and co-workers41,42 described a Cu-doped
porous metal oxide-based catalyst for lignin decomposition to
cyclohexyl derivatives by hydrogenolysis of phenyl ether bonds
in super-critical methanol. Hensen et al.43 presented
a CuMgAlOx catalyst for catalytic degradation of alkaline lignin
in ethanol, which resulted in 23 wt% monomer yield. The
Cu20PMO catalyst has been used for the hydrogenolysis of aryl-
ether linkages, which was effective for C–O bond scission.44

Metal–organic frameworks (MOFs) have attracted great
interest owing to their chemical tenability, large surface area,
high catalytic activity, pore structure, and abundant metal
sites.45–48 The framework can limit tiny metal nanoparticles
within either holes/cages or crystalline defects, thus creating
a metal–support surface for catalysis. Recently, Song's group23

reported selective production of phenolic compounds under
different reaction conditions from Eucalyptus lignin with
a Ni@ZIF-8 catalyst. Notably, the active metal centers and
abundant metal sites of MOFs prompted our enthusiasm for
developing active catalysts with a MOF-analogue structure.49 We
are also concerned with recent advances in the study of MOF-
derived catalysts, where the active metal center is anchored to
the derivatized framework, forming catalyst structural sites that
exhibit excellent catalytic performance for catalysis.50,51 Zr-
based MOFs are widely used in catalysis due to their unique
high specic surface area and tunable crystal structure.52–55 We
conjectured that UiO-66 containing Zr atoms might regulate the
selectivity control in RCD of lignocellulosic biomass. Herein, we
report that CuO supported on a UiO-66 derived framework
(CuO/collapse-UiO-66, abbreviated as CuO/c-UiO-66) acts as
a highly efficient catalyst for the RCD of the native lignin in
hardwood lignocellulosic biomass. Moreover, we have improved
the performance of Cu-based catalysts in terms of stability as
compared to previously reported catalysts (CuO/C) with the
same CuO active site.56 In addition, this catalytic system could
obtain a range of phenolic compounds in high yields by
switching reaction conditions. Finally, the behavior of lignin
model compounds over CuO/c-UiO-66 was also investigated to
verify the reaction mechanism in this work.
23810 | J. Mater. Chem. A, 2023, 11, 23809–23820
2. Experimental section
2.1 Preparation of the catalyst

2.1.1 Synthesis of UiO-66. UiO-66 was prepared by
a hydrothermal synthesis procedure with a minor modication
according to a previous report.57 Concisely, 0.9342 g of ZrCl4 and
0.6651 g of H2BDC were dissolved in 80 mL N,N-dime-
thylformamide (DMF) with ultrasound for 20 min. The obtained
mixture was subsequently transferred to a reactor and placed
under heat at 120 °C for 24 h. A white powder was obtained by
centrifugation, washed several times with methanol and then
put in an oven overnight at 60 °C.

2.1.2 Synthesis of CuO/collapse-UiO-66 (CuO/c-UiO-66).
0.2508 g UiO-66 was added to 50 mL of methanol with sonica-
tion for 30 min. Subsequently, 0.2397 g CuAc2$H2O was mixed
with the above suspension, followed by 1 h of magnetic stirring
at room temperature. Aer that, a fresh NaBH4/MeOH solution
(1.45 mg mL−1) was immediately mixed with the aforemen-
tioned dispersion and mechanically stirred for 2.5 h. The
precipitate was gathered by ltration and washed with meth-
anol, and aer that dried at 60 °C for 12 h. Finally, the product
was calcinated in air at 400 °C for 2 h, which was designated as
CuO/collapse-UiO-66 (CuO/c-UiO-66) (Fig. 1a).
2.2 General process for RCD of native lignin from
lignocellulose

Overall, wood sawdust (50 mg), CuO/c-UiO-66 (20 mg) and
a polar solvent (10 mL) were loaded into a 50 mL stainless steel
batch reactor (Parr Instruments Co.), which was then sealed and
purged with N2 and then pressurized with H2 (3 MPa) at room
temperature. The reaction was carried out at different temper-
atures for a certain time. At the end of the reaction, the reactor
was cooled to room temperature and carefully depressurized.
The resulting mixture of reacted insoluble solids was then
ltered by solid–liquid separation and washed several times
with dichloromethane (DCM) to ensure maximum retention of
the lignin depolymerization products. Subsequently, the solu-
tion fractions were extracted with DCM. Aer removal of all
volatiles under vacuum, the resulting oil was quantitatively and
qualitatively analyzed using gas chromatography (GC) and gas
chromatography-mass spectrometry (GC-MS), respectively.
2.3 Reusability of the CuO/c-UiO-66 catalyst

At the end of the hydrogenolysis process, the catalyst and
carbohydrate fractions were le as insoluble fractions. In order
to carry out the recycling performance test, we had to isolate the
used catalyst. By blocking the carbohydrate fraction using a 200
mesh (0.074 mm) sieve, the small-sized catalyst escaped
through the pores. Finally, the spent CuO/c-UiO-66 catalyst was
used for the next run.
2.4 General characterization

Surface areas were calculated from the adsorption data using
Brunauer–Emmett–Teller (Beijing Builder Co. Ltd, China).
Samples were allowed to degas under vacuum prior to
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Diagram of the preparation of CuO/c-UiO-66; morphology and structure characterization of CuO/c-UiO-66: (b) XRD patterns; (c) and
(d) high resolution TEM images; (e) XPS spectrum of Cu 2p; and (f) and (g) HR-STEM image and corresponding EDX elemental mapping of C, O,
Cu and Zr.
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measurement for 5 h at 300 °C. X-ray diffraction (XRD) analysis
was performed on a Shimadzu Lab XRD-6100 diffractometer
with a Cu Ka radiation source operating at 15 mA with 40 kV. X-
ray photoelectron spectra (XPS) were obtained using a scanning
X-ray microprobe (PHI 5000 Versa, ULAC-PHI, Inc.) with AI Ka
emission and 284.80 eV C 1s peak used as an internal standard.
Aer catalyst samples were dissolved in hydrogen uoride (HF)
solution, the Cu and Zr content was measured through induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
using a Thermos IRIS Intrepid II XSP emission spectrometer.
Transmission electron microscopy (TEM) was performed using
a JEM-2100F FETEM tted with an energy dispersive X-ray
spectrometer (EDX) for analysis at 100 kV, and a high-angle
annular dark-eld scanning TEM (HAADF-STEM). EDX
elemental mapping was carried out at 200 kV. The NH3-TPD was
tested on Micromeritics AutoChem II 2920 apparatus to deter-
mine the number of acid sites. Typically, about 100 mg of the
catalyst was restored in the H2 stream at 200 °C for 1 h, and
before being cooled down to room temperature in the He
This journal is © The Royal Society of Chemistry 2023
stream. NH3-TPD was allowed to increase at temperatures from
50 °C to 650 °C at 10 °C min−1 for 30 min. CO2-TPD assays were
performed on Micromeritics Autochem 2920 apparatus. A
sample was restored at 300 °C, then purged for 1 h with a 10%
H2/Ar stream, and chilled to 50 °C in a He ow. Aer being
exposed to a 5% CO2/He ow (1 h; 50 °C) and purged with He
(1 h; 50 °C), the sample was treated to 500 °C at 5 °C min−1 in
a 30 cm per min He stream, and the dehydrogenated gas was
examined by TCD.

Molecular weight distributions of lignins and oily products
were determined by gel permeation chromatography (GPC)
utilizing a Waters 1515 isocratic pump equipped with a Dual
Absorbance UV detector (Waters 2487) set at 280 nm with an
Agilent Plgel 3 mm 100 Å 300 × 7.5 mm column as described
previously.58 Notably, the lignin samples were rstly acetylated
and then dissolved in THF (2 mg mL−1) and nally puried
through a 0.45 mm syringe lter before injection.59

Gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS) analyses were performed on
J. Mater. Chem. A, 2023, 11, 23809–23820 | 23811
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a Shimadzu Model 2010 plus with an HP-5 column (30 m ×

0.25 mm × 0.25 mm) employing a ame ionization detector
(FID) and a Shimadzu GCMS-QP2010SE with an HP-5MS (30 m
× 0.25 mm × 0.25 mm) column, respectively. Injection
temperature was 250 °C. The column temperature was heated
from 50 °C and held for 3 min, then ramped at 8 °C min−1 to
280 °C, and held for 5 min at that temperature. The injection
temperature of the FID was 200 °C. The characterization and
quantication of lignin monomers within oil-based products
have been performed by reference to real samples obtained
from commercial sourcing or independent synthesis. The
monomer yields were calculated using the formula

Monomer yield ðwt%Þ ¼ massðmonomerÞ
massðinitial ligninÞ � 100% (1)

Monomer yield ð%Þ ¼ moleðmonomerÞ
moleðlignin mimicsÞ � 100% (2)

Nuclear magnetic resonance (NMR) spectra were obtained
on a Bruker Ascend-400 MHz spectrometer.56 Samples of lignin
(∼60 mg) were added to 0.55 mL of DMSO-d6 and 0.14 mL of
pyridine, and then ultrasonicated until the solids dissolved.
Samples of lignin oil (∼60 mg) were solubilized in DMSO-d6. As
for two-dimensional heteronuclear single-quantum correlation
(2D HSQC) NMR, the solvent peak (DMSO-d6) at dC/dH 39.5/2.49
ppm was used as an internal reference.
3. Results and discussion
3.1 Catalyst characterization

The preparation of CuO/c-UiO-66 is schematically illustrated in
Fig. 1a. Clearly, the XRD pattern of crystalline phases of CuO/c-
UiO-66 indicated that the CuO was dispersed on the framework
of UiO-66 (Fig. 1b). The fabricated CuO/c-UiO-66 catalyst dis-
played typical peaks at 2q of 32.5°, 35.5° and 38.7° indexed to
(110), (11−1) and (111), respectively, which are attributed to
Fig. 2 (a) NH3-TPD profile of CuO/c-UiO-66; (b) CO2-TPD profile of C

23812 | J. Mater. Chem. A, 2023, 11, 23809–23820
CuO (PDF #48-1548). The pattern also showed the (111) and
(200) diffractions of ZrO2 at 30.1° and 35.0°, respectively (PDF
#49-1642). This revealed that the active species in the catalyst
was CuO, which was in agreement with the +2 state of oxidation
of Cu in CuO with the following XPS results. Notably, the Cu 2p
spectrum in Fig. 1e revealed two signals at 932.82 eV and
952.72 eV, which are allotted to Cu 2p3/2 and Cu 2p1/2 corre-
sponding to the data of CuO,60 respectively. In addition, the
TEM images indicated a lattice spacing identied as 0.25 nm,
which conformed to the (11−1) plane of CuO nanocrystallites
(Fig. 1c and d). This result was consistent with the XRD pattern.
The HAADF-STEM of CuO/c-UiO-66 suggested that CuO nano-
particles were dispersed on the Zr-based carrier framework
(Fig. 1f).

Catalysts with both acid–base and metal sites exhibit excel-
lent catalytic activity for the RCD of lignin. Generally, NH3-TPD
of CuO/c-UiO-66 showed two peaks, suggesting the presence of
weak and medium acidic sites (Fig. 2a). The desorption peak at
∼275 °C was due to the result of NH3 adsorbed on Lewis acid
sites.61 The acid site of CuO/c-UiO-66 promoted lignin depoly-
merization without signicantly causing the recombination of
lignin reaction intermediates. The surface alkalinity of CuO/c-
UiO-66 was investigated by CO2-TPD (Fig. 2b), and peaks situ-
ated at low temperature ranging from 120 to 200 °C are ascribed
to carbon species adsorbed to weakly basic sites, which are due
to hydroxyl groups at the metal oxide surface (CuO).18 The
desorption of CO2 resulted in strongly basic sites at high
temperatures, which are attributed to coordinatively unsatu-
rated O2− ions.62 The metal site has the capacity to break the
ether bond and the base site has the ability to assist in hydro-
genation. Moreover, it was observed that the specic surface
area (69.1 m2 g−1) of CuO/c-UiO-66 decreased aer the immo-
bilization of copper on UiO-66 (294.7 m2 g−1). UiO-66 displayed
a signicantly higher specic surface area, which might benet
active site dispersion. On the side, the porous structure of UiO-
66 conned the metal pellet effectively, forming smaller CuO
particles and thus offering more active sites for RCD of lignin.
uO/c-UiO-66.

This journal is © The Royal Society of Chemistry 2023
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The percentage by weight of elemental Cu in CuO/c-UiO-66 was
determined to be 39.9% according to ICP-AES (Table S1†).
3.2 Catalytic hydrogenolysis of poplar sawdust

Poplar sawdust was chosen for probing the potential of CuO/c-
UiO-66 for the catalytic hydrogenolysis in the lignin-rst system.
Firstly, we analyzed the chemical composition of poplar wood. It
was found that this hardwood consisted of 24.9 wt% lignin
(22.4 wt% of Klason lignin and 2.5 wt% acid-soluble lignin),
42.7 wt% cellulose, and 19.7 wt% hemicellulose (Table S5†).

Then, the treatment of poplar sawdust with 20 mg CuO/c-
UiO-66 under 3 MPa H2 at 240 °C in MeOH for 2 h afforded
a soluble fraction with lignin oily products and an insoluble
fraction with carbohydrate slurry as well as the catalyst. To
Fig. 3 (a) GC of lignin oil obtained from the catalytic hydrogenolysis of
analysis of double enzymatic lignin (DEL) and lignin oil obtained by RCD
the monomeric yields obtained from RCD of poplar sawdust over the Cu
Structures of monomers. Reaction conditions: poplar sawdust (50 mg),

This journal is © The Royal Society of Chemistry 2023
identify and quantify the lignin-derived products, the lignin oily
product was subjected to comparative analysis with GC by
comparison with respective real samples. Clearly, it was found
that 4-n-propanolsyringol (S1, 14.7 wt%), 4-n-propylsyringol (S2,
9.9 wt%), 4-n-propanolguaiacol (G1, 5.6 wt%) and 4-n-pro-
pylguaiacol (G2, 3.0 wt%) were the main monophenols, which
are dependent on the total amount of lignin in the feedstock
(Fig. 3a). As a contrast, a control experiment without the catalyst
at 240 °C involving heating the poplar sawdust for 2 h was given,
which resulted in a dark lignin oil with only 6.7 wt% total
monomers (Table S7†). The average molecular weight (Mw) of
the lignin oil (475 g mol−1) was sharply decreased as compared
to that of DEL isolated from poplar (10 850 g mol−1) as deter-
mined by GPC (Fig. 3b). With the purpose of proving the CuO
importance in the catalytic hydrogenolysis system, we used d-
poplar sawdust with or without the CuO/c-UiO-66 catalyst; (b) GPC
of poplar sawdust over the CuO/c-UiO-66 catalyst. (c) Comparison of
O/c-UiO-66 with those of commercial catalysts of Pd/C and Ru/C. (d)
catalyst (20 mg), MeOH (10 mL), H2 (3 MPa), 240 °C, and 2 h.

J. Mater. Chem. A, 2023, 11, 23809–23820 | 23813
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UiO-66 (the framework would decompose when the UiO-66 was
calcined alone at 400 °C, so we denoted it as decompose-UiO-66,
abbreviated as d-UiO-66) instead of CuO/c-UiO-66 at 240 °C for
2 h with 3 MPa H2 in MeOH (Fig. S9†). The obtained high
content of dimethyl terephthalate indicated that the UiO-66
derived framework was broken down under the hydro-
genolysis reaction conditions. This result suggested that CuO
was indispensable in the hydrogenolysis reaction. Additionally,
we used the CuO catalyst and ZrO2 catalyst in the reaction
(Fig. S9†). It was found that the CuO catalyst alone was active in
the hydrogenolysis reaction of poplar lignin, but was less
selective for the propanol group and the propanol side chain
products. The ZrO2 catalyst was inactive in this reaction. We
speculated that CuO was the main active substance in this
reaction system, and the MOF-derived framework as a support
might assist in modulating the selectivity of copper oxide and
further improve the catalytic activity.

In general, the precious metals Pd and Ru have excellent
effects on catalytic hydrogen hydrolysis. So, a control experi-
ment with commercially available catalysts, Pd/C and Ru/C, was
performed for comparison under the conditions of 240 °C at
MeOH for 2 h (Fig. 3c), which afforded relatively lower mono-
mer yields than CuO/c-UiO-66 of 36.9 wt% and 35.4 wt%,
respectively (Table S9†). Notably, the fabricated CuO/c-UiO-66
exhibits comparable hydrogenolysis activity toward RCD of
lignin into monophenols with those of state-of-the-art catalysts
(Table S16†).39,40,63–67

These results suggested that the fabricated CuO/c-UiO-66
nanomaterial was an efficient catalyst toward the RCD of
lignin into monophenols in high yields. Moreover, it was
observed that monophenols with less preservation of g-OH over
the Ru/C catalyst were obtained, which could be ascribed that
less hydrogenation epimer of Ru/C than CuO/c-UiO-66 gave
a chance for priority hydrogenolysis.68

The aromatic and side chain regions of poplar DEL and
lignin oily product of 2D HSQC NMR spectra are illustrated in
Fig. 4, demonstrating the sufficient scission of lignin C–O
bonds and product distributions aer the RCD process.
Notably, in the aromatic area, a signicant reduction in signals
was observed for G2, G5,6, and S2,6 (Fig. 4b). Moreover, in the
side chain region, the detected cross-peaks of 4-propylphenols
S/G1 are identied at dC/dH 31.7/2.50, 34.8/1.70 and 61.0/
3.43 ppm (labeled in orange), and the signals at dC/dH 37.9/2.44,
24.8/1.55, and 14.1/0.87 ppm are ascribed to the propanol chain
ascribed to S/G2 (labeled in blue) (Fig. 4b). Furthermore, no
signal was detected for b-O-4′, demonstrating the active disso-
ciation of lignin over the CuO/c-UiO-66 catalyst. This result
revealed that nearly all the aryl-ether linkages in poplar lignin
have been decomposed by C–O bond cleavage under the
hydrogenolysis reaction conditions.
3.3 Investigation of reaction conditions

In order to further understand the behavior of CuO/c-UiO-66,
a series of experiments were undertaken, which aimed to
further explore the optimal reaction conditions. Hydrogen
might assist CuO/c-UiO-66 to resist the tendency of lignin
23814 | J. Mater. Chem. A, 2023, 11, 23809–23820
recondensation reactions,63 so we kept the condition of 3 MPa
H2 unchanged. First of all, we have designed catalysts with
different Cu doping percentages for the hydrogenolysis of
lignin, and the catalytic effect was relatively best when themolar
ratio of Cu/Zr was 1.2 (Table S7†). Then, we explored the
inuence of different catalyst dosages (Fig. 5a), and the highest
monomeric yield was obtained when the catalyst dosage was
20 mg. Different solvents were selected in the RCD of poplar
sawdust over CuO/c-UiO-66, such as MeOH, EtOH, iPrOH, and
dioxane (Fig. 5b). The CuO/c-UiO-66 catalyst showed maximum
activity in MeOH toward the hydrogenolysis of poplar lignin
under 240 °C for 4 h. The soluble fraction extracted by CH2Cl2
gave the oil-like product with an overall aromatic monomer
yield of 42.9 wt%, from which S1 and S2 were in the highest
yield. GPC analysis was applied to further examine the alloca-
tion of oligomers, dimers, and monomers in the lignin oil. A
sharp decrease in Mw was observed from the 10 850 g mol−1 of
DEL as compared to the 470 g mol−1 of oily products (Fig. S18†).
Similarly, both EtOH and iPrOH as the hydrogen donating
solvents in the process showed reduced overall yields in
comparison with that from MeOH in obtaining the phenolic
monomers, while the high selectivity for S1 remained. This was
in good agreement with the prior reports that the S unit always
showed high reactivity in hydrogenolysis of lignin over late-
transition-metal catalysts.69,70 Moreover, an increase of Mw was
observed in the hydrogenolysis solvents EtOH (620 g mol−1) and
iPrOH (1060 g mol−1) as compared to that of MeOH (470 g
mol−1). This could be explained that the greater the polarity of
the alcohol, the greater the hydrogen supply capacity and the
more favorable to the RCD of lignin. However, in the case of
iPrOH, an array of monomeric phenols with unsaturated
substituents were formed in 15.0 wt% yield (Table S11†). This
result might be due to the poor lignin solubility in iPrOH during
this depolymerization process, thus resulting in the ether
linkages among lignin units not being sufficiently fragmented.71

Moreover, the catalytic properties of the CuO/c-UiO-66 for RCD
of lignin in dioxane were signicantly reduced with a sharp
drop in total monomer yield (25.0 wt%). This result was
consistent with previous reports that alcohols performed better
in the hydrogenolysis of lignin due to their superior hydrogen-
donating ability.72

Further optimization of the reaction temperature in RCD of
poplar sawdust with the CuO/c-UiO-66 catalyst has also been
investigated (Fig. 5c). It was observed that raising the temper-
ature to 260 °C, the hydrogenolysis reaction produced a lower
total yield of monomers (32.9 wt%) and higherMw values (550 g
mol−1) as compared with those at 240 °C (42.9 wt%; 470 g
mol−1) (Table S12 and Fig. S20†). These results are probably due
to satisfactory cleavage of the majority of the C–O linkages and
the retention of C–C bonds at such a temperature. Lowering the
reaction temperature (∼200 and 220 °C) below 240 °C resulted
in no loss of selectivity, but it led to a reduction in yield of
33.3 wt% and 40.3 wt%, respectively. The possible reason for
these results was incomplete cleavage of ether bonds between
lignin units due to insufficient temperature.

The inuence of different reaction times on CuO/c-UiO-66-
catalyzed hydrogenolysis of lignin was subsequently explored
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 2D HSQCNMR spectrum of (a) DEL isolated from poplar and (b) lignin oily products from RCD of poplar over the CuO/c-UiO-66 catalyst.
(c) Primary structure exhibited in the 2D HSQC NMR spectra: (A) b-O-4′ alkyl–aryl ether, (B) b-5′ phenylcoumaran, (C) b-b′ resinol, (PB) p-
hydroxybenzoates, (X1) cinnamyl alcohol end-groups, (S) syringyl units, (G) guaiacyl units, (S1) 4-n-propanolsyringol, (S2) 4-n-propylsyringol,
(G1) 4-n-propanolguaiacol, (G2) 4-n-propylguaiacol, (S3) 2,6-dimethoxy-4-ethylphenol, (G3) 4-ethylguaiacol, and (L) 4-methyl phenol.
Reaction conditions: poplar sawdust (50 mg), CuO/c-UiO-66 catalyst (20 mg, 39.9 wt%), MeOH (10 mL), H2 (3 MPa), 240 °C for 4 h.
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(Fig. 5d). Remarkably, 28.8 wt% monomeric phenols could be
obtained at 0.5 h (Table S13†), which demonstrated the efficient
catalytic activity of CuO/c-UiO-66. When prolonging the time to
1 h, a lignin oil with a monophenol yield of 37.2 wt% andMw of
540 g mol−1 was generated. Although shorter times were also
effective for the hydrogenolysis of lignin, the shortage of time
might lead to insufficient exposure between the active site of
CuO/c-UiO-66 and lignin, which resulted in an inadequate
catalytic effect. Accordingly, the reaction times were suitably
extended and the total aromatic monomer yield was stable aer
This journal is © The Royal Society of Chemistry 2023
2 h. That is to say, the use of a range of reaction times indicated
that 2 h was sufficient for the C–O bond scissions. In summary,
the favorable conditions for RCD of poplar sawdust over the
CuO/c-UiO-66 catalyst in MeOH could efficiently convert lignin
biopolymers to phenolic monomers with a relatively high yield
(up to 42.8 wt%) and lowest Mw (475 g mol−1) with 3 MPa H2 at
240 °C for 2 h.

The ability to recover the catalyst was subsequently dis-
cussed. At the end of the hydrogenolysis process, a 200 mesh
(0.074 mm) screen was used to effectively allow the small sized
J. Mater. Chem. A, 2023, 11, 23809–23820 | 23815
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Fig. 5 Influences of (a) catalyst dosage, (b) solvent, (c) temperature and (d) time for RCD of poplar sawdust with CuO/c-UiO-66. (e) Stability of
CuO/c-UiO-66. (f) Catalytic hydrogenolysis of various hardwood sawdust.
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catalyst to escape through the pores of the screen. The sepa-
rated catalyst was directly applied in the next cycle under the
optimized reaction conditions. Notably, it was observed that the
catalyst cycle could be performed three times with 15.7 wt%
yield of monomers at the third cycle (Fig. 5e). The results of ICP
analysis (Table S1†) and HADDF characterization (Fig. S4a†) of
the spent catalyst showed a loss of copper species. We hypoth-
esized that the decrease in catalytic activity could be due to the
loss of the active center in the reducing hydrogen environment.
Under such reaction conditions, the reactive center in the
oxidation state might not be stably embedded in the MOF-
derived support. Therefore, the next step is to design a Cu-
based catalyst with more stable bonding between the active
center and the carrier. However, to our delight, the fabricated
CuO/c-UiO-66 revealed higher catalyst stability than our previ-
ously reported CuO/C.56
3.4 Hydrogenolysis of various hardwood sawdust

The hydrogenolysis of various hardwood samples, including
beech, eucalyptus, and birch, was also performed over the CuO/
c-UiO-66 catalyst under the optimized conditions to further
evaluate the catalyst efficiency (Fig. 5f). Clearly, it was observed
that all the three kinds of hardwoods afforded S1 and S2 as the
main monophenols in high total yields (22.9–37.2 wt%). In
a similar way to poplar sawdust, the RCD of other hardwood
species underwent almost complete fragmentation of b-O-4′

linkages as illustrated by 2D HSQC NMR (Fig. S28–S30†).
Suspiciously, it appeared that the copper-based catalysts were
slightly less catalytically active on birch,56 and the lower b-O-4′

content in birch may be one of the reasons for this, which will
23816 | J. Mater. Chem. A, 2023, 11, 23809–23820
be further investigated in our laboratory. Notably, the distri-
bution of monomers and GPC results are shown in Fig. S24 and
S25,† which revealed a signicant decrease of Mw of lignin oils
aer RCD of different hardwood sawdust in comparison with
those of DELs. Lowmolecular weight aromatic monomers could
be used to produce polymers with strong thermal stability by
introducing reactive groups or molecules.73–75 Furthermore,
lignin monomers could be widely used in new products such as
thermoplastics, coatings and resin materials.75–78
3.5 Mechanistic insights

In the blank control group, dimeric of b-O-4′model compound 1
was reacted at 200 °C for 2 h (Fig. 6a). The generation of small
amounts of 2-methoxy-4-(3-methoxy-1-propenyl)phenol 2
(34.7%) and 3 (32.4%) monomers was observed, as the
hydrogen transfer reaction in supercritical MeOH could also
achieve the cleavage of the C–O bonds, which is consistent with
the blank experiments for depolymerizing poplar sawdust
(Fig. 3a). For comparison, the above reaction proceeded in the
presence of a combination of the CuO/c-UiO-66 catalyst and H2.
It gave 4-n-propanolguaiacol G1 (9.8%), 4-n-propylguaiacol G2
(30.0%), 4-ethylguaiacol G3 (14.4%) and guaiacol 3 (55.5%) as
the main products, which were derived from the hydrogenolysis
of Cb–O linkages. The acidic and basic active sites on the surface
of CuO/c-UiO-66 led to the acceleration of the hydrogen transfer
process, which resulted in the efficient cleavage of the C–O
bonds.

Compound 2 was not detected upon the addition of the
catalyst as compared to the blank control group, so 2 might be
an agent in the production of G1 and G2.35,79 In previous work,
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Simulated reactivity of b-O-4′ lignin model compounds over the CuO/c-UiO-66 catalyst.
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we conrmed that compound 2 was not generated via the
reaction pathway of quinone radical products.56 Therefore, in
this catalytic system, the Ca–O and Cb–O bonds of the b-O-4′

molecule can be cleaved simultaneously. This provided impor-
tant generative conditions for the production of G1 and G2. G1
almost completely reserved in the system (Fig. S37†), so the
formation of G1may be due to the cleavage of Ca–O and Cb–O in
the a-OMe b-O-4′ structure. The intermediate compound 2
undergoes a demethoxylation reaction to form G2.

The aromatic OMe groups played a key role in both oxidative
polymerization and reductive depolymerization of lignin.3,80,81
This journal is © The Royal Society of Chemistry 2023
In order to exclude the effect of phenolic hydroxyl groups on the
products, depolymerization of nonphenolic b-O-4′ dimer 2 has
been proposed (Fig. 6b). It was found that the phenolic hydroxyl
group prevented the elimination of the a-OH, and the Cg–OH
bond is probably split, forming 1-(3′,4′-dimethoxyphenyl)-1-
propanol 4 (56.0%). In addition, 1-(3,4-dimethoxyphenyl)
propane-1,3-diol 5 (5.8%), 1,2-dimethoxy-4-n-propylbenzene 6
(6.3%) and 3 (41.6%) were also generated. This result demon-
strated that there was no hydromethylation of phenolic hydroxyl
groups during the b-O-4′ alcoholysis. Otherwise, the a-OH
would be retained. The depolymerization of trimer 3 with CuO/
J. Mater. Chem. A, 2023, 11, 23809–23820 | 23817
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Fig. 7 Plausible reaction pathway for the reductive catalytic deconstruction of lignin from woody biomass into phenolic monomers over the
CuO/c-UiO-66 catalyst.
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c-UiO-66 also followed the same trend as the depolymerization
of 2 (Fig. 6c). It should be noted that two Cb–O bond cleavages
provided 4 (34.2%), G2 (44.1%), 5 (14.6%), 3 (22.4%), and 6
(11.0%). Notably, G1 was not detected, which could also be due
to g-OH methylation of trimer 3.

To further simulate real lignin, the catalytic hydrogenation
of b-O-4′ polymer was studied.82 This polymer had been broken
down toG1 (1.6%) and G2 (3.0%) (Fig. 6d), which was consistent
with wood biomass. GPC analysis showed a remarkably lower
Mw (700 g mol−1) than b-O-4′ polymer (4190 g mol−1) (Fig. S35†),
demonstrating the successful depolymerization of the macro-
molecule. As reported, C-2 of the G unit reacted readily with C-5
in other lignin units, leading to the formation of condensed
structures83 and thus causing comparatively modest yields of
the aromatic monomers.

Based on themechanistic studies and relevant literature,39,56,63

a plausible reaction pathway for the RCD of lignin from woody
biomass into phenolic monomers over the CuO/c-UiO-66 catalyst
is proposed in Fig. 7. In the natural biomass, nucleophilic
substitution reactionsmight occur betweenMeOH and the b-O-4′

structure, resulting in a-OMe or a,g-OMe. Subsequently, the
synergistic effects of the catalyst and hydrogen lead to the effi-
cient scission of the C–O bonds of the methoxylated b-O-4′

intermediates, affording the target monophenols.
4. Conclusions

We have reported a non-precious metal catalyst CuO/c-UiO-66
for the reductive hydrogenolysis of poplar lignin into mono-
phenols in high yields (up to 42.8 wt%), which exhibited
excellent catalytic properties. It was found that the CuO/c-UiO-
66 showed satisfactory catalytic activity and good applicability
in other hardwoods with high monomer yields (22.9–37.2 wt%).
In view of the reactivity study of the b-O-4′ analogue, 4-propanol-
and 4-propyl-substituted phenols could be formed directly over
the CuO/c-UiO-66 catalyst. More specically, it was also found
that the two phenolic hydroxymethyl groups led to the retention
of the a-OH group, which indicated that there was no methyl-
ation of the phenolic hydroxyl group under this catalytic system.
23818 | J. Mater. Chem. A, 2023, 11, 23809–23820
The synergistic effect of the acid–base sites of the catalyst
promoted the cleavage of the C–O bond. Of note was the
optimum reactivity obtained under mild reaction conditions
and the high catalytic rate of CuO/c-UiO-66. The next step is to
further design a Cu-based catalyst with strong interactions
between the active site and the substrate by our experimental
platform for improving the cycling performance.
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