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Metal-support interfaces play a very important role in heterogeneous catalysis. The interfacial interac-
tions not only are responsible for stabilizing the necessary oxidation state to facilitate the reaction but
also enhance the stability of the catalyst system. Nano dispersion of Ni on mesoporous nitrogen-rich car-
bon material has been achieved using two different synthesis methods. It was observed that nickel (0)

gets stabilized by strong interfacial interaction with the nitrogen atoms of the support material, and
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the material was found to be very economic and efficient for the conversion of HMF to DMF in aqueous
medium. The material shows >99% conversion to 5-(hydroxymethyl) furfural (HMF) within 6 h of reac-
tion with 98.7% DMF selectivity. A unique correlation between synthesis methods and particle sizes with
catalytic performance has been observed for these newly developed materials. Furthermore, a DFT calcu-
lation has been performed to predict the reaction mechanism.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The growing interest in finding renewable feedstock for fuel and
chemicals to replace the conventional resources leaves us multiple
options. The bioderived feedstocks are one of the major contenders
in this race [1,2]. In recent years, the scientific and industrial com-
munities have been oriented toward the reductive upgrading of
biomass-derived molecules for the sustainable production of feed-
stocks for the chemical industry and the transportation sector [3].
Total biomass production via photosynthesis is 200 billion metric
tons, which contain 3 x 10'8 k] energy per year, 10 times of the
present annual energy consumption of world [4]. Bioethanol is
the only liquid fuel that is produced commercially adjacent to
the sugar industry or from oilseeds [5]. However, the obstructions
to this process are land requirements for food production and other
purposes. It has been observed that first generation bioethanol pro-
duction does not meet the demand for oil-based economic growth
or substitute for fossil fuel [6]. The most effective pathway is pre-
treatment of biomass-derived lignocellulose, selective separation
of its three components, and selective transformation of this
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component for the production of second generation biofuel [7].
With the recent boom in transportation sectors, biomass-based
biofuels are viewed as potential participants, as they provide a
renewable carbon source for transportation fuels and chemicals
[8]. In this respect, 5-(hydroxymethyl) furfural (HMF) obtained
from the dehydration of sugars is an excellent platform for bio-
based fuels [9-11].

The selective hydrogenolysis of HMF to 2,5-dimethylfuran
(DMF) exhibits great potential for the production of oil-based fuel
substitutes from renewable energy sources [12]. However, selec-
tive production of DMF from HMF hydrogenolysis using non-
noble-metal catalysts is still a challenge. For selective hydrogena-
tion to DMF, hydrogen has to reduce formyl and hydroxyl groups
without affecting the furan ring. DMF exhibits higher energy den-
sity (31.5 MJ/L), higher research octane number (119), and lower
volatility (boiling point 92-94 °C) with a lower energy separation
characteristic than market leading ethanol [13]. All these proper-
ties make DMF a more excellent, appropriate and promising bio-
derived liquid fuel [14]. Another promising property of DMF is it
can be used as a fuel additive to boost research octane number
(RON) [15].

The standard catalyst system date for hydrogenolysis of HMF to
DMF is mainly CuRu/carbon- and PtCo@HCS-based bimetallic
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catalysts. CuRu/C gives 100% HMF conversion with 61% DMF selec-
tivity [16] and Pt Co@HCS gives 100% conversion with 98% DMF
yield at 180 °Cin 2 h. [17] An electrocatalyst strategy has also been
explored by Nilges and Schroder at room temperature and atmo-
spheric pressure for hydrogenation of HMF into DMF [18].
Recently, nickel hydrotalacite has been reported for the hydro-
genation of HMF [19]. It is quite well known that characteristics
of the support play an important role in determining the catalytic
activity of materials [20]. Noble metals such as Pd, Pt, and Ru sup-
ported on carbon prove to be excellent catalysts for hydrogenation
of biomass-derived chemicals [21-24]. The main shortcoming of
this material is leaching of metal nanoparticles during catalysis,
which is mostly due to less interfacial interaction between the sup-
port and the metal nanoparticles. Hence, modification of carbon
material by any heteroatom doping can enhance the interaction
between the support and the metal nanoparticles. For example,
incorporation of nitrogen into the surface results in increased con-
ductivity, polarity, and basicity due to the electron-donating effect
of the heteroatom. Therefore, nitrogen-doped carbon materials are
expected to be suitable supports for metal catalysts, as the nitro-
gen atoms not only can provide strong bonding to the metal, but
also behave as electron donors [25-27]. Moreover, metal nanoclus-
ters are very interesting materials due to their high conductivity,
good biocompatibility, and low cost, which makes them attractive
for a large variety of applications. However, obtaining well-
dispersed metal nanoparticles on the surface of the solid support
is a challenge, although different methods are described in the lit-
erature, such as impregnation, adsorption, ion exchange, sol-gel,
and co-precipitation. Generally, the drawback of these methods
is either agglomeration of the metal nanoparticles or poor metal-
support interaction. The application of nitrogen-doped carbon
materials as supports should avoid these problems because the
pyridine nitrogen atoms not only may provide the main initial
nucleation sites for the formation of small and highly dispersed
metal nanoparticles, but also may reduce the leaching of the metal
nanoparticles during catalysis, due to strong nitrogen-metal bond-
ing. For the energy conversion, development of non-noble-metal-
based catalysts with fine dispersion of small nanoparticles on a
nitrogen-rich ordered mesoporous carbon support is desirable
from both economics and engineering points of view. Although
catalysts based on noble metals, such as Pt and Pd, been widely
studied as hydrogenation catalysts, in spite of good catalytic per-
formance under mild conditions, their application is restricted
because of their limited availability and high costs [28]. Actually,
in industrial applications, Ni rather than noble metals is usually
chosen as a catalyst for the hydrogenation reaction, owing to its
abundant availability and the economics involved. Therefore,
nitrogen-rich carbon material with fine dispersion of small nickel
nanoparticles has efficient catalytic ability for hydrogenolysis of
HMF to DMF with high selectivity. Increasing environmental con-
cern arises because of the adverse effects associated with use of
organic solvent, creating demand for greener solvents such as
water. The effective use of water as a solvent in selective hydro-
genation reactions is not only environmentally beneficial but also
economically viable [29]. To carry out reactions practically in aque-
ous media, the catalyst should have sufficient mechanical stability
or metal-support interactions to resist leaching of active metals. It
has already been proven that doping of nitrogen atoms in Pd-
supported mesoporous carbon material provides a hydrophilic nat-
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ure to the material, which is very helpful in enhancing catalytic
performance for upgrading of bio-oil [28].

In this report, we are presenting a facile synthesis methodology
for a nanodispersive hydrophilic Ni catalyst and for an environ-
mentally as well as economically sustainable process for selective
hydrogenation of 5-HMF to DMF (Scheme 1). Moreover, we have
tried to correlate the catalytic activity, selectivity, and stability
with particle size distribution and strong interfacial interactions
among metal nanoparticles, nitrogen functionalities of the support
material, and hydrophilicity of the material. DFT analysis has been
carried out to evaluate possible reaction mechanisms for this
newly developed catalytic material.

2. Experimental
2.1. Materials

Tetraethylorthosilicate (TEOS), poly(ethylene oxide)-block-poly
(propylene oxide)-block-poly(ethylene oxide) triblock copolymer
(Aldrich, MW avg. 5800, EO20PO70E020, P123), ethylenediamine
(NH,C,H4NH;3), nickel nitrate (NiNOs-2H,0), tetraammineplat-
inum(Il) nitrate [Pt(NHs3)4(NOs),], and palladium(Il) chloride
(PdCl,) were purchased from Sigma-Aldrich Co. Ethanol, carbon
tetrachloride (CCly), NaOH, HCI, and urea were purchased from
Merck KGaA, Darmstadt, Germany. All the chemicals were used
without further purification. Double-distilled water was prepared
with a BOROSIL water distillation unit.

2.2. Material synthesis

Ni-supported mesoporous nitrogen-rich carbon material was
synthesized using SBA-15 as a hard template. SBA-15 was prepared
using a literature-reported method without further modification.

2.2.1. Synthesis of SBA-15

To synthesize SBA-15, TEOS is used as silica source and P123 as
surfactant. First 4.0 g of P123 was dissolved in 40 ml of deionized
water under continuous stirring. After that, 120 ml of 2 M HCL
was added to make the solution acidic with 4 h of stirring. A por-
tion of 9.1 g of TEOS was added dropwise under agitation. The solu-
tion was kept for 24 h under the same conditions. The obtained
mixture was transferred to a Teflon-lined autoclave for hydrother-
mal treatment at 100 °C for 48 h. After cooling to room tempera-
ture the solid products were filtered, washed with water, and
dried in a 60 °C oven. Finally, the material was calcined at 550 °C
(ramp rate 3 °C/min) for 6 h in air flow.

2.2.2. Synthesis of MCN,

To synthesize Ni-supported mesoporous nitrogen-rich carbon
material, 1 g of calcined SBA-15 was taken in a round-bottomed
flask with 11 g of CCl, solvent and 4.4 g of ethylenediamine. To
polymerize this mixture, it was refluxed at 90 °C for 6 h. To car-
bonize the product, it was treated at 600 °C under nitrogen for
6 h. To remove the silica from the obtained product, the silica/
carbon/nitrogen mixture was treated with a 2.5 wt.% NaOH 1:1
ethanol-water mixture at 100 °C for 3 h, and then filtered and
washed with 3-4 L water until it reached pH 7. The process was
repeated 2-3 times.
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Scheme 1. Schematic hydrogenation pathway for HMF to DMF.
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2.2.3. Preparation of mesoporous carbon

Mesoporous carbon (MC) has been prepared by the process
reported in the literature [30]. A portion of 1g of SBA-15 was
added to a solution of 1g sucrose and 0.12 g H,SO4 in 5 ml of
H,0. The obtained mixture was placed in a 110 °C oven for 6 h
and subsequently the temperature was raised to 160 °C and main-
tained for another 6 h. The heat treatment was repeated again after
addition of 0.6 g sucrose and 0.09g H,SO, in 5ml H,O. The
obtained sample was carbonized under N, at 900 °C for 5 h. The sil-
ica template was removed per the process mentioned above.

2.2.4. Preparation of Ni-OMD and Ni-OMDC catalysts

We have followed two main routes (organic matrix deposition
and chelation) to synthesize Ni nanoparticles on a CN, network.
To deposit the nickel nanoparticles on two different supports, 1 g
of MCN, or MC was taken in 1 L of water. Nickel nitrate was added
in different ratios (1:2:3) to completely solubilize the solution it
was stirred. After 1 h, nickel urea was added to it three times for
slow reduction. The solution was kept at 60 °C for 48 h under vig-
orous agitation. Finally, the obtained product was filtered, washed,
and dried.

2.2.5. Preparation of Ni-CA catalysts

To synthesize the Ni-CA catalyst, Ni acetyl acetonate in different
ratios (3 and 5 wt.% to bare CN,) dissolved in a minimum amount
of water and citric acid was added 20 times (mole) of Ni. After con-
tinuing stirring for 6 h at 60 °C, the solvent was evaporated, and
subsequently ethanol was added to the above mixture. The pH of
the solution was maintained (pH up to 8) using ammonia. A por-
tion of 1 g of CNx was added under stirring and finally the solvent
was evaporated and dried overnight. Calcination was performed
under N, at 400 °C for 3 h to obtain the Ni-CA catalyst.

2.2.6. Preparation of Pt-OMD1 and Pd-OMD1 catalysts

To deposit platinum nanoparticles on mesoporous nitrogen-rich
carbon material, 1 g of MCNx was taken in 1 L of water. Palladium
and platinum nitrate 1% were added to it to completely solubilize
the solution as it was stirred. After 1 h, 3 times the metal urea was
added to it for slow reduction. The solution was kept at 60 °C for
48 h under vigorous agitation. Finally, the obtained product was
filtered, washed, and dried.

2.3. Catalyst characterization

The prepared mesoporous nitrogen-rich carbon materials were
characterized by N, physisorption measurements at 77 K using an
Autosorb 1C setup (Quantachrome) adsorption analyzer. Prior to
the measurements, the samples were degassed under vacuum
(1 x 107> Torr) for 2 h at 200 °C. The BET specific surface areas
were determined from the adsorption data in the relative pressure
(P/|Py) range of 0.06-0.2. The pore size distributions (PSDs) were
calculated from the nitrogen adsorption branch using the Bar
rett-Joyner-Halenda (BJH) method and the maximum of the PSD
was considered as the average pore size. The pore volume was con-
sidered as the volume of liquid nitrogen adsorbed at P/Py = ca. 1.
The morphology of the Ni/MNC, materials synthesized at different
temperatures and different loadings of nickel was investigated
using SEM and HRTEM. Scanning electron microscopy (SEM)
images were taken on an FEI Quanta 200 F instrument, using tung-
sten filaments doped with lanthanum hexaboride (LaBg) as an X-
ray source, fitted with an ETD detector with a high vacuum mode
using secondary electrons and an acceleration tension of 10 or
30 kV. Images were recorded at various magnifications. All the
samples were analyzed by spreading them on a carbon tape and
coated with gold to increase the electrical conductivity. A JEOL
JEM 2100 high-resolution transmission electron microscope

(HRTEM) was employed to see the porous nature of the material.
Energy-dispersive X-ray spectroscopy (EDX) was used in connec-
tion with TEM for the elemental analysis. The elemental mapping
was also collected with the same spectrophotometer. Samples
are mounted by dispersing them on ethanol on a lacey carbon
Formvar-coated Cu grid. Low and wide-angle powder X-ray diffrac-
tograms (XRD) were obtained with a D8-Advance-Bruker-AXS
diffractometer (Cu Ko radiation; 4 =1.5418 A) in 0-20 geometry
and with a position-sensitive detector (capillary technique, thick-
ness 1 mm).

X-ray photoelectron spectroscopy (XPS) measurements were
carried out in an ultra-high-vacuum (UHV) setup equipped with
a monochromatic Al Ko X-ray source (h = 1486.6 eV), operated at
14.5kV and 35 mA, and a high-resolution Gamma data-Scienta
SES 2002 analyzer. The base pressure in the measurement chamber
was maintained at about 7 x 10~'° mbar. The measurements were
carried out in the fixed transmission mode with pass energy
200 eV, resulting in an overall energy resolution of 0.25 eV. A flood
gun was applied to compensate for the charging effects. Resolution
spectra for Cls, O1s, and N1s were recorded. The binding energy
scales were recalibrated based on the sp? hybridized Cls line of
graphitic carbon at 284.5 eV. Casa XPS software with a 70:30 Gaus-
sian-Lorentzian product function and Shirley background subtrac-
tion was used for peak deconvolution. The obtained spectra from
different elements were plotted using the same intensity scale
for all the analyzed samples to facilitate comparison.
Temperature-programmed reduction (TPR) of the catalyst was car-
ried out using 10% H, in a He flow as the reducing agent in a
Micromeritics Auto Chem II 2920 instrument. The amount of H,
consumed during the reduction was estimated on the basis of
the analysis with a thermal conductivity detector. The gas flow rate
was 30 mL/min. The weight of the sample was 25 mg, and the
heating rate of TPR was 20 °C/min. To understand the reaction
mechanism and the stability and selectivity of the catalyst, we
have performed a density functional (DFT) [31] study using the
Gaussian 09 [32] package. Geometries of the reactant, products,
and intermediates are optimized without any symmetry con-
straints and checked by harmonic vibrational frequency analysis
(i.e., with all positive frequencies). Transition states for two differ-
ent pathways are confirmed by one imaginary mode of vibration
along suspected bond breaking and bond making. Activation ener-
gies for these two transition states are calculated from free energy
differences between the transition states and the reactants. The
convergence thresholds for convergence are set to 0.000015 Har-
tree/Bohr for the forces, 0.00006 A for the displacement, and
106 Hartree for the energy change. Unrestricted Becke’s three
parameters hybrid with exchange functional [33] combined with
the exchange component of the Perdew and Wang’s 1991 func-
tional [34-37]. Abbreviated as B3PW91, it is used for DFT calcula-
tions. Lanl2dz [38] basis sets are used for all calculations that are
available in the Gaussian 09 package. We used this basis because
for nickel (Ni), only this series of basis functions are available.

2.4. Hydrogenation of HMF

Hydrogenolysis of HMF was carried out in a 100 ml stainless
steel batch reactor (Parr made) fitted with a mechanical stirrer.
In a typical experiment 10 ml HMF (2 mmol) solution with 50 mg
of catalysts was added to 10 ml of water in a stainless steel reactor.
Prior to the reaction, each catalyst was reduced with 10% H,, bal-
ance He, for 1 h and transferred to the reactor. The reactor was
purged twice with hydrogen and finally 3.0 MPa of H, was main-
tained after the outlet valve was closed. The reaction was per-
formed in the temperature range 60-200°C for 1-6h under
continuous stirring at 400 rpm. The reaction aliquots were col-
lected at different intervals. After the completion of the reaction,
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the reaction was allowed to cool down at room temperature. The
reaction mixture was filtered and decanted into a separating fun-
nel. Different products were separated using column chromatogra-
phy, the ethanol/ethyl acetate mixture was used as the mobile
phase and the recovered sample was dried with a drying agent
such as activated sodium sulfate. All the products were analyzed
through GC-MS (HP) fitted with an HP-5 capillary column. The
activity of the catalyst was calculated as

Conversion (C%) Moles of reactant reacted (C%)

~ Moles of reactant initially used (C%) x 100,

0y
Selectivity (C%) Moles of product (C%)

" Moles of reactant reacted (C%) < 100.

3. Results and discussion
3.1. Structural characterization of Ni-supported catalysts

The structural evaluation of material has been performed using
an X-ray diffractometer. The low-angle XRD pattern of the material
(Ni-OMD) as well as of the support CN, shows (in Fig. 1a) peaks at
0.96° and two small intense peaks in the region 2-3°, which were
indexed to the (100), (110), and (200) reflections of the hexagonal
p6 mm space group. The presence of these three peaks in small-
angle regions evidenced the mesoporous nature of the material.
The (100), (110), and (200) planes reveal the ordered hexagonal
porous nature of the material, which can also be seen from TEM
images and the N, adsorption isotherm (discussed later). Ni-
OMD3 and Ni-OMD5 shows shifting of peaks toward higher 6 val-
ues with the loss of peak intensity, which means an increasing d
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value indicating a decrease in the pore size of the material. Ni-
CA3, in Fig. S1 (in the Supporting Information), shows only two
peaks at 0 0.98° (100 plane) and 1.42° (110 plane); a huge loss
in peak intensity corresponding to the (100) plane can be visual-
ized as compared with Ni-OMD3. It can be concluded that the
ordered nature of the material is somewhat lost when citric acid
is used for deposition of Ni nanoparticles. In the wide-angle XRD
pattern of the Ni-OMD3, no peaks for any kind of Ni species have
been observed, which indirectly indicates the presence of finely
dispersed Ni nanoparticles on the CN,. When the catalyst was
reduced for 1 h in a 10% H, environment, the catalyst shows (in
Fig. 1b) two broad peaks concentrated at 44.45° and 51.73° for Ni
(111) and Ni(200), respectively [39]. The small-angle diffraction
pattern for the used catalyst (Fig. S2 in the Supporting Information)
shows that the mesoporous nature of the material is unaffected
during the reaction. The peaks at 20=37.6° and 43.7° can be
indexed as NiO (JCPDS card No. 47-1049) and the diffraction peaks
at 20 =44.8° and 52.2° can be indexed to Ni (JCPDS card No. 87-
0172), which suggests that NiO has formed along with Ni° on the
Ni-OMD catalyst during reaction. However, the material prepared
using a chelation method (Ni-CA) shows peaks for Ni-O crystalline
planes due to the large particle size of Ni-O nanoparticles, which
can also been seen from TEM images.

N, adsorption-desorption of the material shows (in Fig. 1c)
mostly an H1 type hysteresis loop and a type IV isotherm, which
is a characteristic isotherm for mesoporous material. The steepness
in the hysteresis loop reveals the ordering in the porous nature of
the material, while the shifting of the isotherm at a somewhat
higher value from P/Py 0.39 (for Ni-OMD5) to 0.44 (for mesoporous
CNx) further confirms the presence of larger pores in Ni-OMD cat-
alyst than for CNx. The surface area of the mesoporous CNx is
586.0 m?/g (see Table 1). With increasing Ni loading the BET

b I
A 9
L) - f
WA
S| &N
E: + NiO
> Ni(OII),
2 v
[ =
Q
=
T T T T -1
10 20 30 40 50 60
29 (degree)
d 3.0 nm
I
3.1 nm
- \ Mhaa
\
°
S (315 np \. S, c
© j \.\Hﬂ\'
\'\'\. b
\\. ——— o
~n.
\-\' a
\.\-\l " P
0 5 10 15 20

Pore diameter (nm)

Fig. 1. (a) Low-angle and (b) wide-angle XRD pattern of the studied material; (c) and (d) BET adsorption-desorption isotherm and pore diameter, respectively. a = ordered
mesoporous CN,; b = Ni-OMD3; ¢ = Ni-OMDS5; d = pure Ni(OH),; e = pure NiO; f = reduced Ni-OMD3; and g = Ni-CA3.
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surface area drops to 535.5 m?/g for Ni-OMD3 and 448.1 m?/g for
Ni-OMD5, respectively. It has also been observed that a small
decrease in total pore volume with increasing in nickel concentra-
tion might be due to blockage of available pores by nickel nanopar-
ticles with increased Ni loading. The BJH (Barrett-Joyner-Halenda)
shows a pore diameter (Fig. 1d) of 3.15 nm for ordered mesoporous
CN, material, whereas high metal loading results in a decrease in
pore diameter, showing pore filling by Ni nanoparticles. However,
the Ni-CA3 (Fig. S3 in the Supporting Information) also shows H1
type hysteresis and a type IV isotherm; however, the order in hys-
teresis loop is found not to be very nice and the surface area and
total pore volume (in Table 1) of the material also appeared to be
low compared with Ni-OMD.

To further understand the porous nature and structure of the
material, we have taken the HR-TEM and SEM images of material
and shown them in Figs. 2 and 3a and b, respectively. The TEM
images (Ni-OMD1, 3, and 5) show the wheatlike morphology of
the material, with regular arrays of strips. TEM images also clearly
indicate the highly porous nature of the material. The presence of
nickel oxide nanoparticles cannot be observed for Ni-OMD1, but
for NiOMD3 and Ni-OMD5 very small and highly dispersed nickel
nanoparticles are observed, from which it can be assumed that
nickel oxide particles are present inside the pores. The HR-TEM
images of the spent catalyst show the presence of highly disperse
Ni® in the catalyst system; the co-presence of NiO appears as scat-
tered black shadows over the catalyst (Fig. S4 in the Supporting
Information). The elemental mapping along with the EDX spectra
shows very homogeneous dispersion of Ni over the catalyst sur-
face. The EDX microanalysis report (Fig. S5) additionally shows
the presence of 2.48 wt.% Ni on the Ni-OMD3 catalyst, which
proves that there is no or negligible leaching of Ni particles during
the reaction (as compared with the data of Table 1 for the fresh cat-
alyst). The TEM images of nickel nanoparticles supported on meso-
porous carbon (Ni-OMDC) materials have very large nickel
particles, between 15 and 40 nm (Fig. S6). The HRTEM elemental
mapping of the NiOMD3 shows (Fig. 4) a very homogeneous distri-
bution of Ni within the CNx framework. With the increase in metal
loading in the sample, some amount of nickel oxide may remain on
the surface as well as the particle size increasing (as evidenced
from HR-TEM in Fig. S7). The TEM images of the material prepared
using a chelation (Ni-CA3) method have irregular morphology; the
wheatlike structure of the material is getting distorted, as well as
ordering in pores also getting disturbed, Fig. 2. Nickel nanoparticles
appear to be agglomerated with large average particle size (Fig. S8
in the Supporting Information).

3.2. Nature of nickel species supported on CN, and their reducibility

An XPS experiment was performed to determine the surface
composition of the Ni-OMD3 catalyst. The XPS survey spectrum
confirms the presence of mainly Ni, C, N, and O in the catalyst
(Fig. S9 in the Supporting Information). The Ni2p XP spectra of

Table 1
Physiochemical properties of the catalyst.

the prepared catalyst show two main peaks, one at 856.1 and
another at 873.5 eV, corresponding to the presence of Ni(OH),
within the catalyst [40-42]. When the Ni-OMD3 catalyst was
reduced prior to the experiment, nickel was found in the metallic
state (Fig. 4c and d). However, as we can see from the Ni2p XP
spectra of the spent catalyst, Ni resides as NiO in the spent catalyst
(Fig. S10 in the Supporting Information). A positive shift of 0.4 eV
in the Ni2p binding energy is also experienced, which may due
to enhanced interfacial interaction between Ni and the nitrogen
atoms of the CN, framework. This observation evidenced that Ni°
is the active species for the reaction, and after the reaction, these
metallic Ni species interact with H,O (present as reaction medium)
to form NiO species. Moreover, the Ni-OMC catalyst also had a
binding energy of 855.26 eV (Fig. S11 in the Supporting Informa-
tion), which is lower than both Ni-OMD3 and Ni-CA catalysts,
which clearly indicate the absence of any interaction between
nickel particles because of the absence of nitrogen. The Ni-CA cat-
alyst has Ni2p binding energy slightly higher than Ni-OMC, which
may be due to very small interaction. The ICP analysis data show a
small amount of Ni in the Ni-OMC3 catalyst. The observations fur-
ther confirm the low metal-support interfacial interaction, which
directly helps to stabilize the Ni catalyst synthesized through the
OMD method.

The Cl1s spectrum of as-synthesized catalyst can be deconvo-
luted into five peaks (Fig. 5a). The two intense peaks at 284.5
and 285.4 eV binding energy may assigned to sp> hybridized
graphite-like carbon and sp? hybridized diamond-like carbon,
respectively [25,43], whereas two other peaks at 286.5 and
288.5 eV show the presence of surface oxygen functionalities such
as CO, C=0. The peak at 289.8 eV may be assigned to C—N type
structural units present in the catalyst. The N1s spectra of the Ni-
OMD3 catalyst exhibit four main peaks (Fig. 5b). The small peak
at the lowest binding energy, 397.5 eV, may be assigned to Ni—N
interaction [42]. The peaks at 398.9, 400.1, and 403.5 eV are related
to the presence of N-pyridine, N-pyrolic, and N-quaternary struc-
ture in the catalyst. However, in the catalysts prepared by the
chelation method (Ni-CA3 and Ni-CA5), the Ni2p binding energy
found at 855.7 and 855.9 eV indicates the presence of Ni(OH),
within the catalyst (Fig. S12 in the Supporting Information) [44].
A small negative shift in the binding energy of Ni** in Ni(OH),
may be due to the loss of Ni—N interaction in the Ni-CA catalyst.
This is also evidence that, during the hydrogenation reaction, the
catalysts prepared via the chelation method (Ni-CA3 and Ni-CA5)
show leaching of Ni species. This observation can be explained
by the significant interfacial interaction between Ni and nitrogen
within the catalyst; on lowering of interaction the Ni species
comes out of the CNx framework, which causes leaching and Ni—Ni
agglomeration. In order to verify the conclusion, we have taken
TEM images of the catalyst (Ni-CA3 and Ni-CA5) after reaction
and found heavy agglomeration of Ni species over the support
CNy. We performed Sheldon’s [45] hot filtration test, which
involves filtration of the catalyst partway through the reaction,

Materials Surface area [m?/g]* Metal dispersion (%)" Ni conc. [wt.%]° N conc. [wt.%]¢ Pore volume [a]
CNy 586.0 - - 13.41 0.682
Ni-C3 511.3 121 - - 0.542
Ni-OMD3 535.5 46.2 2.47 12.53 0.555
Ni-OMD5 448.1 25.9 4.83 13.01 0.305
Ni-CA3 491.3 17.6 221 12.82 0.348
2 Determined by nitrogen physisorption and calculated by the BET method.
b Calculated from H, chemisorption analysis.
¢ Calculated from ICP-AES.
d

N content was calculated from CHNS analysis.
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Fig. 2. HR-TEM images of (a) Ni-OMDT1; (b, ¢) Ni-OMD3; (d) Ni-OMD5; (e) Ni-CA3; and (f) Ni-CA5.

followed by continuation of the reaction in the absence of the
catalyst. The result shows no further reaction in the absence of
the catalyst after filtration. Additionally, the hot filtrate was
subjected to ICP analysis. The test shows a negligible presence of
Ni, at the ppb level, which also proves the heterogeneity of the
present catalyst system.

Comparative Raman spectra of Ni-CA3 and Ni-OMD3, as well as
reduced Ni-OMD3, have been provided in Fig. 5C. In general, all
carbons show common features of their Raman spectra in the
region 800-2000cm ', and the so-called G and D bands lie at
around 1596 and 1320 cm™!, respectively, for visible excitation
[46]. In the present study, we experienced a significant shift of G
and D bands for the catalyst prepared by an organic template
and citric acid deposition method. The shift of 38 cm™! for graphi-
tic peaks of Ni-CA3 and Ni-OMD3 indicates the nitrogen-rich envi-
ronment of the CN, network [47], whereas only a 6 cm™! shift was

observed for the position of the D-band in Ni-CA3 and Ni-OMD3
catalysts, which may due to charge transfer between Ni(OH), and
CN,. For the reduced catalyst this D-band again showed a shift of
5 cm’!; this could be due to the charge transfer between metallic
Ni and CN,, which is entirely different from the charge transfer
between Ni(OH), and CN,.

Fig. 5D shows the H, TPR profiles of different Ni-OMD catalysts
along with a commercial nickel(II) nitrate sample. For synthesized
Ni-OMD3 catalyst, a broad peak at 292 °C, the temperature at max-
imum reduction (T,), with a shoulder peak centered at 466 °C is
observed. For higher loading of Ni in mesoporous CN,, e.g., Ni-
OMD5, the peak shifted toward higher value and appeared at T,
431 °C along with a shoulder peak, which is very difficult to isolate.
Nevertheless, the peak spanning after 650 °C is due to the parent
CN, framework (Fig. S13 in the Supporting Information). In com-
parison, in the Ni-OMD catalyst, Ni in nickel(II) nitrate is reduced
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Fig. 3. HRTEM elemental mapping of (a) carbon, (b) nitrogen, (c) oxygen, and (d)
nickel. Inset: the corresponding TEM of the Ni-OMD catalyst.

at a higher temperature, Ty, of 636 °C, along with a shoulder peak
at Ty, 703 °C. Therefore, the two hydrogen consumption peaks of
Ni-OMD3 at lower temperature can be correlated with the smaller
size of Ni particles dispersed in the porous network of CN, com-
pared with Ni-OMD5 and nickel(Il) nitrate; hence they are easy
to reduce. In general, Ty, is dependent on the particles’ size, i.e.,
smaller particles are expected to be reduced at lower temperature.
The two hydrogen consumption peaks in the directly synthesized
sample can be ascribed to the reduction of fine Ni nanoparticles
highly dispersed at the porous surface of the mesoporous compos-
ite (at 292 °C) and bulk Ni species (at 466 °C), respectively. In case
of the Ni-OMDC catalyst, we have observed a reduction peak at

Intensity (a. u.) ¢

-— 174 —

Intensity (a. u.) o4

440 °C with a small shoulder following. The shift in reduction
peaks to higher temperature is due to absence of interaction
between large nickel particles and support (Fig. S14). Similarly,
when we look at the Ni-CA catalyst, we observed a positive shift
of >120 °C from Ni-OMD catalyst (Fig. S15 in the Supporting Infor-
mation). For Ni-CA3, a broad peak at a temperature at maximum
reduction Ty, of about 416 °C with a shoulder peak above 650 °C
is observed. Upon higher loading by the chelation method (i.e.,
Ni-CA5), the Ty, shifts further to high value at 431 °C. With all these
observations, due to the absence of interaction (which arises
between nitrogen and metallic nickel because of the very small
particles formed by the OMD method) in Ni-OMDC and Ni-CA cat-
alysts, the reduction temperature is shifted to higher values. More-
over, it can be considered that the organic matrix deposition
method is more appropriate to design highly dispersed Ni nanopar-
ticles over mesoporous CNx (not on mesoporous carbon) than the
chelation method.

3.3. Effect of preparation method on nickel concentration

Nickel concentrations in catalysts prepared by organic matrix
deposition and citric acid deposition were measured by ICP and
are shown in Table 1. Nickel concentration was found to be higher
in catalysts prepared by organic matrix deposition method than in
those prepared by reduction by citric acid. Comparison indicates
that the difference in nickel loading can be ascribed to the different
interaction between nickel species and the support CN, [48].

According to the electrostatic adsorption model, the pH of the
solution, the zero point charge (PZC) of the support, and change of
the adsorbing ion have a marked influence on metal deposition
[49]. The support PZC can be taken as equivalent to its slurry; the
adsorption of cations is favored if the pH of the system is higher than
that of the PZC of the support [50]. Hence for the organic matrix
deposition method, the pH of the deposition medium was higher
than the PZC of the support CN, (in Table S1, Supporting Informa-
tion). As negatively charged supports favor attracting and adsorbing
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Fig. 4. (a, b) SEM images of Ni-OMD3 at different magnifications; (c) Ni2p XP spectra of the prepared Ni-OMD3 and (d) Ni2p XP spectra of the Ni-OMD3 catalyst after

reduction, prior to the reaction.
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positively charged Ni cations, nickel concentration in the Ni-OMD
catalyst was higher, whereas the acidic nature of citric acid neutral-
ized the negative charges of the support material (in Table S1),
which causes a decrease in electrostatic attraction and hence a lower
nickel loading on CN,. Additionally, the difference in reducing
strength of citric acid compared with that of organic matrix also
accounted for the difference in Ni content in the catalyst.

3.4. Hydrogenation activity

The results of the hydrogenation of HMF with elevated H, pres-
sure to DMF in aqueous media are presented in Table 2. The sup-
port material, mesoporous CN,, shows only 9.8% HMF conversion
(entry 2) with negligible DMF selectivity, whereas the reaction
without any catalyst shows 3-4% HMF conversion. In this study
we mainly concentrate on deposition of Ni with various reducing
agents. The catalyst prepared by organic matrix deposition shows
higher activity than for other methods (discussed earlier). The
Ni-OMD3 catalyst shown 89.7% HMF conversion with 99.1% DMF

selectivity after 4 h of reaction; when the reaction is prolonged fur-
ther to 6 h, the conversion reaches over 99.9% with 98.7% DMF
selectivity. The Ni-CA3 catalyst shows only 70.3% HMF conversion
with 69.9% DMF selectivity. This could be due to bigger crystallite
size of Ni partials in the Ni-CA3 catalyst, which is hard to reduce
(as shown in Fig. 6) or lower in Ni concentration (Table 1) in the
catalyst compared with Ni-OMD3.

Over the past decade, noble metals such as Pt and Pd supported
on activated carbon have been recognized as the best hydrogena-
tion catalysts. Therefore, we have compared our results (Ni cata-
lyst) with noble-metal-based catalysts prepared via organic
matrix deposition and found Pt is more active (entry 6) then Pd
when deposited on CN,. The latter shows relatively better DMF
selectivity than the former, but the Ni-OMD catalyst shows higher
DMF conversion and selectivity than both. Nickel nanoparticles
supported on CNT prepared using the reported method (Table 2,
entry 11) are found to be much less active and selective. The cat-
alytic activity of the Ni-OMD catalyst was also compared with that
of the reported catalyst system (entries 8-10) [6,51-53]. Among

Table 2
Catalytic activity of different catalysts on HMF hydrogenation to DMF.
Entry Catalyst t [h] Solvent Conversion DMF selectivity E,? TOF (h™1) Ref.
1 Blank 6 H,0 3-4 <1 0.04 - This work
2 CNy 4 H,0 9.8 <1 0.09 - This work
3 Ni-OMD3 4 H,0 89.7 99.1 9.32 438.7 This work
4 Ni-OMD3 6 H,0 >99.9 98.7 9.32 325.7 This work
5 Ni-CA3 6 H,0 70.3 69.9 6.52 229.2 This work
6 Pt-OMD1 6 H,0 99.0 62.9 5.87 3218 This work
7 Pd-OMD1 6 H,0 86.7 89.6 8.36 1537 This work
8 Pd/C/Zn 8 THF >99.0 85.0 1.19 27.2 [6]
9 Rh/C 6 IPA >99.0 81.0 NA 8.55 [50]
10 Pd/C 15 THF - 70.0 NA NA [51]
11 Ni/CNT 6 H,0 45.0 3251 NA 26.2 [52]

Notes: 20 ml of 0.1 M HMF solution in H,0, 0.05 g reduced catalyst, temperature 200 °C, H, 30 bar.
2 E,: H; efficiency calculated by (100 x moles of DMF formed)/total moles of H, added. Moles of H, added was calculated using the ideal gas equation.
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Fig. 6. HRTEM images of (a) Ni-CA3 and (b) Ni-CA5 catalyst after the hydrogenation reaction.

the reported catalyst systems Pd/C (entry 10) uses a secondary
source of H, (generates H, from formic acid) and achieved 70%
HMF conversion. We report a non-noble-metal catalyst for hydro-
genation of HMF with ~99% conversion with 98.7% DMF selectivity
in equal or less time on stream. Moreover, the H; efficiency (E,) has
been calculated and a very high E, value (9.32) has been found for
the Ni-OMD catalyst, although Pd-OMD1 shows a good H, effi-
ciency of 8.36 still limited by its selectivity toward DMF. This com-
parison suggested that the Ni-OMD catalyst provides a better DMF
yield in aqueous medium than any reported catalyst system.

3.5. Catalyst performance with various reaction parameters and
metal-support interfacial interactions

The catalytic performance of the Ni-OMD catalyst with respect to
reaction temperature is shown in Fig. 7a and schematic pathway for
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hydrogenation is shownin Scheme 1. A gradual increase in HMF con-
version has noticed with the increase in reaction temperature, and at
200 °C the conversion reaches ~100%. The selectivity to DMF also
followed the same trend and achieved 99.5% at 150 °C. At room tem-
perature 8.7% conversion of HMF to DMF was observed with 48.1%
and 29.9% DHMF and MFA selectivity. With increasing temperature
the rate of conversion to MFA to DMF was found to be very high in
comparison with that of HMF to DHMF (Fig. 7a). The '"H NMR pattern
of the isolated compound is shown in Fig. S16 in the Supporting
Information. H, pressure (Fig. 7b) shows no such noticeable effect
on hydro-deoxygenation of HMF. The conversion to HMF steadily
increased with H, pressure and ~100% HMF conversion was
achieved at 3 MPa; >99% DMF selectivity was observed even at
2 MPa H; pressure.

To optimize the reaction conditions, we have run the reaction to
a prolonged time with regular withdrawal of product; the data are
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Fig. 7. (a) Effect of reaction temperature, (b) pressure, (c) time on stream, and (d) catalyst reusability for the hydro-deoxygenation of HMF. [M] conversion of HMF, [@]
selectivity to DMF, [ A] selectivity to DHMF, and [¥] selectivity to MFA. Conditions: (general) 20 ml of 0.1 M HMF solution in H,0, 0.05 g reduced catalyst, temperature 200 °C,

H, 30 bar, reaction time 6 h.
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shown in Fig. 7c. It can be observed that the HMF conversion
reaches ~100% after 6 h of reaction, whereas, DMF selectivity took
a huge shift from 0% to 98.7% after 6 h of reaction. To elucidate the
effect of nickel loading, catalysts with different (1-5%) nickel load-
ings were prepared. It was observed that with 1% nickel loading,
the conversion to HMF reaches 74.8% but the main products
obtained are DMF with 99.5% selectivity (Table 3). On the other
hand, with increasing nickel loading up to 5%, the conversion to
HMF is 100% with a little decrease in selectivity toward DMF
(96.2%).

As seen from Tables 1 and 3, Ni nanoparticles of <5 nm size on
mesoporous CN, (Ni-OMD3) clearly exhibit higher activity than the
corresponding catalysts prepared by the citric acid reduction
method, despite the fact that the same metal loading was used
and the BET surface areas for the two forms were still comparable
to each other (~535-490m?g~!). A higher dispersion of Ni
achieved on the CN, material by the organic matrix deposition
method due to enhancement of the interfacial interactions
between the Ni precursor and the support could be a reason for
this observation. It is noted that when Ni loading increased from
1% to 5% the selectivity toward DMF decreased with constant
increase to HMF conversion compared with the lower loading cat-
alyst prepared using organic matrix deposition. As a result, the
DMEF yield of 3% Ni on CNx reaches nearly 100%, indicative of the
remarkable activity dependence on the metal-support synergy.
Additionally, higher loading of Ni causes an increase in mean par-
ticle size (as shown in Table 3); hence it can be concluded that Ni
particles <5 nm facilitate the hydrogenation reaction. This observa-
tion proves that synergy between Ni nanoparticles and meso-
porous CN, plays a crucial role in the high activity, and the
organic matrix deposition method not only stops coalescence and
agglomeration of the Ni nanoparticles but also increases the Ni dis-
persion and concentration of the catalyst.

The reusability of the catalyst was tested by conducting four
successive runs with the same catalyst. The catalyst was recovered
at different finite conversion levels, dried overnight, and reduced
before the reaction at 700 °C. The catalyst showed similar hydro-
genation activity but a negligible (only 2%) drop in DMF selectivity
was seen (Fig. 7d and Table S2 in the Supplementary Information).

3.6. Role of catalyst support

We have also studied the role of the catalyst support, MCN,. We
found that the support stabilizes the Ni atoms and small clusters of
nickel atoms. We observed that mono-, di-, and triatomic metal
clusters may fit into the cavity of the support without distorting
the structure of the support (Fig. S17 in the Supplementary Infor-
mation). We also found that for these three clusters, absorption
free energies are negative. For bigger clusters, absorption energies
may be negative, but they should absorb onto the surface of the
support, not in the cavity of the support.

We have computed the activation energies for transition state 1
(detailed below), taking mono-, di-, and triatomic clusters of nickel
absorbed on a catalyst support. Computed results are presented in

Fig. 8. Orbital picture of HOMO of TS-1 using mononickel cluster on MCN, support.

Table S3 in the Supporting Information. From Table S3, it is
observed that the activation energy for TS-1 when the nickel cata-
lyst is placed on the MCN, support increases for mono- and
dinickel clusters but decreases for trinickel clusters. In all three
cases, activation energies are higher than that calculated without
a support, which is 6.26 kcal/mol. Thus, it seems that addition of
support deactivates the catalyst. But if we consider the absorption
energies, which are negative in all three cases, we found that addi-
tion of the support energetically favored the catalysis. Optimized
geometries of transition states for mono-, di-, and trinickel clusters
using MCN, support are presented in Fig. S18 and an orbital picture
of HOMO of TS-1 for mononickel catalyst on support is given in
Fig. 8, which shows that the use of a support does not disturb c-
bond formation by the Ni catalyst with the C-4 carbon of the
reactant.

3.7. Mechanistic study

3.7.1. Center of hydrogenation

In the applied method for calculations, the first step is hydro-
genation of the aldehyde carbon of HMF. There are three distinct
centers of HMF where hydrogenation may takes place, C=0, C=C,
and C—O; nevertheless, hydrogenation takes place at the aldehyde
carbon faster than at the other two functional groups. To under-
stand why the aldehyde carbon reacts faster than the others, DFT
studies have been performed. For the studied catalyst system, Ni-
MNC,, hydrogenation occurs through electrophilic substitution.
We have studied the electrophilicity of different carbon atoms
and oxygen atoms present in the HMF molecule using the con-
densed Fukui function [54,55]. We have also calculated the relative
electrophilicity of these atoms [56,57]. For both these calculations
we used Mulliken charges [58] with the charge of hydrogen atoms
summed into that of heavy atoms to which they are connected. We

Table 3

Effect of Ni particle size on catalytic activity.
Entry Catalyst Particle size® Loading of Ni [wt.%]" Conversion (mol.%) Selectivity (mol.%)" tI>fd
1 Ni-OMD1 1.92 1 74.8 99.5 4.4
2 Ni-OMD3 3-35 3 >99.9 99.7 1.9
3 Ni-OMD5 6.8-10.8 5 100 96.2 1.1

¢ Mean particle diameter (in nm) calculate from HRTEM (except Ni-OMD1, which was calculated by the Scherer equation for the XRD data of the reduced catalyst).

5 From the ICP study.
¢ Selectivity to DMF.
4 @;=rate of formation x 10
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observe that C-4, the aldehyde carbon, has the highest elec-
trophilicity (0.177), and its electrophilicity is greater by a huge
margin (0.06) than that of the second most electrophilic center
(in Table S4, Supplementary Information), which is C-11, one of
the C=C carbons (Fig. S19 in the Supplementary Information).
The relative electrophilicity calculation also suggests that C-4 is
the most electrophilic (1.878) center, which explains why hydro-
genation proceeds faster for C=0 than for other possible centers.

From the electron cloud distribution of the transition state of
the hydrogenation process, a similar conclusion may be drawn.
In Fig. 9, the electron cloud distribution of transition state 1 of
hydrogenation is presented. Fig. 9a shows the distribution of the
electron cloud of C=C, Fig. 9b represents the d-z> orbital electron
cloud of Nij, i.e., a lone pair of Ni atoms (catalyst of this reaction),
and Fig. 9c represents the electron cloud of the C-4 atom and the
d-z? orbital of the Ni atom. From these distribution patterns it is
clear that the electron cloud orientation of C=C does not match
the electron cloud of the lone pair of the Ni atom for either o-
bond or m-bond formation. On the other hand, the electron cloud
distribution of the C-4 atom matches the electron cloud distribu-
tion of the lone pair of the Ni atom for o-bond formation
(Fig. 9c). Thus, the C-4 atom is suitable for hydrogenation by the
Ni atom.

3.7.2. Reaction pathways for hydrogenation

The hydrogenation reaction of HMF to DMF over highly dis-
persed nickel particles may occur in two different ways: either
by abstraction of hydrogen by the carbonyl carbon atom (path 1

R. Goyal et al./Journal of Catalysis 340 (2016) 248-260

in Fig. 10), or by abstraction of hydrogen by the carbonyl oxygen
atom (path 2 in Fig. 10) first followed by hydrogenolysis of CH,OH
to a methyl group. From electrophilicity calculation, we have found
that path 1 is favorable. The activation energies of these two pro-
posed mechanisms have also been calculated. The activation
energy of path 1 is 0.271 eV (6.26 kcal/mol), which is much lower
than the activation energy of path 2, 2.597 eV. The relative stability
of the intermediates also favors path 1, as intermediate 1 involves a
negative charge on the carbonyl oxygen atom, which is more stable
than the negative charge on carbonyl carbon formed in path 2.

In addition, we have extended our study by including the catalyst
support interaction for path 1; the transition state 1 with catalyst
support is shown in Fig. 11. The activation energy for this process
is 2.126 eV (49.02 kcal/mol), which is significantly higher than that
calculated without catalyst support (0.271 eV or 6.26 kcal/mol), but
at the same time the absorption energy of a single Ni atom in the cav-
ity of the support is —4.118 eV or —94.96 kcal/mol. Thus, the high
activation energy of path 1 is overcome by the absorption energy
and the overall energy for these two process is —45.94 kcal/mol.
Thus, in the presence of a support we get negative free energy for
path 1, which eases the catalytic process.

3.7.3. Hydrogenolysis

After hydrogenation of HMF, a dihydroxy intermediate (DHMF) is
formed, which on hydrogenolysis yields DMF. The intermediate has
two different types of oxygen atoms; ring oxygen and hydroxyl oxy-
gens. Only the hydrogenolysis of hydroxyl oxygen yields our target
compound. To understand the priority of hydrogenolysis, we

1(2)

1(b)

1(c)

Fig. 9. Electron cloud distribution of transition state 1 (TS-1) of the hydrogenation process.

Path-1

Fig. 10. Probable reaction pathways.
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(b)

Fig. 11. Transition state 1 (TS-1) of the hydrogenation process via path 1.

calculate the electrophilicity of oxygen atoms. We find that ring oxy-
gen (01) has the lowest electrophilicity (0.044) compared with two
hydroxyl oxygens (0.059 and 0.116 for 09 and 015, respectively).
Electrophilicity values of the three oxygen atoms clearly suggest
that hydrogenolysis will take place at 015 first and then 09. The
probability of hydrogenolysis of the ring oxygen is very low.

4. Conclusions

Several methodologies have been applied to develop highly dis-
persive Ni catalysts for selective hydrogenation of HMF to DMF on
a mesoporous nitrogen-rich carbon support. Among all the studied
catalyst systems, the organic matrix deposition method is found to
be more promising for synthesis of highly dispersed supported
nickel catalysts (up to 46.2%), which makes the catalyst a good to
excellent noble-metal-free catalyst system compared with other
catalyst systems for selective HMF hydrogenation.

The promoting effect of the catalyst system can be attributed to
the strong metal-support interfacial interaction. This metal-sup-
port synergy between the nitrogen atoms of the support material
and Ni nanoparticle can be achieved only with very small (below
5 nm) Ni nanoparticles, which are highly dispersed on the support.
When patrticle size is above 5 nm, DMF selectivity goes down, and
the same can be observed for Ni dispersion. The strong interaction
between Ni and nitrogen atoms of the support enhances the total
Ni reduction and hence increases the overall hydrogenation activ-
ity of the catalyst system (more than 99.9% conversion with 98.7%
DMF selectivity).

From theoretical studies it has been observed that the aldehyde
carbon has the highest electrophilicity (0.177), greater by a huge
margin (0.06) than the second most electrophilic center, one of
the C=C carbons. The relative electrophilicity calculation also sug-
gests that the aldehyde carbon is the most electrophilic (1.878)
center; this explains why the hydrogenation proceeds faster
through C=0 than through other possible centers. In addition,
the mechanistic pathway for HMF hydrogenation over the Ni-
OMD3 catalyst was evaluated, which provides conceptual insight
into for HFM conversion over a heterogeneous Ni-supported meso-
porous nitrogen-rich carbon catalyst.

Detailed characterization techniques, low-angle XRD, N,
adsorption-desorption isotherm, HR-TEM, XPS, and TPR of differ-
ent Ni-CA and Ni-OMD are available at http://dx.doi.org/10.1016/
jjcat.2016.05.012.
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