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Using green, environmentally friendly and resource-rich cellulose as a raw material, a ligand-free and highly
dispersed palladium (Pd) nano-catalyst was successfully prepared in a facile way. A variety of
characterization results showed that the Pd nanoparticles (NPs) were uniformly spread on the cellulose
nanoporous microspheres, with an average particle size of ~2.75 nm. As a carrier, cellulose
microspheres with nanoporous structure and rich —OH groups greatly promoted the attachment and

distribution of the highly dispersed Pd NPs, along with the diffusion and exchange of reactants, so as to
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exhibited excellent catalytic activity (TOF up to 2126 h™%), broad applicability, and good recyclability with
almost no active loss in 6 continuous runs. This utilizing of bioresources to build catalyst materials is
important for sustainable chemistry.
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1. Introduction

Under the influence of green chemistry, many chemical
processes in organic synthetic chemistry have turned environ-
mentally friendly. For instance, in the field of catalysis, the use
of transition metal catalysts to maximize the efficiency of
chemical reactions is in line with the background of green
chemistry." Generally, homogeneous metal catalysts have better
catalytic activity than heterogeneous metal catalysts, based on
their utilization of catalytic active sites at a molecular level.?
However, the separation and purification process of homoge-
neous metal catalysts are cumbersome and costly.* In contrast,
the heterogeneous metal catalysts are easy to separate and
reusable, and can also highly disperse the nano metals and
prevent the agglomeration of the nano metals in the reaction
process, thereby effectively catalyzing the reactions.* Nowadays,
palladium based heterogeneous catalysts have attracted exten-
sive attention due to their excellent catalytic activity and selec-
tivity for building C-C, C-H and C-heteroatom bonds in organic
synthesis.”> However, the strong interaction between Pd-Pd
bonds is easy to cause the formation of bulky Pd particles,
resulting in the decrease of active catalytic sites and catalytic
efficiency.® It can be seen that how to highly disperse the Pd NPs
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is a key factor. As heterogeneous Pd catalysts, the supports can
disperse the Pd NPs.” Meanwhile, as the attachment site of Pd
metals, the support materials can change the interface proper-
ties between the support and Pd, and then improve the catalytic
performance of the catalyst.*® Therefore, the selection of carrier
materials is very important.

Recently, researchers have tried to use various support
materials to disperse the metal nano-catalysts. For instance, the
metal oxides,'®'* silica,"'* carbon materials,"*'* metal organic
framework (MOFs),'® covalent organic frameworks (COFs)"” and
so on. Kirlikovali et al. obtained a Zr-based catalyst (Zr-MOFs) by
loading zirconium metal on metal-organic frameworks, which
showed good effects on the hydrolysis and detoxification of
nerve agents and mimetics.'® Kang et al. used SiO, grafted by
silane coupling agents as support to synthesis a Pd/AS-SiO,
catalyst, and applied it to Suzuki reaction.' Yan et al. treated
graphene with acid to generate anchoring sites such as hydroxyl
and carboxyl groups to prepare atomic layer deposition Pd
nano-catalyst for highly selective hydrogenation of 1,3-buta-
diene.*® Pagar et al. obtained mesoporous carbon materials
prepared via mesoporous silica by using a templating agent,
and then used it as support to prepare Rh-based catalysts to
efficiently catalyze the hydroformylation of higher olefins.*
However, these supported materials may suffer from the prob-
lems such as unstable structure, need for further modification
(no anchoring metal sites), high synthesis cost, complex
synthesis process, non-renewable petrochemical resources.
Therefore, it is of great significance to design and synthesize
more suitable support materials. Natural biopolymers are rich
in resources, renewable, environmentally friendly and stable in
structure, which can be wused as carrier materials for
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heterogeneous catalysts and have gradually become one of the
emerging research hotspots in recent years.”* For example, as
the most natural polymer resources in earth, cellulose has
gradually attracted the interest of researchers.”*** Cellulose-
based materials have great advantages as a support for metal
catalysts. One aspect is its environmental friendliness, easy
availability, and good stability in water and most organic
solvents, which is pivotal for a catalyst support>?® On the other
hand, based on the rigidity of cellulose molecular chains,
cellulose with a multilayered nanoporous structure is beneficial
for the attachment and dispersion of nano-metals. In addition,
cellulose contains a lot of hydroxyl groups, which could serve as
metal nucleation centers and provide necessary support for
anchoring metal nanoparticles.”” However, the intermolecular
and intramolecular interaction of cellulose is relatively large,
and it is difficult to dissolve and melt.*® Our previous laboratory
developed a NaOH/urea aqueous solution to dissolve cellulose,
and successfully constructed a nanoporous cellulose micro-
spheres through freeze-thaw technology.*® The prepared cellu-
lose microspheres have a nanoporous structure, which is
conducive to the attachment and dispersion of nanometals, as
well as effectively prevent the aggregation of Pd NPs. Based on
these considerations, a Pd nano-catalyst supported by cellulose
microspheres is highly anticipated.®

Herein, we report an effective strategy to synthesize a highly
dispersed palladium nano-catalyst immobilized on cellulose. As
the support, the nanoporous cellulose microspheres with rich
functional groups played vital roles in the formation of tiny Pd
NPs. In addition, the prepared catalyst exhibited high catalytic
activity in catalyzing the Suzuki-Miyaura coupling reaction, as
well as excellent recyclability with no significant active loss after
6 runs. Importantly, this work uses the bioresources as raw
materials to construct a cellulose-supported catalyst, which
provides a new approach for the application of cellulose-based
materials, as well as promotes the implementation of
a sustainable society.

2. Experimental section
2.1 Preparation of the cellulose microspheres

The general preparation procedure for cellulose microspheres
was as follows: firstly, 3 g of cellulose powder was dispersed in
100 g of 7 wt% NaOH/12 wt% urea/81 wt% H,O, and a trans-
parent cellulose solution was obtained by vigorous mechanical
stirring in the state of half ice and half water. Then, 1.5 mL of
epichlorohydrin was added to the above solution and stirred for
30 min under ice bath conditions. Subsequently, after adding
200 g of isooctane and stirring uniformly, 6 g of Span 80 was
added to the apparatus. The mixed solution was placed ina 1 L
three-necked flask equipped with a mechanical stirrer, and then
the above-mentioned cellulose solution was added. The
suspension was stirred in an ice bath for 1 h and at room
temperature for 3 h to obtain regenerated cellulose nanoporous
microspheres. Finally, the microspheres were washed 3 times
with deionized water and ethanol respectively, exchanged with
tert-butanol, and then lyophilized for use.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2 Preparation of the Pd nano-catalyst supported on
cellulose microspheres

The above cellulose microspheres (100 mg), PACl, (0.42 mg) and
toluene (30 mL) were added to a round-bottomed flask, and
then stirred at room temperature for 30 min under a nitrogen
atmosphere, then raised the temperature to 85 °C to continue
the reaction for 3 h. Afterward, the crude product was filtered,
washed and dried to get a palladium nano-catalyst supported on
cellulose microspheres.

2.3 General procedure for the Suzuki-Miyaura coupling
reaction

In a typical experiment, aryl halide (0.5 mmol), arylboronic acid
(0.75 mmol), K,CO; (1.0 mmol), C-Pd (10 mg) and EtOH/H,0 =
1:1 (10 mL) were added to a round-bottomed flask. Then the
mixture was magnetically stirred at 85 °C under N, for certain
time to complete the reaction, and the yield of the product was
obtained by GC (gas chromatography); for the cycle stability
test, the reaction conditions were the same as above, and
product formation and the progress of the reaction was moni-
tored by GC.

3. Results and discussion
3.1 Synthesis and characterization of the C-Pd catalyst

As described in Fig. 1, using renewable resource cellulose as raw
materials, a supported Pd nano-catalyst was obtained. Firstly,
the cellulose solution dissolved in the NaOH/urea aqueous
solution was physically regenerated into cellulose microspheres
via emulsion method by sol-gel strategy. Then, the cellulose
microspheres were impregnated with PdCl, solution, and the
Pd ions were fixed by the hydroxyl groups on the cellulose
microspheres. Subsequently, the above mixture was heated to
85 °C in a nitrogen atmosphere, and the Pd ions immobilized
on the cellulose were reduced to Pd NPs without the additional
reductant to obtain supported the C-Pd catalyst.

In order to investigate the structure of the C-Pd catalyst,
a series of characterizations were conducted. Thermal gravi-
metric analysis (TGA) curves of the blank cellulose and C-Pd
depicted in Fig. 2a showed that the 5% weight loss temperatures
(Tsy) of the blank cellulose and C-Pd were 304.8 °C and
282.5 °C, respectively. When the thermal decomposition
temperature was ~800 °C, the weight loss of the sample was
about 85%, which was due to the thermal decomposition of the
cellulose. TGA data indicated that when the reaction tempera-
ture was 85 °C, it would not affect the structure of the support
material. Fourier transform infrared spectra (FT-IR) analysis
indicated that the characteristic peaks of the blank cellulose at
3428, 2921, 1437, 1378 and 1046 cm™* were defined as O-H
stretching vibration, C-H stretching vibration, C-H ribbon
vibration, C-H deformation vibration and C-O stretching
vibration, respectively (Fig. 2b).>'-** After loading of Pd particles,
those characteristic peaks in blank cellulose also appeared on
the C-Pd catalyst, which further indicated that the material
preparation temperature of 85 °C would not affect the structure
of the cellulose. Scanning electron microscopy (SEM)
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Fig. 1 Schematic illustration for the formation of C—-Pd.

represented in Fig. 2c and d revealed that the cellulose micro-
spheres in C-Pd had an unconventional shape, with relatively
uniform size and nanoporous structure, which was consistent
with the structure of the blank cellulose microspheres (Fig. S1
and S2t). The porous structure of cellulose microspheres was
conducive to the adhesion and dispersion of Pd particles, as
well the diffusion and exchange of the reactive substances,
which was very critical for the support material of the catalyst.

110

Energy dispersive X-ray spectroscopy (EDX) mapping analysis of
the C-Pd (Fig. 2e1-e4) proved that the C-Pd catalyst contained
elements of C, O and Pd, and the Pd element was evenly
dispersed on the carrier, indicating the Pd particles were
successfully loaded on the cellulose microspheres. X-ray powder
diffraction (XRD) patterns in Fig. 2f showed that the diffraction
peaks ascribed to blank cellulose centered at 11.8°, 19.9°, and
21.5° corresponding to the (1 1°0), (110), and (200) reflections of
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cellulose lattice respectively.>*** After the introduction of Pd
particles, the C-Pd catalyst showed a new characteristic peak at
about 26 = 40.2, which corresponded to the (111) reflection of
Pd, further indicating the successful loading of Pd particles.*
To observe the structure of the Pd NPs immobilized on
cellulose, transmission electron microscopy (TEM) was con-
ducted. The results in Fig. 3a and b showed that the Pd particles
were spherical and uniformly dispersed on the microspheres
without obvious aggregation, with an average particle size of
about 2.75 + 0.4 nm (inset in Fig. 3a). It was not difficult to
imagine that these highly dispersed Pd NPs with abundant
active sites could greatly promote the chemical reaction.
Moreover, a typical high-resolution TEM image (inset in Fig. 3b)
also showed a clear lattice fringe with d-space of 0.25 nm
attributed to the characteristic response of Pd, which further
confirmed the existence of Pd.*” In order to study the surface
composition and chemical state of the C-Pd catalyst, X-ray
photoelectron spectroscopy (XPS) was conducted. The overall
XPS spectrum of the catalyst (Fig. 3c) showed that the C-Pd was
composed of three elements: C, O and Pd, which further proved
that the Pd NPs were successfully loaded on the cellulose. The
Pd 3d spectrum in Fig. 3d showed the binding energy peaks of
various core levels of Pd. The binding energies of 340.69 and
335.40 eV were corresponding to Pd® 3d,,, and Pd® 3ds,, while
the binding energies of 342.43 eV and 337.13 eV ascribed to Pd**
3d3/, and Pd** 3ds),, which indicated that most of the Pd species
in C-Pd presented the characteristics of metallic Pd (0).*® The
interaction between Pd NPs and cellulose matrix was also
investigated by XPS, and the spectrum had been calibrated with
C 1s of 284.80 eV. As shown in Fig. 3e, the binding energy peaks
of C 1s in blank cellulose were mostly concentrated at 284.80 eV,

© 2022 The Author(s). Published by the Royal Society of Chemistry

286.50 eV and 287.94 eV corresponding to the sp>~C/sp®-C, C-O
and C=O0 bonds, respectively.** After loading of Pd NPs, the
binding energy peaks in C-Pd was basically unchanged, indi-
cating that there was no interaction between C and Pd. While in
the O 1s spectrum (Fig. 3f), the binding energy peak of blank
cellulose microspheres appeared at 532.70 eV, which shifted to
532.82 eV after the loading of Pd NPs. The shift was likely due to
the metal-ligand interaction, and the electrons transferred
from the lone pair of O atoms to Pd, leading to a reduction in
the electron cloud density of O atoms and an increase in
binding energy. These results all indicated that the well-

Table 1 Comparison of catalytic activity of different catalysts®

Cl B(OH),
©i ' O/
CH,

H;C
[Pd], K,CO,

—_—
Nz’ om e Q O

Entry Catalyst Solvent Yield” (%)
1 C-Pd H,0 22.5

2 C-Pd EtOH 63.6

3 C-Pd EtOH:H,0=1:1 >99

4 Blank cellulose EtOH:H,O0=1:1 None

5 Pd(OAc), EtOH:H,0=1:1 411

6 Pd/C EtOH: H,0=1:1 67.5

7 Nano-Pd EtOH: H,0=1:1 4.1

¢ Reaction conditions: o-chlorotoluene (0.5 mmol), phenylboronic acid
(0.75 mmol), K,CO; (1.0 mmol), solvent (10 mL), 0.047 mol% C-Pd
([Pd] : substrate, mol%), 80 °C, 6 h. * The yields were determined by GC.

RSC Adv, 2022, 12, 18676-18684 | 18679



RSC Advances Paper

Table 2 Suzuki—Miyaura coupling reaction catalyzed C—Pd“

X B(OH),
N N K,CO;3
R, + R—t >
(T 2 X ] o 0,
2, \ , EtOH:H,0=1:1, 80 °C
.’O
® »
3a (>99%, TOF=2126 h'))? 3b (>99%, TOF=2126 h™")® 3¢ (>99%, TOF=2126 h™!)”
CN H,CO OCH,
3d (>99%, TOF=354 h'!) 3e (>99%, TOF=354 h'!) 3 (93.9%, TOF=333 h'")
3g (74.9%, TOF=266 h!) 3h (92.1%, TOF=327 h'") 3i (87.8%, TOF=311 h'!)
O ® ® (“ »
OCHj4
3j (>99%, TOF=354 h'!) 3k (69.4%, TOF=246 h™') 31(90.3%, TOF=320 h'!) 3m (93.6%, TOF=332 h'!)

9,

~ 0 ~ C

3n (72.2%, TOF=256 h'!) 30 (99.3%, TOF=352 h'!) 3p (>99%, TOF=354 h'!) 3q (>99%, TOF=354 h'!)

oY e SO

R,=-CH; R,=-OCH, R,=-OCH,

()

%

3r (>99%, TOF=354 h'') 35 (84.7%, TOF=150 h'!) 3t (83.2%, TOF=148 h'')° 3u (80.5%, TOF=143 h'!)

% Reaction conditions: aryl halides (0.5 mmol), arylboronic acid (0.75 mmol), K,CO; (1.0 mmol), 0.047 mol% C-Pd ([Pd] : substrate, mol%),
EtOH : H,0 = 1:1 (10 mL) at 80 °C for 6 h, and the yields were isolated yields. ” Reactions were carried out at 80 °C for 1 h. ¢ Reactions were
carried out at 80 °C for 12 h.
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dispersed and firmly immobilized Pd NPs were successfully
supported on cellulose. It was conceivable that the well-
dispersed C-Pd catalyst with more catalytic active sites could
greatly facilitate the progress of chemical reactions.

3.2 Catalytic activity of the C-Pd catalyst

As the products of Suzuki-Miyaura coupling reaction could be
applied to the synthesis of many pharmaceutical intermediates,
natural products, organic materials, etc., which motivated us to
use the synthetic C-Pd catalyst to catalyze Suzuki-Miyaura
coupling reaction. All the results were compiled in Table 1, by
using o-chlorotoluene and phenylboronic acid as the model
substrates, we first attempted the most commonly used solvent
of ethanol and H,O reported in the literature. It could be seen
that the product yield was very low in both solvent ethanol and
H,0, but the reaction yield could reach 99% in the mixed
solvent of ethanol and H,O. Further, we also used the
commercial Pd/C, Nano-Pd, Pd(OAc), and blank cellulose
catalysts to compare the activity of our C-Pd by using the model
substrate of o-chlorotoluene. We found that the reaction did not
proceed in the presence of blank cellulose, which concluded
that Pd was the active center for Suzuki-Miyaura coupling
reaction. The un-supported Pd(OAc), catalyst could only yield
41.1% under the same condition, which may arise from the Pd
(0) was the catalytic active center. The lower catalytic activity of
commercial Pd/C with yield of 67.5% might be due to the large
particle size of Pd (Fig. S31), which resulted in the less exposed
available active sites. The catalytic activity of the commercial
Nano-Pd catalyst was also poor, which could attribute to the

RSC Advances

nano-Pd (Fig. S4T) were easy to agglomerate during the reaction
process due to the lack of carrier.

The good catalytic activity of the C-Pd catalyst further
prompted us to study its applicability in Suzuki-Miyaura
coupling reaction. From Table 2, in the reaction of aryl bromide
or aryl iodide and phenylboronic acid, the catalyst showed very
high catalytic activity for the substrates replaced by different
groups (Table 2, 3a-3i), and the corresponding products of
biaryl compounds could be obtained at very high yields (74.9-
99%) and TOF values (266-2126 h™'). As was known that, owing
to the higher bond energy of C-Cl compared to the C-Br and C-
I, the reaction between aryl chloride and phenylboronic acid
was usually difficult to occur. Encouragingly, on the challenging
reaction of aryl chloride and phenylboronic acid, the C-Pd also
showed excellent catalytic activity whether the substituent
groups in aryl chlorides were electron-donating or electron-
withdrawing groups, with product yields of 69.4-99% and
TOF values of 143-354 h™". It could be seen that the catalyst
exhibited good substrate suitability. To compare the catalytic
activity advantages of the synthesized C-Pd catalyst, we also
compared the catalyst with a number of Pd-based catalysts for
catalyzing the Suzuki-Miyaura coupling reaction reported in the
literature. As shown in Table 3, by using the model reaction of
aryl chlorides and phenylboronic acid, the C-Pd catalyst
showed good catalytic activity, higher TOF values and recycle
yields than most of the reported catalysts, which further proved
the good catalytic performance of our catalyst. Based on the
above results, the catalytic mechanism of C-Pd was illustrated
in Fig. 4.** Firstly, after the addition of aryl halides, the Pd
complex (Ar-Pd-X) was formed over C-Pd catalyst via oxidative

Table 3 Comparison of catalytic activity of some Pd-based catalysts in the Suzuki—Miyaura coupling reaction of aryl chlorobenzenes with

phenylboronic acids

/ |
N ¢l BOH), pq catalyst R
Rl@/ + ©/ —_— x
F

Entry Condition [Pd] (mol%) Yield (%) TOF (h™1) Cycle Ref.
1 R; = NO,, Pd-PdO/ZnO, 0.83 h, 80 °C 3.24 50 18.6 5 (95%) 43
2 R, = Me, Fe,;0,/PEG/Pd, 1 h, 60 °C 2.2 x 107 - - 5 (34%) 44
3 R; = NO,, PdCl,, 24 h, 120 °C 0.2 85 17.7 6 (90%) 45
4 R; = NO,, GO-SB/Pd, 3.2 h, 100 °C 0.8 59 23.0 6 (86%) 46
5 R; = OMe, PCIL-1, 4 h, 25 °C 0.5 55 27.5 5 (91%) 47
6 R, = OMe, FeS@EP-AG-Pd MNPs, 12 h, 50 °C 0.15 40 22.2 7 (93%) 48
7 R; = NO,, PS-co-PMAA-IDA-Pd, 12 h, 80 °C 1.0 68 5.6 4 (96%) 49
8 R, = NO,, GO/Fe;0,/PAMPS/Pd, 24 h, 80 °C 1 68 2.8 7 (92%) 50
9 R, = OMe, MCNTs@(A-V)-silica-Pd, 24 h, 100 °C 15 78 2.2 7 (89%) 51
10 R, = OMe, Fe,0,/A0/Pd, 24 h, 25 °C 0.1 60 25 7 (82%) 52
11 R; = NO,, Pd-2A3HP-MCM41, 24 h, 120 °C 0.89 63 2.9 8 (87%) 53
12 R, = OMe, Pd-NP-PIL, 4 h, 100 °C 1.7 16 2.4 5 (>90%) 54
13 R, = NO,, nano-Pd/Fe;0,/Zn0, 10 h, 100 °C 9.7 x 107° 50 51.5 4 (83%) 55
14 R, = NO,, Pd/FTO, 15 h, 80 °C 0.1 25 16.7 5 (>90%) 56
15 R, = OMe, [Al,Pd,(L)sClg], 4 h, 110 °C 0.1 5 12.5 5 (94%) 57
16 R, = OMe, C-Pd, 6 h, 80 °C 0.047 >99 354 6 (>99%) This work

“ The preceding number was the number of cycles, and the number in parentheses represented the yield at this number of cycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The probable mechanism of the Suzuki—Miyaura coupling
reaction catalyzed by C-Pd.

addition. The complex then formed an Ar-Pd-Ph complex with
phenylboronic acid in the presence of K,COj3. Finally, the target
compound of Ar-Ph was obtained via reductive elimination.

3.3 Catalytic recyclability of the C-Pd catalyst

Cyclic stability is also an important indicator for evaluating
heterogeneous catalysts. Herein, we also conducted multiple

Paper

continuous cyclic reactions based on the model reaction of o-
chlorotoluene and phenylboronic acid. The catalyst was isolated
by simple filtration in each catalytic run, as shown in Fig. 5a, the
yield of the target compound was still greater than 99% after the
sixth run, indicating that the catalyst had excellent reusability.
XRD pattern in Fig. 5b showed that the C-Pd after six cycles still
retained the peak of the blank cellulose, and the new reflection at
26 = 40.2 attributed to the Pd (111).%** XPS spectrum analysis
was also performed on the recycled C-Pd. The full spectrum of
XPS in Fig. S51 showed that the C-Pd catalyst still contained three
elements of C, O and Pd, and the Pd 3d spectrum (Fig. 5¢) showed
that the Pd NPs in reused C-Pd was still mostly in the form of
metallic Pd (0). TEM image of C-Pd after cycling was shown in
Fig. 5d, which showed that the Pd NPs on the catalyst were
slightly agglomerated after multiple cycles, but most Pd NPs were
still uniformly dispersed on the carrier. The mean diameter of the
Pd NPs in reused C-Pd was 2.80 & 0.4 nm, which was closed to
that of fresh C-Pd catalyst with 2.75 + 0.4 nm. These results
demonstrated that our catalyst showed good cycle stability in
catalyzing Suzuki-Miyaura coupling reaction. The good catalytic
activity and cycle stability of C-Pd could be attributed to the
below reasons: (1) the nanoporous structure of cellulose micro-
spheres could provide abundant adhesion sites for Pd particles,
which was conducive to the dispersion of Pd, as well the transfer
and exchange of reactants; (2) the formed tiny Pd NPs with more
exposed catalytic active sites could greatly promote the catalytic
reaction; (3) further, the abundant functional groups on cellulose
could interact with Pd particles and fix them tightly.
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Fig.5 Cycle activity of C-Pd in 6 runs (a). XRD pattern of C—Pd after 6 runs (b). XPS of Pd 3d spectra of C—Pd after 6 runs (c). TEM image of C-Pd

after 6 runs (d).
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4. Conclusion

In summary, an efficient Pd nano-catalyst derived from renew-
able biomass resource cellulose was successfully synthesized. In
our discovery, the Pd NPs interacted with the hydroxyl groups
on cellulose, making the active Pd sites easier to function. The
nanoporous structure of cellulose also provided better condi-
tions for the exchange and transport of substances, making it
easier for catalytically active sites to function. More importantly,
the supported C-Pd catalyst had excellent catalytic activity in
the Suzuki-Miyaura coupling reaction, with TOF up to 2126 h ™%,
as well as good recyclability with target product yield of >99%
after 6 runs. We believe that the strategy proposed in this study
will provide a facile and versatile method for the preparation of
other biomass-based highly performance catalyst materials.
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