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Palladium nanoparticles was firstly stabilized by metal-organic
framework-derived porous carbon for biofuel upgrade, where the
catalyst wettability is crucial. The remarkable catalytic
performance of Pd/NPC-ZIF-8 in water can be attributed to the
well-dispersed and electron-rich Pd sites, high surface area and
hierarchical pores, as well as the favorable hydrophilicity of NPC-
ZIF-8.

In recent vyears, biofuels derived from the pyrolysis of
lignocellulosic biomass have attracted considerable attention
as a substitute for reducing dependence on fossil fuel sources.!
Unfortunately, the bio-oils have a low calorific value,
immiscibility with conventional fuels and instability over time,
owing to high amount of oxygen components involved.
Therefore, bio-oils must be upgraded for oxygen removal if
There are generally several

approaches for bio-oils upgrading to a liquid transportation

they would be fully used.?

fuel, among which an effective and economic route is the
hydrodeoxygenation (HDO). However, the hydrophilic groups
involved in the unprocessed biofuels make them hardly
undergo the HDO over traditional catalysts such as Pd/C.
Recently, some novel catalysts have been developed to be
effective, while they catalyze the reaction under harsh
reaction conditions, such as high temperature (over 100 °C) or
high pressure (1.0 MPa).3 Moreover, the reports have
demonstrated the sufficient contact between catalyst and
substrates is necessary.3 Therefore, the development of
hydrophilic catalysts, which are wettable to the bio-oils and
able to catalyze the biofuel upgrade with high activity and
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selectivity under mild conditions, is highly desired.

On the other hand, metal-organic frameworks (MOFs), as a
relatively new class of porous materials, have attracted intense
Recently, MOFs have been
recognized to be ideal sacrificial templates to afford porous
carbons via facile pyrolysis.9 The MOF-derived porous carbons
possess great merits, such as, tailorable structure and porosity,

attention in recent two decades.*®

high surface area and the homogeneous heteroatom (N, S,
etc.) doping, and so on. Therefore, the MOF-derived porous
carbon should be excellent support/host for metal NPs.
However, although metal NPs stabilized by MOFs for catalysis
have been extensively reported ret:ently,10 in sharp contrast,
to the best of our knowledge, no effort was made on metal
NPs stabilized by MOF-derived carbons for heterogeneous
catalysis. Many interesting issues remain a virgin on this topic.
In particular, the tunable nitrogen dopant in the MOF-derived
porous carbon would endow its hydrophilicity, which, if being
employed for biofuel upgrade, would be of great significance.
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Scheme 1 Schematic illustration showing the synthetic strategy
of ZIF-8-derived hydrophilic N-doped carbon and its selective
catalysis in biofuel upgrade reaction.

Bearing this in mind, a representative MOF, ZIF-8 (Zn(mim),,
2—methy|imidazo|e),11 converted to
hydrophilic N-doped porous carbon (simply as NPC-ZIF-8-T, T

mim = has been
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represents pyrolysis temperature; T is hereafter omitted for
concision when it is 900) with surface area as high as 2184
mz/g via a facile one-step pyrolysis. Subsequently, Pd
precursor can be introduced into the NPC by an incipient-
wetness impregnation method and then reduced to be tiny Pd
NPs in H,/Ar atmosphere.2c Remarkably, the resultant Pd/NPC-
ZIF-8 catalyst inherits the good hydrophilicity of NPC-ZIF-8 and
thus greatly promotes the biofuel upgrade reaction (Scheme
1), because the reactant (vanillin) and intermediate (vanillin
alcohol) are highly soluble in water, while target product (2-
methoxy-4-methylphenol) is much more soluble in oil phase.
Therefore, the hydrophilic substrates are readily adsorbed by
the catalyst while the final products soluble in hydrocarbon
solvents tend to desorb from the catalyst surface, avoiding the
blockage of catalytic active sites. Taking advantage of this, the
reaction is promoted smoothly.

A room-temperature reaction of Zn(NOs3), and 2-
methylimidazole facilely yielded uniform ZIF-8 nanocrystals
with sizes of 50 nm (Fig. 1a; Experimental Section),11c which
underwent pyrolysis at 900 °C under N, to afford N-doped
porous carbon as the pyrolyzed ZnO was reduced by carbon to
give evaporative Zn at such high temperature.gb Delightedly,
the obtained carbon particles are well dispersed without
serious sintering and present retained morphology and a bit
reduced sizes of ZIF-8 nanocrystals, as demonstrated by
scanning electron microscopy (SEM) observation (Fig. 1a, b).
From the high resolution transmission electron microscopy
(HRTEM) image, the apparent oriented multilayer domains and
graphene sheets stacked in parallel are not readily
distinguishable, whereas mostly disordered graphene layer
domains are observed, indicating the relatively low
graphitization degree (Fig. 1c). The elemental mapping
indicates the obtained NPC-ZIF-8 is mainly composed of
carbon, and the element N is dispersed uniformly throughout
the carbon matrix (Fig. 1d).

For comparison, the other two MOFs, ZIF-67 and MOF-S,12
have also been synthesized and employed as precursors to
afford porous carbons in the presence or absence of N atoms,
which are denoted as NPC-ZIF-67 and C-MOF-5, respectively.
The texture and porosity of the different MOFs before and
after pyrolysis, commercial activated carbon (AC) and Pd/C,
have been also characterized by N, sorption measurement at
77 K (Fig. S1, ESIt). The original ZIF-8 and ZIF-67 show typical
microporous character with high surface areas (BET, 1718 and
1782 mz/g, respectively) and large pore volumes. After
pyrolysis, the BET surface areas for NPC-ZIF-8, NPC-ZIF-67 and
C-MOF-5 are 2184, 573 and 2243 mz/g, and pore volumes are
at 1.6, 0.34 and 1.9 m3/g, respectively. It is found that the
pyrolysis temperature significantly affects the BET surface area
and pore character of resultant carbons from ZIF-8 (Fig. S1b,
ESIT). The relatively low BET surface area and pore volume for
NPC-ZIF-67 are in an agreement with the previous studies.”
The IV-type N, sorption curves for the MOF-derived porous
carbons reveal the presence of hierarchical micropores and
mesopores, while commercial Pd/C and AC almost show
microporous character only, which can be verified by the pore
size distribution (Fig. S2, ESIt).

2| J. Name., 2012, 00, 1-3

Fig. 1 SEM images of (a) ZIF-8 and (b) NPC-ZIF-8. (c) HRTEM
image of NPC-ZIF-8. (d) TEM image and the corresponding
elemental mapping showing the uniform dispersion of C and N.
Inset in a: enlarged single ZIF-8 particle.

The X-ray photoelectron spectroscopy (XPS) analysis for N 1s
reveals that there are four types of nitrogen species: graphitic-
N (N1, 401.1 £+ 0.3 eV), pyrrolic-N (N2, 400.5 + 0.3 eV),
pyridinic-N (N3, 398.5 + 0.2 eV) and oxidized nitrogen N*-O°
(N4, 404.4 + 0.1 eV) in all N-involved samples (Fig. 2a, Fig. S3,
Table S1, ESI‘f).14 In both NPC-ZIF-8 and NPC-ZIF-67, N1 peak is
dominant, which might be because the graphitic-N is the most
stable species in carbon at high temperature (900 °C).15
Additional nitrogen atoms have been introduced into the NPC-
ZIF-8, C-MOF-5 and AC as far as possible, by using urea as a
precursor to yield N-rich carbon materials NPC-ZIF-8-urea, C-
MOF-5-urea and AC-urea, respectively. The XPS data
demonstrate that the nitrogen have been successfully doped
into these carbon materials (Fig. S3, ESIt). Different from the
in situ generated graphitic-N existed in NPC-ZIF-8 and NPC-ZIF-
67, the newly introduced N species in the urea-treated carbon
materials belong to other N forms (Table S1, ESIt), similar to
previous report.leThe Raman spectra for NPC-ZIF-8, C-MOF-5
and AC indicate that the highest degree of graphitization for
NPC-ZIF-8 with the lowest I/l value (Fig. S4a, ESIt), together
with HRTEM result mentioned above, suggesting the low
graphitization for all these carbon materials. In addition, the
better of graphitization of NPC-ZIF-8 can be obtained with
increasing pyrolysis temperatures (Fig. S4b, ESIT).

In order to investigate the hydrophilicity/hydrophobicity
nature of obtained carbon materials, all the samples were
dispersed at the interface of a biphasic solution, in which the
upper was ethyl acetate and the bottom was water (Fig. 2b,
top). Interestingly, the NPC-ZIF-8 and NPC-ZIF-67 can be well
dispersed in water, indicating that they are well wettable and
hydrophilic. On the contrary, the N-free AC and C-MOF-5 stay
in organic phase only. Although the urea treatment makes the
N contents in the resultant AC-urea and C-MOF-5-urea even
higher than that in NPC-ZIF-8, as suggested by elemental
analysis (Table S2, ESIT), their wettability to water has only a
small change. As a result, they are still dispersed in the organic
phase, revealing the retained hydrophobicity. The
phenomenon is supported by the results of contact angles,
which display that the air-water contact angles on the surface

This journal is © The Royal Society of Chemistry 20xx
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of NPC-ZIF-8, NPC-ZIF-67, AC, AC-urea, C-MOF-5 and C-MOF-5-
urea are 50° 59° 125° 116° 119° and 85°, respectively (Fig.
2b, bottom). The above results indicate that the
hydrophobicity may be related with the N existence form: N1
species plays an important role while other species has
relatively small effect on its wettability.3b It is proposed that
the permanent polarization occurs between graphitic-N and
adjacent C due to their in the
electronegativity (Pauling scale of N: 3.04; Pauling scale of C:
2.55). As a result, the changed charge distribution of graphitic
N species facilitates their interaction with nucleophilic H,0

significant difference

molecules. In comparison, pyridinic-N and pyrrolic-N have
lone-pair electrons in the catalyst and are not favorable for the

adsorption of H,0 molecules.”’
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Fig. 2 (a) XPS spectra of N 1s for NPC-ZIF-8. (b) The wettability
for NPC-ZIF-8 (1), NPC-ZIF-67 (2), AC (3), AC-urea (4), C-MOF-5
(5) and C-MOF-5-urea (6) in biphasic solution, the organic
upper (ethyl acetate) and the aqueous bottom (water), and
their corresponding air-water contact angles for NPC-ZIF-8 (1),
NPC-ZIF-67 (11), AC (lll), AC-urea (IV), C-MOF-5 (V) and C-MOF-
5-urea (VI). (c) TEM image for Pd/NPC-ZIF-8 (the ultrafine Pd
NPs in ~1 nm size are highlighted with red circles) and the
related element mappings for (d) C and (e) Pd.

Given the highly porous and great hydrophilic nature, NPC-
ZIF-8 might be suitable to stabilize small Pd NPs with inherited
hydrophilicity, which would be miscible with unprocessed
biofuels, and thus ideal for catalyzing their upgrade. Therefore,
the obtained carbon materials and commercial metal oxides
(TiO,, SiO, and Al,03) were utilized as supports/hosts to load
Pd NPs by a simple incipient-wetness impregnation method.
The actual contents of Pd NPs in all catalysts were evaluated
by inductively coupled plasma atomic emission spectrometry
(ICP-AES) (Table S3, ESIt). Powder X-ray diffraction (XRD)
profiles show the broad graphitic stacking peak at ~24.0°, but
no diffraction peak for Pd NPs can be detected in Pd/NPC-ZIF-
8, revealing that Pd NPs could be very small (Fig. S5, ESIT). The
assumption is consistent with the results of TEM observation,
which present the highly dispersed and ultrafine Pd NPs with
sizes of ¥1 nm or even less (Fig. 2c, S6a, ESIT). It is assumed
that the hydrophilic micropores (1-2 nm) and nitrogen species

This journal is © The Royal Society of Chemistry 20xx

in NPC-ZIF-8 are favorable to stabilize and avoid the
aggregation of Pd NPs. The elemental mappings for Pd/NPC-
ZIF-8 further verify the highly homogenous dispersion of Pd
NPs in the carbon matrix (Fig. 2d, e, Fig. S6c-d, ESIt). As
expected, the wettability of MOF-derived porous carbons is
well retained upon loading Pd NPs (Fig. S7, S8, ESIt).

Table 1 Nanoporous-hydrophilic N-doped carbon supported Pd
nanoparticles catalysts for hydrodeoxygenation of vanillin in
aqueous solution®

Seer Time Con’ TOF® Sel”(%)
Entry  Catalyst (mz/g) (h) (%) (h'l) B A
1 Pd/NPC-ZIF-8 2184 2 100 100 0 100
2 Pd/zIF-8-urea 2178 2 100 93 10 90
3 Pd/NPC-ZIF- 573 2 99 54 30 70
4 Pd/C-MOF-5 2243 3 60 36 2 98
5 Pd/C-MOF-5- 1700 3 99 78 1 9

urea

6 Pd/AC 1856 3 36 22 0 100
7 Pd/AC-urea 1990 3 58 20 19 81
8 Pd/C 925 5 98 15 38 62
9 Pd/TiO, 50 3 99 64 16 84
10 Pd/siO, 309 3 11 4 25 75
11 Pd/y-Al,0; 3 3 14 3.4 54 46
12 NPC-ZIF-8 2184 3 - - - -
13 no - - - - - -

“Reaction conditions: vanillin (89 mg, 0.585 mmol), catalyst (50 mg),
S/C (molar ratio of substrate/metal) = 208, water (3 mL), H, (0.2 MPa),
90 °C. ’ Conversion and selectivity were analyzed by GC. ‘ Calculated
based on the target product.

Encouraged by the above results, the HDO of vanillin in
aqueous solution was investigated as a model catalytic
reaction for biofuel upgrade over the obtained Pd catalysts.
There are two products, i.e. 2-methoxy-4-methylphenol (A,
main product) and vanillin alcohol (B, intermedium) produced
during the HDO of vanillin under mild conditions. Among
diverse Pd catalysts investigated, the Pd/NPC-ZIF-8 possesses
the best catalytic conversion (100%) and selectivity (100%) to
target product 2-methoxy-4-methylphenol (A, completed in 2
h at 0.2 MPa H,, 90 °C) in the HDO reaction of vanillin (entry 1,
Fig. S9, ESIt). Pd/NPC-ZIF-67 led to a 99% conversion and 70%
selectivity towards target A after 2 h (entry 3), and Pd/C-MOF-
5 only converted 60% after 3 h reaction (entry 4) under
identical experimental conditions. In contrast, the activity was
greatly improved and the reaction almost completed within
given time over C-MOF-5-urea in the presence of N dopant
under the same conditions (entry 5). The phenomenon was
also observed for Pd/AC and Pd/AC-urea (entry 6-7), inferring
that the N dopant for the original N-free catalysts played a
critical role in the reaction. Unexpectedly, when Pd/NPC-ZIF-8-
urea with higher N contents was used, its activity was even
inferior to that of Pd/NPC-ZIF-8 (entry 2), indicating the high N
content may be not necessarily a positive effect for the
catalytic activity. Taking the above results together with the
contact angles of these catalysts, the wettability change should
account for the activity improvement: compared to the
original carbons, the lower contact angles of urea-treated C-

J. Name., 2015, 00, 1-3 | 3
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MOF-5-urea and Pd/AC-urea result in their higher activity; the
similar hydrophilicity of Pd/NPC-ZIF-8 before and after urea
treatment well explains the almost unaltered catalytic
activities. For comparison, commercial Pd/C as well as metal
oxide-supported Pd NPs catalysts, including Pd/TiO,, Pd/SiO,
and Pd/y-Al,03;, was also examined for the catalytic reaction
and all these catalysts exhibited relatively low activities (entry
8-11), possibly due to their poor wettability, low mass transfer
of hydrophilic substrate (for Pd/C), and low surface area and
large Pd NPs (for Pd/metal oxide, Fig. S10, ESIT).

In addition, the reaction was also conducted with Pd/NPC-
ZIF-8 at different temperatures (70-110 °C) (Table S4, ESIT).
Results unambiguously display that the higher
temperature leads to much faster reaction kinetics. Moreover,
compared with the previously reported Pd/SWNT-SIO,,
Pd@CNg 13, and Pd/MSMF catalysts that complete the reaction

3a-c

reaction

under relatively high temperature and pressure conditions,
the Pd/NPC-ZIF-8 catalyst exhibits superb catalytic activity and
selectivity for hydrodeoxygenation of vanillin in 2 hours under
mild conditions (90 °C, 0.2 MPa H,). Even under the conditions
of 90°C and 0.1 MPa H,, the reaction is able to give satisfied
activity (100% conversion, 95% selectivity) in 10 h in the
presence of Pd/NPC-ZIF-8 catalyst (Fig. S11, ESIT). It is
proposed that the hydrophilicity of Pd/NPC-ZIF-8 is mostly
responsible for the excellent activity, while ultrafine Pd NPs,
high surface area and porosity involved in the catalyst also play
indispensable roles.

It is found that the pyrolysis temperature (T = 600, 700, 800,
900, 1000 °C) of ZIF-8 has significant affects the catalytic
performance of Pd/NPC-ZIF-8-T for the HDO of vanillin
although these catalysts have similar hydrophilicity and
contact angles (Fig. S12, ESIT). Results indicate that 900 °Cis an
optimal temperature for pyrolysis and Pd/NPC-ZIF-8-900
completed reaction and give selectivity (80%) in 1 h with a
rapid kinetics and high TOF of 160 h (Fig. 3), surpassing all
reported catalysts under similar conditions (Table S5). The
good activity for Pd/NPC-ZIF-8-900 is not only due to its
hydrophilicity, the high content of graphitic-N and high surface
area, but also ascribed to the electron-rich Pd, resulted from
the strong interaction between Pd and graphitic-N and
electron transfer from graphitic-N to Pd,18 which would be
largely beneficial to the activity. The existed electron transfer
was further confirmed by the XPS data. The 3d peaks for Pd(0)
shift gradually to lower binding energies along with increasing
pyrolysis temperatures (700-900 °C) for ZIF-8 (Fig. $13, ESIT),
indicating significant electron transfer occurs from graphitic-N
to Pd in Pd/NPC-ZIF-8-900. We have also proposed the primary
reaction mechanism as follows: At the initial stage of the
reaction, vanillin is readily adsorbed onto the hydrophilic
surface of the catalyst, and H, is activated by the electronically
supported Pd. The C=0 bond is then mainly hydrogenated and
then deoxidized to the main product. The
hydrogenated to the vanillin alcohol (intermedium) first and

residual was

further converted to the final product by hydrogenolysis
(Scheme 2).19 The final product with hydrophobicity leaves the
catalyst surface quickly, being replaced by more strongly
binding hydrophilic reactant.

4| J. Name., 2012, 00, 1-3
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Fig. 3 The catalytic activity for the HDO of vanillin at the same
reaction time (1 h) based on Pd/NPC-ZIF-8 with different
pyrolysis temperatures of ZIF-8. Reaction conditions: vanillin
(89 mg, 0.585 mmol), 0.6% Pd/NPC-ZIF-8 (50 mg), S/C (molar
ratio of substrate/metal) = 208, water (3 mL), H, (0.2 MPa), 90
°C.
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Scheme 2 Proposed reaction mechanism of HDO of vanillin in
aqueous solution over Pd/NPC-ZIF-8.

In addition, as a heterogeneous catalyst, Pd/NPC-ZIF-8 can
be readily separated from the reaction solution by simple
filtration. A slight decrease during the recycling experiment
was observed, which might be due to the slight leaching of the
Pd NPs and a little bit aggregation of Pd NPs, as shown by a
representative TEM image of Pd/NPC-ZIF-8 after 3 runs of
reaction, where small Pd NPs become almost observable (Fig.
4). Despite this, no identifiable peak for Pd in the PXRD pattern
after 3 catalytic cycles reveals the almost inexistence of large
Pd NPs (Fig. S5b, ESIT).
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Fig. 4 (a) Recycling performance for the conversion of vanillin
and selectivity to the target product A after the three cycles
over Pd/NPC-ZIF-8 catalyst. (b) A representative TEM image of
recycled Pd/NPC-ZIF-8 catalyst after 3 runs (inset showing the
separation of the catalyst and reactant/product by simple
extraction with ethyl acetate).
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In summary, diverse MOFs have been converted to porous
carbons with different degrees of hydrophilicity at different
pyrolysis temperatures, which were employed to stabilize Pd
NPs for catalysis in bio-oil refining. It is found that the
wettability of MOF-derived porous carbons play a crucial role
in the catalytic activity of biofuel upgrade. The Pd NPs
stabilized by NPC-ZIF-8 with great hydrophilicity exhibit
excellent catalytic performance for the HDO of vanillin, a
common component in lignin-derived bio-oil, under mild
conditions in a green solvent, water.The remarkable catalytic
activity, selectivity and recyclability of Pd/NPC-ZIF-8 can be
mainly attributed to: 1) high surface area and hierarchical
pores involved in the catalyst not only enables the stabilization
of Pd NPs in very small sizes (1 nm) but also facilitates the
transport of reactants and products; 2) the high content of
graphitic-N doping merits the great hydrophilicity, which
ensures the sufficient contact between substrates and catalyst;
3) the graphitic-N in the carbon favors the electron transfer to
Pd sites and the resultant electron-rich Pd greatly improves
the catalytic activity; 4) the high stability of NPC-ZIF-8
evidently is also helpful to the recyclability. Given the
structural diversity and tailorability of MOFs, there is huge
opportunity to achieve MOF-derived porous carbons with
great tunability such as structure, component, porosity, pore
size, surface area, etc., which would open a new avenue to
carbon supported metal NPs in catalysis.
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Universities (WK2060190026).
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Graphical Abstract

Tiny Pd nanoparticles stabilized by MOF-derived N-doped porous carbon with great
hydrophilicity have been demonstrated to be highly efficient and selective in catalysis

for biofuel upgrade.



