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Facile synthesis of palladium and gold nanoparticles by using
dialdehyde nanocellulose as template and reducing agent

Kaitao Zhang®°, Minggui Shen®¢, He Liu®¢, Shibin Shang® ¢, Dan Wang®® * and
Henrikki Liimatainen®
a. Fiber and Particle Engineering Research Unit, University of Oulu, P.O. Box 4300,
F1-90014, Finland
b. Institute of Chemical Industry of Forest Products, CAF; Key and Open Lab of
Forest Chemical Engineering, SFA, Nanjing 210042, China
c. Research Institute of Forestry New Technology, CAF, Beijing 100091, China
Abstract
Cellulose nanofibrils (CNFs) were firstly prepared by
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidation and further oxidized to
2,3-dialdehyde nanocelluloses (DANCs) by periodate oxidation. Furthermore, by
using DANCs as reducing as well as stabilizing agent, palladium (Pd) and gold (Au)
nanoparticles (NPs) supported on nanocellulose (PANPs@NC and AuNPs@NC) were
synthesized, respectively. The reduction of Pd or Au ions to its metallic form by
DANCs was confirmed by UV-vis spectra, XRD, and XPS. TEM results showed that
Pd and Au NPs were homogenously deposited onto cellulose nanofibrils, respectively.
The catalytic performance of PANPs@NC was further investigated by Suzuki

coupling reaction. The product yield of the Suzuki coupling reaction between aryl
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bromides and phenyl boronic acid was more than 90% after 1 h with 0.1 mol%
PANPs@NC catalyst, which demonstrated that the synthesized PdNPs@NC
nanohybrid could be successfully applied in Suzuki coupling reaction with an
efficient catalytic activity.
Keywords: Palladium; Gold; Nanoparticles; Cellulose nanofibrils; Catalysis; Aldehyde
1. Introduction

Noble metal nanoparticles, being totally distinct from their bulk metal equivalents,
have attracted considerable attention because of their unique properties such as
optical(Wang, Ye, locozzia, Lin, & Lin, 2016; Yu et al.,, 2017), magnetic, and
electronic activities (Loh, 2016) and their high catalytic performances in many
chemical reactions (Dong et al., 2015; Long, Thi, Yong, Nogami, & Ohtaki, 2013;
Sarina, Waclawik, & Zhu, 2013). The synthesis of noble metal nanoparticles has been
an important research topic in the field of nanoscience over the past decades (Wu,
Kuang, Zhang, & Chen, 2011). Palladium nanoparticles (Pd NPs) are well known for
their excellent catalytic activity in C-C cross-coupling reactions including Suzuki,
Heck, Sonogashira and Stille reactions (Phan, Van Der Sluys, & Jones, 2006; Xu, Wu,
& Zhu, 2008). To date, such reactions have been frequently employed in the synthesis
of pharmaceuticals, agrochemicals, dyes and other products (Hassan, Sévignon, Gozzi,
Schulz, & Lemaire, 2002). Among various cross-coupling reactions, Suzuki
cross-coupling reactions of aryl halides with arylboronic acids have become the
prevailing technique, as it is one of the most efficient methods for construction of

biaryl compounds in organic synthesis (Kumbhar, Jadhav, Kamble, Rashinkar, &
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Salunkhe, 2013). Likewise, gold nanoparticles (Au NPs) have attracted increasing
interest due to their catalytic properties in various organic transformation reactions,
including the CO oxidation, aerobic oxidation of alcohols, C—C coupling reactions
and reduction reactions via transfer hydrogenation (Chen, Cao, Quinlan, Berry, &
Tam, 2015; Chen et al., 2015). However, both Pd and Au nanoparticles suffer from
agglomeration in solution due to their large specific surface areas (Wu et al., 2013).
One strategy to stabilize metal nanoparticles is by employing capping agents such as
thiols, carboxylate ligands, surfactants and polyelectrolytes (Chen et al., 2015). Most
capping agents, however, are non-biodegradable polymers or potentially toxic
chemicals (Shi et al., 2015). Another method to avoid agglomeration is by means of
the immobilization of metal nanoparticles onto solid matrixes including carbon (Liu,
Yang, Liu, Ye, & Wei, 2017), silica (Shimizu et al., 2004), metal oxide (Del Zotto &
Zuccaccia, 2017), polymer, etc. (Yan et al., 2016). Polymeric supports are attractive
due to a greater number of active sites such as carboxylate and amino in the structure
(Chen et al., 2015). As the most abundant organic polymer in nature, cellulose has
been extensively used as bio-templates for metal nanoparticles (He, Kunitake, &
Nakao, 2003; Y. Li et al., 2017; H. Liu, Song, Shang, Song, & Wang, 2012; Van Rie
& Thielemans, 2017).

Nanocellulose (NC), produced via chemical or physical approaches from vegetal or
bacterial cellulose, mainly includes three different types, i.e., cellulose nanocrystals
(CNCs), cellulose nanofibrils (CNFs) and bacterial cellulose (BC). (Li et al., 2015; L,

Sirvio, Haapala, & Liimatainen, 2017; Sirvid, Visanko, & Liimatainen, 2015; Sirvio
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& Visanko, 2017; Suopajarvi, Sirvid, & Liimatainen, 2017; Visanko et al., 2017;
Zhang et al., 2016). Nanocellulose has emerged as an attractive candidate for
supporting metal NPs due to its high surface area, environmental sustainability and
biodegradability (Hu, Meng, Liu, Fu, & Lucia, 2017; Kaushik & Moores, 2016; Wu et
al., 2016; Xiong, Lu, Zhang, Zhou, & Zhang, 2013; Yan et al., 2016; Zhou et al.,
2012). The most common preparation technique for the fabrication of noble metal
NPs/nanocellulose hybrids is the treatment of noble metal salts with reducing agents
in the presence of nanocellulose (Cirtiu, Dunlop-Briere, & Moores, 2011; Ghaderi,
Gholinejad, & Firouzabadi, 2016; Koga et al., 2010; Liu et al., 2012; Van Rie &
Thielemans, 2017). However, the reducing agents employed such as NaBH4 and H>
would be hazardous or dangerous (Wu et al., 2013; Wu et al., 2014). So far, several
methods of reduction of metal nanoparticles by using nanocellulose as reducing agent
have been reported (Benaissi, Johnson, Walsh, & Thielemans, 2010; Y. Y. Dong, Liu,
Liu, Meng, & Ma, 2017; Fu, Deng, Ma, & Yang, 2016; Z. Hu, Q. Meng, R. Liu, S. Fu,
& L. A. Lucia, 2017). Rezayat et al. (2014) prepared Pd NPs through
nanocellulose-induced reduction of Pd precursors in subcritical and supercritical
carbon dioxide (scCO2). Likewise, Pd and Au NPs were synthesized in a
hydrothermal system by using neat nanocellulose as both supporting matrix and
reductant (Wu et al., 2013; Wu et al., 2014). Nonetheless, these methods still require
harsh or complicated conditions (in scCOz or hydrothermal system).

Nanocellulose surface possesses many reactive hydroxyl groups, which can be

utilized for further chemical modification. 2, 3-dialdehyde cellulose (DAC) can be
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obtained by using periodate as oxidant to oxidize vicinal hydroxyl groups of cellulose
at positions 2 and 3 to aldehyde groups (Liimatainen, Sirvio, Pajari, Hormi, &
Niinimaki, 2013; Mou, Li, Wang, Cha, & Jiang, 2017; Sirvio, Liimatainen, Niinimaki,
& Hormi, 2011). Wu, Kuga and Huang (2008) and Drogat et al. (2011) reported that
Ag NPs could be produced and coated on nanocellulose while introducing DAC as
reductant. As we know that the reduction potential of Pd (0.915 V) and Au (1.50 V)
ion are higher than that of silver (0.8 V) (Nadagouda & Varma, 2008). Therefore, it
would be possible to reduce Pd or Au ions to metallic forms by utilizing aldehyde
groups on the surface of DAC. In the present study, cellulose nanofibrils (CNFs) were
firstly prepared by 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPQO) oxidation and
further oxidized to 2,3-dialdehyde nanocellulose (DANCs) by sodium periodate. Pd
NPs and Au NPs supported onto nanocellulose (PANPS@NC and AuNP@NC,
respectively) were successfully synthesized by employing DANCSs as reducing agent
as well as stabilizing template (Fig. 1). The catalytic activity of obtained
PANPs@NCFs nanohybrid for Suzuki coupling reaction was subsequently
investigated. To our best knowledge, this paper is the first demonstration for the
reduction of Pd (I1) and Au (111) ions by DANCs. The present strategy provides a new

way to synthesize Pd and Au NPs nanoparticles by cellulose based materials.
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Fig. 1. Schematic illustration of preparation of (a) dialdehyde nanocellulose (DANCSs)

and (b) PANPs@NC or AUNPs@NC

2. Materials and methods
2.1. Materials

Bleached sugarcane bagasse sulphite pulp was obtained from Jiangmen sugarcane
chemical factory (group) Co.,Ltd. The cellulose content was 94% and the rest was
mostly hemicelluloses. 2,2,6,6-tetramethylpiperidinyl-1-oxy radical (TEMPO),
4-nitrophenols (4-NP), odium bromide (NaBr), sodium hypochlorite solution (NaClO,
15%), sodium periodate (NalO), potassium carbonate (K.COs), palladium chloride
(PdCl,), gold chloride tetrahydrate (HAuCls-4H20), HCI, and NaOH were supplied
by Sigma-Aldrich and wused without further purification. Bromobenzene,
bromoanisole, bromobenzonitrile p-bromonitrobenzene and phenylboronic acid were
all purchased from Aladdin reagent Co., Ltd. (Shanghai, China).
2.2 Methods

2.2.1 Isolation of cellulose nanofibrils (CNFs) by TEMPO-mediated oxidation
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Bleached sugarcane bagasse sulphite pulp was used as a cellulose raw material and
cut into small pieces by a crusher. TEMPO-mediated oxidation employing 7 mmol
NaClO per gram of cellulose and ultrasonic treatment (sonicating for 30 min with an
output power of 450 W and 6 mm probe tip diameter) were subsequently performed
as reported before to obtain CNFs (Zhang et al., 2016). The carboxyl content of CNFs
obtained was determined to be 1.38 mmol/g cellulose by conductometric titration.
2.2.2. Preparation of 2, 3-dialdehyde nanocelluloses (DANCs) by periodate oxidation

0.4 g NalO4 was dissolving in 20 mL of ag. 0.6 wt.% CNFs suspension in a brown
bottle. The mixture was stirred and reacted under 25°C for 72 h in the dark. The
suspension of DANCs was finally obtained after dialyzing against distilled water for
5-7 days to remove excess unreacted sodium periodate (Lu, Li, Chen, & Yu, 2014).
The aldehyde content of DANCs was evaluated via the titrimetric method based on
Schiff base reactions with hydroxylamine. 0.12 g freeze-dried DANCs was added in a
hydroxylamine hydrochloride solution (1 g in 50 mL methanol) with thymol blue as
indicator. The mixture was stirred at 40°C for 4 h and then immediately titrated using
0.03 mol/L NaOH methanol solution until a faint pink color was obtained. The
aldehyde group content of the synthesized DANCs was 3.8 mmol/g cellulose.

2.2.3. Synthesis of Pd and Au NPs supported on nanocelluloses (PANPs@NCFs and
AUNPs@NCFs)

DANCSs suspension was simply diluted with water to 0.1, 0.2 and 0.4 wt.% in three

bottles. 10 mL 2 mmol/L Pd (1) complexes in liquid-ammonia [Pd(NH3)s]** (0.035 g

of PdCI> was dissolved in 1 ml of 20% liquid ammonia solution and then diluted into
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100 ml with water) was mixed with 10 mL three suspensions (0.1, 0.2 and 0.4 wt.%)
of DANC S, respectively. The mixtures were heated to 90°C and reacted for 10 h. For
synthesis of AUNPsS@NC, 10mL 2 mmol/L HAuCIs was added into 10 mL of DANCs
suspension (0.2 wt.%) under magnetic stirring for 10 h at 90°C. After the reactions,
the resulting precipitate PANPS@NC or AuNPs@NC hybrids were washed and
separated from the suspensions by centrifugation at 10 000 g using ethanol. This
process was repeated three times to remove the unbound metal nanoparticles.
2.2.4. Catalytic performance of PANPs@NCFs for Suzuki cross-couplings reaction

Phenylboronic acid (1.5 mmol), aryl bromide (1 mmol), K.COs (3 mmol),
deionized water (9 mL), and 6 mL PdNPS@NCFs hybrid in ethanol (containing
0.0025 mmol palladium), were added to a 25 mL round-bottom flask equipped with a
magnetic stirrer. The reaction was refluxed under stirring at 80°C for 2 h. After the
reaction was complete, the mixture was cooled down in a water bath under stirring
and then dissolved in ethyl acetate. Raw biphenyl compounds were obtained after
filtering, leach and concentration of ethyl acetate solution. Finally, the raw biphenyl
compounds were purified by passing through column of silica gel.
3. Characterization

Fourier transform infrared (FTIR) spectra of nanocellulosic samples were recorded
by a Nicolet iS10 in the range of 400 cm™ to 4000 cm™* with a resolution of 4 cm™.
The UV-vis spectra of PANPsS@NC and AuNPs@NC suspensions were taken at room
temperature from 200 to 350 nm using a Shimadzu UV-vis spectrometer (UV-2450).

The morphology of DANCs, PANPs@NC or AuNPs@NC was viewed by JET-1400
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transmission electron microscopy (TEM, Hitachi, Japan) at an acceleration voltage of
100 kV. A dilute sample dispersion was deposited on a carbon coated copper grid and
left for 3 min after which excess liquid was removed. X-ray diffraction (XRD)
patterns of the freeze-dried PANPS@NC and AuNPs@NC were done on a Siemens
D5000 rotating anode wide angle X-ray diffract meter (1 to 120 degrees 20). X-ray
photoelectron spectroscopy (XPS) experiments were performed by ESCALABMK
spectrometer (VG, England) using Mg Ka (1486.6 eV) radiation at 12 kV x 15 mA.
The binding energies of the photoelectrons were calibrated by the aliphatic
adventitious hydrocarbon C (1s) peak at 284.6 eV. The structures of biphenyl
compounds were confirmed by 'H NMR and comparison with authentic samples

available commercially or prepared according to literature methods.

4. Result and discussion

4.1 Characterization of cellulose nanofibrils (CNFs), PANPS@NC and AUNP@NC
The morphologies of CNFs and DANCSs were characterized by TEM. Fig. 2a shows
the TEM images of CNFs prepared by TEMPO mediated oxidation, where typical
CNFs with a diameter in range of 5-20 nm were observed. After periodate oxidation,
the morphology of DANCs obtained was basically unchanged compared to original
CNFs (Fig. 2b), indicating that the periodate oxidation had little effects on the size of

nanocelluloses.
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Fig. 2. TEM images of nanocellulosic samples: (a) CNFs prepared by
TEMPO-oxidation and (b) DANCs

10 mL 0.1, 0.2 and 0.4 wt.% of DANCs were mixed with 10 mL 2 mmol/L Pd (I1)
solution, and reacted at 90°C for 10 h to obtain PANPS@NC. For comparison, 10 mL
0.4 wt.% neat CNFs, which were not treated with sodium periodate, were also reacted
with 2 mmol/L Pd (I1) at 90°C for 10 h. Photographs of the resulted suspensions are
shown in Fig. 3. After 1 h reaction, the appearance of the reaction mixtures in the
presence of DANCs (0.1, 0.2 and 0.4 wt.%) changed from colorless to
yellowish-brown while the color of suspension of neat CNFs/Pd (Il) mixture was
unchanged even after 10 h, suggesting that Pd ions could be easily reduced by
DANCs but not CNFs (X. D. Wu et al., 2013). Similarly, DANCs/Au (111) reaction
mixture changed from colorless to red burgundy indicating the formation of Au NPs.
Moreover, visible nanocelluoses aggregates were also observed in all DANCs
reacting systems after reacting for 10 h. This phenomenon was probably because of
crosslinking of adjacent nanofibrils due to the formation of inter- and intra-molecular
hemiacetal linkages of between OH and aldehyde groups, which in turn resulted in the
precipitation of cellulose nanofibrils (Sirvio, Liimatainen, Visanko, & Niinimaki,

2014).

10
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Fig. 4. UV-vis spectra of suspensions of (a) DANCs/Pd (I1) and (a) DANCs/Au (111)
after different reaction times

In order to monitor the reduction of Pd (II) and Au (IIl) by DANCs, the
ultraviolet-visible absorption spectra of suspensions of (a) DANCs/Pd (Il) and (b)
DANCs/Au (111) after reacting for different times were recorded, respectively. 10 mL
0.01 mmol/L Pd (ll) solution was reacted with 0.05 wt.% DANCs at 40°C, the
UV-Vis spectra of these reaction mixtures are shown in Fig. 4. Before the reaction, an
absorption peak at around 243 nm, characteristic of Pd (Il) ion, was observed in Pd
(I)/DANC:Ss solution. With increasing reaction time, the peak gradually disappeared
and shifted from 243 to 234 nm after 5 h, which was attributed to the reduction of Pd
(11) to Pd (0) (X. D. Wu et al., 2013). For DANCs/Au (l11) suspension, an absorption

band at 536 nm, which corresponds to the surface plasmon resonance (SPR) band of
11
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the Au NPs (Chen et al., 2017), appeared and increased with the reaction time (from 0
to 5 h). Both the UV-vis spectra of the two suspensions suggested that Pd (11) and Au

(111) ions were successfully reduced by DANC:s.
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Fig. 5. FT-IR spectra of (a) CNFs, (b) DANCs, (c) PANPs@NC and (d) AUNPs@NC
FTIR spectra of CNFs, DANCs, PANPs@NC and AuNPs@NC are presented in Fig.
5. All four samples displayed the typical characteristic of cellulose. The broad bands
near to 3326 cm™ are O—H stretching vibrations while the peaks at 2902 cm™ are due
to C—H stretching vibrations. The sharp peaks at around 1032 cm* are related to C-O
stretching vibrations. The absorbance band at 1603 cm™ that is characteristic of the
sodium carboxylate group, originating from the TEMPO-mediated oxidation (Zhang
et al., 2016). The peak of DANCs at 1732 cm™ corresponds to the C=0 stretching
frequency of free aldehyde (J. Wu et al., 2014). Furthermore, the peak at 889 cm™ is
stronger for DANCSs than that of original nanocellulose because of the hemiacetal and
hydrated form of the DANCs (Liimatainen, Visanko, Sirvié, Hormi, & Niinimaki,
2012). These alterations confirms the success of the surface modification of

nanocellulose with aldehyde groups via periodate oxidation. For PANPs@NC and
12
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AUNPs@NC samples, the absorbance at 1740 cm™ related to aldehyde group
disappears. This is attributed to the redox reaction between aldehyde groups and metal
ions, in which the aldehyde groups were oxidized to carboxylate groups and the

metals ions (Pd?* and Au®*) were reduced to metallic forms (Visanko et al., 2014).
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Fig. 6. a) XRD patterns of PANPS@NC and AuNPs@NC; b) XPS spectrum of
PANPs@NC; ¢) XPS spectrum of AUNPs@NC nanohybrids

To confirm the formation of Pd or Au NPs on the surface of nanocellulose, the
XRD and XPS measurements of freeze-dried PANPS@NC and AuNPs@NC
nanohybrids were performed and the results are shown in Fig. 6. Both the
PANPs@NC and AuNPs@NC nanohybrids show a peak at 22.7° corresponding to the
(200) diffraction plane of cellulose I (Wu et al., 2016). Three additional reflections at
40.5, 46.9, and 68.2° were observed in PANPs@NC sample, which are assigned to

diffractions from the (111), (200), and (220) lattice planes of the Pd (0) (Li et al.,
13
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2017). Meanwhile, the pattern for AUNPsS@NC displayed a series of peaks at 38.2°,
44.4°, 64.6°, and 77.6°, which are associated with the characteristic (111), (200),
(220), and (311) lattice plane for Au (0) crystals (Hu et al., 2017). The reduction of Pd
and Au ions were further validated by X-ray photo-electron spectroscopy, which was
employed to define the oxidation state of the adsorbed Pd and Au. As shown in Fig.
6b, two peaks located at 339.5 and 334.2 ev, which correspond to the 3ds/2 and 3d7. of
Pd (0) (Zhou et al., 2012), were observed, while no peaks of Pd (I1) (near at 337 and
342.1 eV) were found. Similarly, the XPS spectrum of AUNPS@NC presented two
high intensity peaks at 83.8 eV and 87.8 eV due to the characteristics signs of Au (0)
4f70and Au (0) 4fsp, and the Audf peaks of Au (111) at 86.9 eV and 90.6 eV were not
observed, neither (Yan et al., 2016). In summary, the results confirmed that the
oxidation state of Pd and Au in the freshly prepared nanohybrids were Pd® and Au®,
respectively. In other words, the Pd (I1) and Au (I11) ions were successfully reduced to

metallic forms by DANCSs as demonstrated above.
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Fig. 7. TEM images and size histograms of PANPs synthesized by using different
DANCSs concentrations: (a, €) 0.1 wt.%, (b, f) 0.2 wt.%, and (c, g) 0.4 wt.%; (d, h)
AuNPs@NC at DANCs concentration of 0.2 wt.%

TEM images of PANPs@NC and AuNPs@NC synthesized by DANCs are shown
in Fig. 7. Among all PANPs@NC samples, although the image shows some
aggregration of nanocellulose fibers, the obtained Pd NPs were homogeneously
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distributed on the surface of nanocelluloses without significant amount of NPs
aggregates (Fig. 7a-c). With the increase of the DANCs concentration, more Pd
nanoparticles were formed and the average particle size of Pd NPs was slightly
decreased. The average particle size of Pd NPs in 0.1, 0.2 and 0.4 wt.% DANCs was
19.33, 18.28 and 15.86 nm, respectively (Fig. 7e-g). Likewise, spherical Au NPs
(29.61 nm in average diameter) were also obtained and well deposited onto the
surface of nanocellulose (Fig.7d). These results demonstrated that not only DANCSs
can serve as reducing agent for Pd and Au ions but also stabilizing substrate for
formed nanoparticles. On the one hand, the aldehyde groups on the surface of DANCs
serve as reducing agent for Pd or Au ions. On the other hand, the carboxylate
functionalities derived from TEMPO oxidation can act as anchor sites for Pd or Au
NPs (Koga et al., 2010).
4.2 Catalytic activity of PANPs@NC in Suzuki reaction

Suzuki reactions between phenylboronic acid and different aryl bromides were
carried out to address the catalytic performance of resultant PANPs@NC nanohybrid.
The PANPs@NC used here was prepared by 0.2 wt.% DANCs described above
(average particle size is 18.28 nm and Pd content in the hybrid is 1.7 wt.% measured
by ICP-AES). Five different aryl bromides (bromobenzene, bromobenzoic acid nitrile,
p-bromophenyl methyl ether, bromo-4-nitrobenzene and p-bromo benzaldehyde) were
selected the test substrates. Reactions were conducted at 80°C for a total of 2 hours in
the presence of 0.1 mol% newly synthesized PANPsS@NC (Table 1). As seen in Table
1, the aryl bromides were all converted to the corresponding biaryls with excellent
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yields (more than 90%) after 1 h. Further, product yields in all cases were higher than
95% after 2 h reaction. The comparison of synthesized Pd NP@NC to other
Pd—Cellulose catalysts for the Suzuki reaction is also shown in Table 2. Direct
comparison of this catalyst to other palladium nanoparticle/cellulose catalysts
developed by other reseachers is difficult due to the different preparation conditions
of the catalysts and coupling reaction conditions. However, even with a larger particle
size, the synthesized PANPs@NC produced a relatively high reaction yield with lower
reaction time or smaller amount of catalyst in comparison to previously reported
results (Table 2).

Table 1. Suzuki Coupling of aryl bromides and phenylboronic acid using

PdNPs@NC?
0.1 mol% PdNPs@NC,80°C —
ROBr + OB(OH)Z K,CO3, H,0/EtOH : @QR
Sample R Time (h) Yield (%)
1 H 1 96
2 H 2 100
3 NO: 1 97
4 NO2 2 99
5 CHO 1 95
6 CHO 2 99
7 OCHs 1 94
8 OCHzs 2 98
9 CN 1 96
10 CN 2 99

Reaction condition: aryl halides (1 mmol), phenylboronic acid (1.5 mmol),

H>O/EtOH (3:2), K2COs3 (3 mmol) and aerobic conditions.
17
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Table 2. Comparison of Pd—Cellulose catalysts for the Suzuki reaction

Catalyst Pd NPs Reaction conditions  Amount of  Yield Reference

Size catalyst

(nm)
Cellulose-supported 5 K>COs, water, 0.3mol%  90%  Jamwal, Sodhi, Gupta, &
nano Pd(0) 100°C, 12 h Paul (2011)
Palladium incorporated no data K2COs, H20, 80°C, 1 mol% 96%  Kumbharetal. (2013)
into cellulose—Al203 2h
Cellulose-N-heterocyclic 9 K2COs, EtOH:H,O  0.75mol% 86%  Wang, Hu, Xue, & Wei,
carbenes-palladium (1:1),80°C, 2 h (2014)
catalyst
Immobilize PdNPson 5 g K,COs, EIOH:H,0 1mmol%  99% Lietal. (2017)
cellulose sponge

(1:1),65°C, 3h

Pd NPs@NC 18.3 K2COs, EtOH:H,O 0.1 mol% 96%  This work

(2:3),80°C, 1 h

5. Conclusions

In this study, we described a facile synthetic approach that involves the use of

dialdehyde nanocelluloses (DANCs) for the synthesis of PANPs@NC and

AUNPs@NC for the first time. Herein, DANCs acted not only as reducing agent but

also as template for the reduction and deposition of Pd and Au NPs. XRD and XPS

confirmed that Pd (11) and Au (I11) ions were successfully reduced to metallic Pd® and

18



315

316

317

318

319

320

321

322

323

324

325

326

327

328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345

AW, TEM images revealed that synthesized Pd and Au NPs were well dispersed on
the surface of cellulose nanofibrils. Additionally, for PANPs@NC cases, with the
increase of the DANCs concentration, more Pd nanoparticles were formed and the
average particle size of Pd NPs was slightly decreased. Moreover, the synthesized
PANPs@NC nanohybrid showed an excellent catalytic activity in Suzuki coupling
reaction.
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