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Structure-activity relationships of Ni particles with different morphologies, crystallinities and compositions were
investigated for glucose hydrogenation. Nanorods and nanospheres were obtained respectively by altering hy-
drogen pressure during synthesis, and nanobead chains were synthesized for analogy analysis following a known
procedure. Glucose hydrogenation over Ni nanosphere catalysts exhibits the lowest reaction barrier
(E, = 32 kJ/mol) compared to nanorods and nanobead chains (98 kJ/mol), and a constant sorbitol selectivity of
100 % was obtained at a temperature of 140 °C. A comprehensive characterization with ATR-IR, Raman, XPS,
ICP, P-XRD, HRTEM and SAED revealed that the combined factors of poly-crystallinity, amorphous structure and
P- dopant make Ni nanospheres superior. This provides a valuable path in the process of designing better non-
noble catalysts to definitely avoid the use of noble metals in the future in biomass valorization reactions.
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1. Introduction

Biomass is currently the only resource for the production of sustainable
organic carbon and biofuels [1], and it can be used as a substitute for
traditional fossil fuels to produce sustainable fuels and chemicals. The
utilization of biomass can reduce the dependence on declining petro-
leum resources and reduce CO, emissions [2]. In particular, cellulose
accounts for 40 % of the biomass obtained through natural photochem-
ical processes yearly [3]. Cellulose derived products have been ex-
ploited via degradation processes by enzymes, or under critical condi-
tions like acid or base and heterogeneous catalysis. Catalysis allows to
work under softer conditions and increases selectivity. The primary
product glucose is produced as a consequence of breakage of f-1,4-
glycosidic bonds in cellulose [3,4]. Sorbitol is the reduction product of
glucose, widely used in medical applications and in the food and cos-
metic industries, which has been recognized as one of the twelve most
important platform chemicals obtainable from biomass [5,6].

Sorbitol was first produced by the reduction of glucose in 1912 by
Ipatieff in the presence of a nickel catalyst [7]. Since then, plenty of re-
search has been carried out to investigate the mechanism [8-12], kinet-
ics [13-15] and mostly the design of new catalysts for this transforma-
tion [16-18]. The applied catalyst has evolved from pure Raney-type
nickel catalysts at the beginning to promoted Raney Ni, where a higher
electronegativity metal or promoter is used to further enhance catalytic
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performance of Ni [8,19,20]. For example, since Rh has a higher elec-
tronegativity than Pt, the activation energy of glucose hydrogenation
could be improved from 50 to 54 kJ/mol (Raney Ni doped with Pt) to
38-42 kJ/mol (Raney Ni doped with Rh) [21]. Later, the catalysts were
further developed into supported metal nanoparticles, and the noble
metals Pt, Pd, and Ru were explored as well [16,22-24]. As a result, Ru
is currently the catalyst with best activity, as it is reported by Hoffer for
example that 3.5-6.5 wt% of glucose in aqueous solution was 100 %
converted into sorbitol with a selectivity >98 % over ~2 g of Ru/C cat-
alyst in ~140 min.[25] Although Ru catalysts demonstrate dominant
catalytic activity, considering that the industrial cost of Ru is more than
700 times higher than Ni, non-noble metal catalysts are always prefer-
able for industry. Thus, development of low-cost catalysts has contin-
ued to be studied in parallel [17,26,27]. In addition to achieving high
activity, sorbitol selectivity is also another important criterion of cata-
lyst performance for glucose hydrogenation, since isomerization, as
well as other side reactions, take place in aqueous solution under harsh
conditions [28,29]. Among previously developed catalysts, Ni and Ru
have the advantage of high sorbitol selectivity, by opposition to Pt, Pd
metals that give lower sorbitol yields for the same glucose conversion
[22,24,30]. Given the high cost of Ru mentioned above, Ni was chosen
in this work to construct a more abundant and cheaper metal catalyst
with a high activity and sorbitol selectivity for glucose hydrogenation.

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.
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Unlike the supported Ni catalysts mentioned above, unsupported Ni
particles are favoured in the present study to be able to investigate the
structure-activities relationships induced only by the Ni particle itself.
Regarding metal particles, the modification of their catalytic perfor-
mance can be achieved by manipulating the morphologies including
regulation of particle sizes and shapes and by tuning the composition
and crystallinities [31,32]. Given that it is easier to obtain metal parti-
cles with different sizes, more research has been done on particle sizes
than on shapes. Nevertheless, due to the fascination of facet effects
caused by different shapes of particles, a great deal of work has been
done on shaped controlled nanoparticles applied in catalytic reactions
over the last two decades [33-35]. For example, Xu et al. have found
that the rate of oxidation of styrene over silver nanocubes was more
than 14 times higher than that on nanoplates and 4 times higher than
that on near-spherical nanoparticles [36]. The shape of the metal
nanoparticle not only has an effect on the activity, but also on product
selectivity. For instance, Kim et al. observed a lower acetylene conver-
sion and ethylene selectivity over spherical nanoparticles with a signifi-
cant amount of (1 1 1) facets than cubic Pd nanoparticles with (1 0 0)
facets for the selective hydrogenation of acetylene over Pd/Al,O; cata-
lyst [37]. Apart from the morphology of particles inducing variation of
their catalytic performance, altering the crystallinity and heteroatomic
doping also has raised interest since a long time. Heterogenizing metal
catalysts with P has been used in electrocatalysis and thermal catalysis
due to enhanced catalytic activity [38,39]. For example, P dopant in Rh
catalysts can eliminate the surface hollow sites thus weakening the ad-
sorption strength of CO, leading to a higher hydroformylation activity
of Rh-P catalyst compared to Rh catalysts [39]. Ni-P/SiO, amorphous
catalyst lost its surface active Ni atoms after it was crystallized stepwise
from 673 to 873 K, leading to a higher E, and lower TOF value for the
hydrogenation of benzaldehyde [40]. And in particular, amorphous
Raney Ni-P alloy catalyst exhibits a superior turnover rate than un-
doped Raney Ni for the hydrogenation of glucose to sorbitol [41]. Al-
though catalysts that have been tuned by manipulating factors such as
morphology, crystallinity and composition have been applied in vari-
ous catalytic reactions, to the best of our knowledge, for biomass con-
version, the influence of metal morphology coupled with crystallinity
and composition effect on catalytic performance and product selectivity
is rarely studied. In particular, there are no relevant studies for this spe-
cific parameter in glucose hydrogenation. Therefore, a fundamental
study aiming at understanding structural factors in this reaction can po-
tentially provide implications for the design of novel catalysts for bio-
mass conversion.

Based on this, we prepared Ni nanospheres and Ni nanorods with
different crystallinities and compositions by modulating the pressure of
hydrogen during the synthesis. This differs from the usual strategies
that imply controlling the concentration of the surfactants used as stabi-
lizing agents [42]. Then, a third Ni nanostructured catalyst — namely
nanobead chains was synthesized using a well-established method [43],
and was applied to compare the catalytic performance with Ni nanos-
pheres and nanorods in the glucose hydrogenation reaction. The com-
prehensive surface and bulk analysis of the three different Ni catalysts
was carried out to clarify the reasons for their differences in catalytic
performance and identify shape, crystallinity and composition factors
that are unavoidably intimately entangled.

2. Materials and method
2.1. Chemicals and materials

Nickel(II) acetylacetonate (Ni(acac),) [Ni(CsH;0,),, 95 %, Sigma-
Aldrich], hexadecylamine (HDA) [CH3(CH,);sNH,, 90 %, Sigma-
Aldrich], Nickel chloride hexahydrate [NiCl, 6H,0, 99.95 %, Alfa Ae-
sar], trioctylphosphine (TOP) [[CH3(CH,);13P, 97 %, Sigma-Aldrich],
mesitylene [C¢H3(CHj3)s, 98 %, Sigma-Aldrich], polyvinylpyrrolidone

(PVP 40000) [CH¢HGNO),, Sigma-Aldrich], hydrazine hydrate [NyH,4
H,0, 99 + %, Fisher Chemical], toluene [C;Hg, 99.85 %, Acros Organ-
ics], ethylene glycol (EG) [HOCH,CH,OH, 99 %, Alfa Aesar], ethanol
absolute [C,H50H, 99.97 %, VWR Chemicals] and ethanol [C,H5OH,
99 %, VWR Chemicals] were used as received.

2.2. Catalysts preparation

2.2.1. Synthesis of Ni nanospheres and Ni nanorods catalysts

Synthesis of Ni nanospheres. The reagents used and their rela-
tive proportions were referred from the literature [44], but the syn-
thesis conditions and purification steps were designed here. Briefly,
676.9 mg (2.5 mmol) of Ni (acac), and 6.69 g (25 mmol) of HDA
were dissolved in 42 mL of mesitylene in a 100 mL beaker with an
oval stir bar (35 X 16 mm) introduced in advance. After a uniform
solution was obtained, 0.62 mL (1.25 mmol) of TOP was added.
Then the beaker was immediately placed inside a 300 mL stainless-
steel high-pressure reactor. The reactor was degassed under vacuum
and put under hydrogen 5 times, and finally filled with hydrogen at a
pressure of 2 bar at room temperature. Then the reactor was heated
until 180 °C with a heating rate of 5 °C per minute and left to react
for 19 h with a stirring speed of 400 rpm. After 19 h, the beaker was
taken out of the reactor at a temperature around 50 °C. All the
formed particles were attached to the magnetic stirring bar. The par-
ticles were transferred from the stirring bar into a clean beaker for
further purification, as described below.

Synthesis of Ni nanorods. The same reactants were used as for
the nanospheres but different experimental conditions and set-ups
were used: namely 676.9 mg (2.5 mmol) of Ni (acac), and 6.69 g
(25 mmol) of HDA were dissolved in 42 mL of mesitylene in a
100 mL one-neck round-bottom flask, and an oval stir bar
(35 x 16 mm) was introduced in advance. After the flask was de-
gassed and refilled with Argon for 3 times, it was subjected to ultra-
sounds for 30 min. 0.62 mL (1.25 mmol) of TOP was injected into
the flask, then the flask was degassed under vacuum and filled with
hydrogen 5 times and kept under hydrogen atmosphere with two in-
dividual balloons. Then the flask was heated until 180 °C with a
heating rate of 5 °C per minute and left to react for 19 h with a stir-
ring speed of 375 rpm. This stirring speed was adjusted to maintain
similar mixing conditions than in the synthesis of the nanospheres
described above. After 19 h, all the particles were attached to the
magnetic stirring bar. Then the nanoparticles were transferred from
the stirring bar into a clean beaker for further purification, as de-
scribed below.

Synthesis of Ni nanobead chains. The preparation method fol-
lowed Wen’s work.[43] Briefly, 3 g of PVP-40000 was dissolved in
150 mL of EG in a 250 mL round-bottom flask, then 0.75 mL of 1 M
aqueous NiCl, solution was introduced with vigorous stirring using an
oval magnetic stirring bar (35 X 16 mm). After the whole mixture
was heated to 150 °C, 5 mL of N,H, H,0 was added, dropwise with a
stirring speed of 500 rpm. The mixture was maintained at this tem-
perature for 12 min. Then a dark grey product was formed. The prod-
uct was separated by a strong magnet and transferred into a clean
beaker for further purification, as described below.

Products purification: For Ni nanospheres and nanorods, the sepa-
rated products were dispersed into 30 mL of toluene. After 2 min ultra-
sonication, the particles were separated by a magnet. Then 30 mL of a
mixture of toluene and ethanol (1:1) was added to the particles and
they were redispersed into the solution using ultrasounds. The particles
were again separated by a magnet and the liquid was decanted leaving
only the particles. This process was repeated 6 times, then the product
was dried in a vacuum oven at room temperature overnight.

For Ni nanobead chains, the product was dispersed into 30 mL of
deionized (DI) water by ultrasonication and separated by magnetic de-
cantation, repeating this 3 times. Then it was washed with ethanol an-
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other 3 times using the same procedure. After the product was further
washed with absolute ethanol, it was dried in a vacuum oven at room
temperature overnight. Finally, the catalysts were collected, grinded
with an agate mortar and pestle, and stored in screw thread vials with-
out any further treatments. In a typical synthesis, 90-98 mg of Ni
nanospheres/rods were obtained, which corresponds to a yield of
61-67 %. For nanobead chains, 42-45 mg of Ni particles were ob-
tained, corresponding to 90-96 % yield.

2.3. Characterization methods

Transmission electron microscopy (TEM) and high resolution TEM
(HR-TEM) were performed by using JEOL 2100 LaB6 with a 0.2 nm
point to point resolution. Dark field images were recorded after select-
ing parts of diffraction rings in order to observe the corresponding
lighted area, i.e. oriented crystals.

SEM images were obtained on a field-emission scanning electron mi-
croscope JEOL 7600F operating at 15 kV. A small amount of sample
was collected with a spatula and deposited on a carbon double-sided
sticker bonded on a 26 mm diameter specimen holder, then air spray
was used to remove the excess particles.

The attenuated total reflection (ATR) infrared spectroscopy spectra
were recorded on a PerkinElmer Spectrum two instrument in the rage of
500-4000 cm~! at room temperature. A small amount of sample was
placed over the surface of the diamond crystal in the centre of the circu-
lar mounting plate in the instrument.

Raman spectra at room temperature were recorded using Thermo
Scientific DXR Raman Microscope in the backscatting configuration
with a 532 nm green laser. A small amount of sample was placed in the
centre of a microslide, then another slide was gently pressed once on
top of the sample and removed. Then, the slide with sample was placed
on the worktable of the Microscope. The accumulation time and spot
size of the laser used were 120 s and 865 nm, respectively, and a 50 X
objective was used on an Olympus microscope.

X-ray photoelectron spectroscopy (XPS) analyses were carried out at
room temperature with an SSI-X-probe (SSX 100/206) photoelectron
spectrometer from Surface Science Instruments (USA), equipped with a
monochromatized microfocus Al X-ray source (1486.6 eV). Samples
were set on the sample holders by double face adhesive tape. Charging
effect of the samples were eliminated by placing a nickel grid above the
samples and using a flood gun set at 8 eV. The pass energy was set at
150 eV. All the binding energies were calculated according to the C-(C,
H) component of the C 1 s peak fixed at 284.8 eV. Data analysis was
carried out using CasaXPS software, and the peaks were decomposed by
Gaussian/Lorentzian product formula GL(15) after a Shirley-type back-
ground was subtracted.

Elemental analysis was carried out using ICP-AES Varian 720ES by
analytical and chemical consultancy services from MEDAC ltd (UK).
The samples were digested with 5 mL of nitric acid and 1 mL of hydro-
gen peroxide, then the solutions were made up to a volume with 18.2
Mohm water and analysed.

X-ray diffraction (XRD) experiments were performed using a Bruker
D8 advanced diffractometer equipped with a Linkeye XE-T detector and
operating at 40 kV and 30 mA. X-ray diffractograms were recorded
from 30 to 80° (20) using an increment of 0.015° and an integration
time of 0.15 s. EVA software (Bruker) was used for data analysis and
the PDF-2 (2004) database was used for phase identification. Crys-
tallinities of the samples were computed using the ‘Crystallinity” func-
tion in DIFFRAC.EVA software, and the formulas used to compute the
amorphousness and crystallinity percentage are as follows:

Globalarea — Reducedarea
Globalarea
%Crystallinity = 100 — %Amorphous

%Amorphous = x 100

Global area: background with a 0.01 curvature taken automatically.
Reduced area: background adjusted. For the background adjustment,
the curvature and threshold are both set at the default value (1). The
scan range from 37.7 to 48.2° was chosen to compute the crystallinity
and the enhanced method was used to draw a smooth background with
the assumption that there is only one single ‘hump’, which refers to dif-
fraction peak Ni (1 1 1).

The specific surface area of the catalysts was measured through ni-
trogen adsorption—desorption isotherms, which was performed in a Mi-
cromeritics ASAP 2020 analyser at 77 K. Before analysis, the samples
(around 0.2 g) were degassed for 2 h at 473 K with a heating rate of
10 K/min under 0.133 Pa pressure. The specific surface areas were cal-
culated based on the Brunauer-Emmett-Teller (BET) equation by analy-
sis of the isotherms.

For all the characterizations, as-prepared samples were used with-
out any specific pre-treatment.

2.4. Hydrogenation of D-glucose

Hydrogenation experiments were performed in a stainless-steel
high-pressure reactor (Parr autoclave). 12 mg of catalyst was added to
the aqueous glucose solution of 100 mL with a concentration of 5 g/L,
then the reactor was purged with N, for 5 min to remove air. The reac-
tion mixture was subsequently heated to the set temperature (within
the range 140-160 °C) under N, then the autoclave was filled to a con-
stant H, pressure (30 bar) and the reaction started after turning on the
stirring with a speed of 1700 rpm (which was sufficient to eliminate ex-
ternal mass-transport limitations). Samples were periodically with-
drawn from the reaction vessel and filtrated on PVDF membrane
(0.2 pm) to evaluate the evolution with time of both glucose conversion
and products yields using HPLC. HPLC analysis was performed on fil-
trates with a Waters system equipped with a refractive index 2414 de-
tector. An HPX-87C carbohydrate column was used, with ultrapure wa-
ter as mobile phase at a flow rate of 0.5 cm?3 min-1, a column tempera-
ture of 358 K and 25 pl of injected volume. Standard alpha-D (+)-
glucose (CgH150q, >99 %, Acros), D-(-)-fructose (CgHi206, =99 %,
Sigma), D-(+)-mannose (CgH;,06, =99 %, Sigma), D-mannitol
(C¢H1406, =98 %, Sigma-aldrich) and D-sorbitol (CgH;404, >99.5 %,
Sigma) were first analysed by HPLC to determine their retention times
separately, which were used as references to identify the products of
glucose hydrogenation. The glucose conversion, sorbitol selectivity,
product percentage yield, sorbitol productivity and carbon balance
were calculated according to equations 1-5:

Conversion (%)
_ molesofglucose (t = 0) — molesofglucose (t = i)

@
molesofglucose (t = 0)
X 100
Selectivity(%)
_ molesofsorbitol(t = i) @
" molesofglucose(t = 0) — molesofglucose(t = i)
x 100
. moles of product (t = 1)
Yield (\ %) = X 100
ield (\ %) moles of glucose (t = 0) )
Massy,p;
Sorbitol ductivity = sorbitol
orbitolproductivity 1ime % MaSS sy 4
Cb (\%) _ Rglucose(t=i) T Nfructose + Nmannose + Mmannitol + Nsorbitol % 100 (5)

Nglucose(t=0)
Leaching percentage of Ni were calculated by the equation below.

C X Voluti
Ni leaching percentage = —cached 7 solution 1 (6)

Mpitial

Cleacheda Was the concentration of leached Ni species detected by
Perkin Elmer 3100 Atomic Absorption Spectrometer (AAS) in reaction
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filtrates, Vgojuion Tepresents the volume of reaction medium, and myp;a
was the total weight of Ni in the fresh catalyst engaged in the catalytic
test.

3. Results and discussion
3.1. Catalysts preparation

Ni nanospheres and nanorods were obtained using the same reac-
tants but different reaction conditions, mainly varying hydrogen pres-
sure. The long chain amine HDA has been proven a suitable capping
agent for nanocrystal synthesis, and TOP was reported as a stabilizing
ligand in the formation and stabilization of Ni nanoparticles [45,46].
Ni(acac), was used as a precursor, HAD and TOP were chosen to adsorb
on specific crystal faces tuning the facial growth rates hence the shapes.
Here, hydrogen pressure is a tuneable factor to affect the kinetic of Ni
particle growth, resulting in the production of particles with different
morphologies and structures. Under the condition of 2 bars hydrogen
pressure, ordered arrays of single dispersed nanospheres were acquired,
while Ni nanorod particles were obtained when the hydrogen pressure
was about 1 bar. Thus, two different shapes of Ni nanoparticles were
successfully achieved through altering the hydrogen pressure. In addi-
tion to hydrogen pressure, it is also significant to emphasize that tem-
perature is a crucial factor to obtain Ni nanoparticles. Several tempera-
tures have been attempted for the preparation of Ni nanoparticles
(Table S1) and it was found that with a reaction temperature below
180 °C, magnetic Ni nanoparticles could not be obtained even when
prolonging the reaction time until 46.5 h at 140 °C. For all failed cases,

no particles appeared at the end of the reaction, leaving the reaction
medium beige or black in colour, indicating the precursor was not well
reduced. Thus, 180 °C is necessary for the preparation of both Ni nanos-
phere and nanorod nanoparticles. At this temperature, after 19 h’ reac-
tion, the reaction medium turned transparent or grey transparent with-
out bluish colour, which was therefore set as the synthesis duration. Ni
nanobead chain particles were directly prepared following the reported
procedure without any modification.

3.2. Morphology, surface chemistry and composition of the catalysts

The morphology of different shapes of Ni particles was determined
by the comprehensive analysis of SEM and TEM images (Fig. 1). As
shown in Fig. 1a and b, regular Ni nanospheres were neatly self-
assembled, forming three-dimensional stacks. The measured particle
size differed in SEM and TEM due to different calibration of magnifica-
tion and contrast.[47] Due to the TEM images displaying a clearer edge
than SEM images, the particle size was measured on the TEM image in
Fig. 1c, which gave 24.1 + 0.8 nm with each particle being surrounded
with a thin shell, while TEM micrographs show relatively homogeneous
structures for nanobead chains and nanorods. Nanorods as shown in
Fig. 1 d and e were organized in a random dispersion, with a
72.3 = 3.5 nm in length and 15.5 + 1 nm in width dimension also
measured on the TEM image. Nanobead chains do not have a uniform
length, but it is greater than 1.5 pm, seeing Fig. 1g - h, and are formed
by stringing together nanospheres with a diameter of 98.3 + 9.3 nm.
This is consistent with results of the reference.[43] The measured parti-
cle sizes differed in SEM and TEM maybe due to combination of incon-

10 nm

Fig. 1. SEM (left and center) and TEM (right column) images of Ni nanospheres (a—c), Ni nanorods (d—f) and nanobead chains (g-i).
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sistent calibration of magnification and contrast.[47] TEM shows that
nanospheres are connected to build anisotropic assemblies probably
triggered by dipolar interactions. However, considering the polycrys-
talline beads, such an anisotropic shape cannot result from oriented
crystal growth.

During the syntheses, large quantities of HDA and TOP were used as
stabilizers for Ni nanospheres and nanorods, and surfactant PVP was
applied for the preparation of Ni nanobead chains. Even after extensive
washings during purification, those reagents could finally stay on the
surface of the particles as surface agents, which would affect the cat-
alytic performance by changing the surface chemical environment.[48]
ATR-FTIR, Raman, and XPS were systematically applied to analyse the
cleanliness of the surface of the catalysts.

Fig. 2a shows the ATR-FTIR spectra of prepared catalysts. All the
spectra baselines slope down to the right, since all of the three samples
in ash black colour display adsorption over the entire region from
4000 to 500 cm~! and at low wavenumber this effect grows greater
with deeper light penetration.[49] Those “spiky” peaks in the
3800 cm~! region correspond to the active hydrogen bond of the
O—H stretching vibration and bending mode of H,0 molecules in the
atmosphere. The peak observed at 2349 cm-! was assigned to
O=C==0 stretching of environmental CO,. The broad peak around
1313 em~! in nanosphere sample may correspond to the C—N stretch-
ing and a slight sharp peak around 666 cm~! existing in all three sam-
ples was ascribed to the N—H wagging mode of amine groups.[50]
Both C—P stretching peaks of TOP at 1159, 1070 and 1023 cm~! and
N—H stretching and C—H stretching of HDA at 3330 cm~! and
2916 cm! are absent in the spectra.[51] Moreover, no other vibration
peaks appearing in the group frequency and fingerprint region of the
three samples suggests that most stabilizing agents were washed away
from the products. Similarly, the polarizability of the electrons in those
organic molecules were not observed in Raman spectra, for instance,
the longitudinal acoustical mode of primary amines around 144 cm~!
that would arise from HDA was absent [52] (Fig. 2b). Nevertheless,
phonons within the Brillouin zone are active in Raman spectra. For Ni
nanospheres, the approximately flat curve is due to the size of nanos-
pheres being smaller than 30 nm and the loss in long range order.[53]
The conservation of phonon momentum g in the oxidation layer of the
Ni nanobead chains leaves as Raman active mode the zone centre
(q = 0) optical phonon at 1058.3 cm~1, 688.9 cm~1, 517.3 cm~! and
371.7 cm~1, which correspond to 2P;, 2P, 1P1g, 1P of NiO vibra-
tional modes, respectively.[54] Those phonon frequencies can also be
observed in the Ni nanorod sample, but the observation of the narrow
or broad humps differentiates between the nanorods and nanobead
chain, and can be attributed to different long-range ordered structures
within those two.[55,56] The steeply rising outline below 300 cm™! is
the elastically scattered laser radiation.[54].
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In addition to IR and Raman acquisitions, XPS was also applied to
assess the occurrence of the different elements at the surface of the ma-
terials. The atomic % of those elements calculated based on each high-
resolution spectra are shown in Table 1. N was detected in all three Ni
nanoparticles samples, as seen in the N 1 s high resolution spectra
shown in Fig. S1. Peaks at 399.7 eV are corresponding to the amine
group in remaining HDA for nanospheres and nanorods and N in PVP
for nanobead chains. An additional nitrogen peak observed at 397.9 eV
in the nanobead chains sample is associated with electronic donator-
acceptor interactions between the chemisorbed PVP and Ni surface.
[57] Although the same amount of HDA was used for the preparation of
nanospheres and nanorods, the remaining N contents on their surfaces
are slightly different, with 1.5 at.% on nanospheres and 0.6 at.% on
nanorods. More N content existed in the nanobead chains originating
from the usage of PVP during the synthesis. P was detected in nanos-
pheres sample with 1.1 at.% on the surface, which may contribute to
different compositions of the external thin layer observed in TEM im-
age. Fig. 3a shows photoelectron measurement of P 2p core level. The
phosphorus core level contains two main components. The lower bind-
ing energy peak observed at 130 eV corresponds to elemental phospho-
rus (P%), which consists of the characteristic doublet representing the P°
2ps3» and PO 2p,, orbitals with peak positions of 129.9 eV and
130.8 eV respectively.[58] This elemental phosphorus existing in
nanospheres catalyst indicates the possible existence of a Ni-P phase,
which could be a component positioned at the surface of Ni nanos-
pheres. The peak centred at 133 eV in the spectra represents a pentox-
ide component such as P,O5 (P>*), which also contains two sub-peaks
of P®+ 2p;,» at 133.0 eV and P3* 2p; ,, at 134.2 eV [59,60]. The phos-
phorous oxide could come from the surface oxidation when phosphorus
was exposed to air [61]. Apart from N and P, more than 90 at. % of the
elements on the surface were C and O, which may be derived from the
remaining organic species, surface oxidation and surface contamination
by adventitious carbon [44,62]. This could affect the chemical state of
Ni on the surface. Thus, high resolution XPS of Ni were recorded to
identify its chemical state. Those XPS spectra of Ni 2p3,, for the three
catalysts are shown in Fig. 3b and the calculated atomic percentage in
oxidation and metal states are displayed in Table 1. The binding ener-
gies around 852 eV and 855 eV are assigned to metallic Ni (Ni®) and ox-
idized Ni (Ni®*), respectively, along with satellite peaks [63]. Since the
catalysts were stored without particular precautions, an external Ni ox-
ide layer could be formed due to the contact with air [44], which ex-
plains the presence of oxidized Ni. NiO, Ni(OH), and NiOOH are most
expected to be the components of this oxidized Ni. A 0.9 eV shift of oxi-
dized Ni peak was observed in nanospheres sample, which could be due
to the fact that the relative content of NiOOH is higher in this sample
than in the other two samples. Also, the presence of P,O5 species in
nanospheres also leads to this shift. Similar percentages of metallic Ni
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Fig. 2. ATR-FTIR spectra (a) and Raman spectra (b) of Ni nanospheres (blue), nanorods (red) and nanobead chains (black). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Atomic percentages of C, N, Ni, O and P determined by XPS measurement;
Binding energy and contents of Ni° Ni®* in Ni 2ps,, level.

Ni particles Cls N1s Ni O1ls P2p Ni®2p;, Ni®+ 2ps3 5
% % 2p3 % %
% BE.  at% BE  at%
(eV) (eV)
Nanospheres 504 15 5.1 42.0 1.1 852.5 28.3 856 71.7
Nanorods 615 06 4.1 339 00 8524 289 8551 71.1
Nanobead 475 2.6 6.8 431 0.0 8521 24.3 8553 75.7
chains

phase were detected on the near surface of nanosphere, nanorod, and
nanobead chains catalysts.

Inductively coupled plasma optical emission spectrometry (ICP-
OES) analyses were carried out to determine the elemental composition
in the bulk material of the three Ni catalysts, and the results are shown
in Table S2. N was detected in less than 0.1 wt% quantity in all three
catalysts while 8.02 wt% of P was present in the bulk of nanosphere
catalyst and none in the two others, which is consistent with results of
XPS characterization. Since the content of P detected by ICP (ca. 9 at.%)
is higher than by XPS (1.1 at.%), P dopant should distribute both in the
external and internal volumes of the nanosphere particles.

Thus, most of the reactants were well removed from the surfaces of
the catalysts after washing, but the adsorption of some species on the
surface cannot be totally eliminated even with deliberate washing.
Moreover, surface oxidation was found in the three Ni catalysts, and
phosphorus as an impurity was only detected in Ni nanospheres cata-
lysts. The possible phases identification within the three catalysts will
be elaborated below.

3.3. Crystallinity of the catalysts

The power XRD patterns of three different catalysts are illustrated in
Fig. 4. The diffraction peaks at 20 = 44.5° in all samples corresponded
to the (1 1 1) crystal planes of crystalline face centered cubic (fcc)
nickel, and the peaks at 26 values of 51.8° and 76.4° in the nanorod and
nanobead chain samples were assigned to the (2 0 0) and (2 2 0) crystal
planes of fcc nickel (JCPDS-ICDD card No.04-0850). The low intensity
of the broad (1 1 1) diffraction peak in the nanospheres indicates small
crystal grain size in this catalyst. Particle size calculated using the De-
bye-Scherrer formula based on the full-width at half-maximum
(FWHM) of the (1 1 1) diffraction peak in nanospheres catalyst was
only 3.4 nm, which is much lower than the value measured by TEM
(24 nm), indicating the low crystallinity and/poly-crystalline nature of
the Ni nanospheres. Besides, the diffraction of (2 0 0) and (2 2 0)
planes were not distinguished in the nanosphere catalyst. On the con-
trary, all diffraction peaks can be observed in the nanorod and

a)

nanobead chain catalysts, indicating their higher crystallinity com-
pared to nanospheres. Those crystallinities of catalysts were further
computed using the ‘Crystallinity’ function in DIFFRAC.EVA software
and the results are shown in Table S3. For the bulk catalysts, the lowest
crystallinity is in the nanospheres, where 84 % of the structure is amor-
phous. The crystallinity of nanorods and nanobead chains is 62 % and
79 %, respectively.

HR-TEM images and SAED patterns of nanospheres, nanorods and
nanobead chains catalysts are shown in Fig. 5. The HR-TEM images
(Fig. 5a—c) of the three catalysts have clear lattice fringes with a spacing
of about 0.2 nm corresponding to the Ni (1 1 1) face. The SAED pat-
terns of all three samples (Fig. 5d—f) show concentric circles, which are
due to polycrystallinity in the nanostructures. The nanorods (Fig. 5e)
have a relatively more spotty pattern, while there are distinct diffused
rings in the nanospheres and nanobead chains, which implies the exis-
tence of amorphous Ni, which implies an amorphous structure with
short-range order but with defects. For the nanospheres (Fig. 5d), one
clear and bright diffused ring was observed in the middle, which corre-
sponds to Ni (1 1 1) plane. This Ni (1 1 1) diffraction ring is broader
than that of nanorods and nanobead chains, which should be related to
other amorphous phases associated with P.

Moreover, in order to disclose the amorphous structure of nanos-
pheres catalyst during catalytic condition, an in situ p-XRD measure-
ment was performed under reducing atmosphere mimicking the reduc-
ing condition of the hydrogenation reaction. In Fig. S2, it can be seen
that before the sample was heated to 300 °C, there is only one hump
around 20 = 44.5°, which is due to the diffraction contribution from
fcc Ni (1 1 1) and amorphous structures, but once the temperature
reached above 300 °C, more crystalline peaks appeared, implying a new
phase formed. Those appeared new peaks, marked with ‘*’, matched
well with NisP phase (JCPDS-ICDD card No.89-2743), regardless of the
peaks shifts due to high temperature. All diffraction peaks from NizP
and Ni phases turned sharper and sharper with the increase of tempera-
ture, as expected. Thus, those amorphous Ni-P components can be con-
firmed to contribute to the broader Ni (1 1 1) diffraction ring observed
with the nanospheres.

One question remains here about whether the introduction of hy-
drogen is involved in a reduction reaction that leads to the formation of
the NisP phase at high temperatures. Thus, nanospheres sample after
heating up to 900 °C under N, atmosphere was analysis by p-XRD, sepa-
rately. This result is shown in Fig. S3. It can be seen that under N, at-
mosphere, when the sample was heated to 900 °C, similarly, a new Ni;P
phase was formed and the Ni (1 1 1) is much sharper than its original
hump. Thus, the temperature is the reason for the formation of the NisP
phase and the crystallization of Ni phase rather than a mere reduction
reaction with hydrogen.

The diffraction rings of Ni (2 0 0) and Ni (2 2 0) in the nanospheres
are not as clear as they are in nanorods and nanobead chains catalysts,
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Fig. 3. High resolution P 2p (a) and Ni 2p3,, (b) XPS spectra of nanospheres (blue), nanorods (red) and nanobeads chains (black). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. XRD patterns of Ni nanospheres (blue), Ni nanorods (red) and Ni
nanobead chains (black). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

which is in complete agreement with the result of p-XRD. The crys-
tallinity was also investigated by dark-field (DF) images. Fig. 6 illus-
trates DF images taken in different areas of the samples and at different
angular beam tilts. The details of the corresponding bright-field images,
SAED images and portions of diffraction ring chosen for DF imaging are
illustrated in Figure S4-6.

In Fig. 6a—c, few bright spots with low contrast were observed in the
nanospheres catalyst (circled in the images), suggesting low crys-
tallinity for the nanospheres, while the lit up areas in the nanorod sam-
ple mostly stretched along the nanorods, forming short light lines rather
than light spots as in nanospheres. In addition, the borders of the
nanorods, corresponding to Ni (1 1 1) facets, were well illuminated
(Fig. 6d-f). This is consistent with the clear presentation of boundary
crystal planes on the edges of the nanoparticles as seen in Fig. 5b. The
nanobead chains catalyst has more and larger bright spot areas than the
nanospheres, but those lit up parts are also discrete (Fig. 6g-i). Thus,
the nanorod catalyst presents a more continuous crystalline structure,
especially in the outer layers of the particles, compared to the nanos-
pheres and nanobead chains catalysts. This amorphous and low contin-

Nidlly

uous crystalline structure of nanospheres can be further testified by the
lowest magnetic moment of the nanospheres, as illustrated in Fig. S7.
As it is shown in the picture, the three materials in glass vessels were
placed in a same site under a permanent magnet. Nanorods and
nanobead chains particles were drawn up by the magnet, but the nanos-
pheres particles stayed at the bottom of the vessel.

The oxidized Ni phases on the surface of the three catalysts, detected
by Raman and XPS, did not give a clear signal in XRD and SAED analy-
ses. According to XRD patterns, it means that the oxide phase accounts
for less than 5 wt%. Thus, Nickel samples were passivated rather than
oxidized. Also, the diffraction peaks or patterns of Ni-P phase for nanos-
pheres catalysts were not observed in XRD and SAED. This means that
these oxidized Ni and Ni-P phases are in an amorphous state or have a
low thickness of several angstroms to several nanometres maximum
[44].

The reasons for particles with different components and crystallini-
ties being obtained under different hydrogen pressures can be ex-
plained by the particle growth mechanism, involving nucleation and
aggregation processes. The nucleation rate relates to the supersatura-
tion of the solution — Lamer mechanism [64]. The Ni(®-TOP mononu-
clear complexes, such as [Ni(TOP),] identified by Ely et al., should act
as Ni-atom carriers, promoting the transmission of Ni [45,65]. Here, hy-
drogen as a reducing agent can elevate the formation rate of mononu-
clear complexes thanks to a higher concentration under a higher pres-
sure [66]. Then, the kinetics of aggregation process is promoted with
this higher concentration of mononuclear species, inducing that Ni
atoms cannot be stabilized under thermodynamic condition. Thus, a hy-
drogen-undirected controlled aggregation of the nuclei leads to less
crystallized particles under a higher pressure. And P is likely introduced
into the particles as a dopant during this rapid aggregation process.

3.4. Physical adsorption properties of the catalysts

N, adsorption/desorption isotherms at —196 °C were measured to
determine the specific surface area of those prepared catalysts. The
isotherms and calculated BET surface areas are shown in Fig. S8. The
expected Type II adsorption isotherm was obtained for all the samples,
which indicates an indefinite multi-layer formation after completion of
the monolayer adsorption. Type IV desorption isotherms were ob-
served in nanosphere and nanorod samples, which corresponds to the

Fig. 5. HRTEM images and SAED patterns of Ni nanospheres (a, d), nanorods (b, e), nanobead chains catalysts (c, f).
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Fig. 6. Dark field images of nanospheres (a—c), nanorods (d-f), nanobead chains (g-i) catalysts.

presence of capillaries (mesopores) created by nanoparticles stacking.
Since the length of nanobead chains are in the scale of pm, macropores
are more likely formed during the particles stacking, which conse-
quently gives a type II desorption isotherm in this case. The BET sur-
face areas of nanospheres and nanorods are almost the same values
(12 m2/g), and higher than the surface area of the nanobead chains
(6 m2/g). The hysteresis loops in the isotherms of the nanospheres and
nanorods indicated the slit holes in the samples formed by uniform
particles accumulation (inter-grain voids). The hysteresis loop for
nanospheres sample appears at lower relative pressure, which corre-
sponds to the smaller slit pores in the nanospheres compared to
nanorods. This is due to the fact that nanospheres are smaller in size

a} N_iﬂ

Sorbitol H-

[?\!i-GIucusr.‘l

Glucose

than nanorods and therefore present smaller slit pores between the in-
dividual particles.

3.5. Catalytic performance of the catalysts in glucose hydrogenation
reaction

After obtaining different shapes of Ni nanoparticles, we used them
to catalyse the reaction of glucose hydrogenation. The catalytic cycle
can be simply expressed as in Fig. 7a. Briefly, hydrogen chemisorbed on
the catalyst surface, forms activated H adatoms. The substrate glucose
adsorbs on the Ni surface either via O (1), O (5), and O (6) of glucopyra-
nose or oxygen lone pair in the carbonyl group of glucose aldehydic

b) [Ni-(}lucoscl :

_Ni
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OH “10H
OH

Fig. 7. (a) Catalytic cycle of glucose hydrogenation to sorbitol on Ni. (b) Adsorption structures of glucose on Ni [10,20,67].
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form with n1(0) or n2 (C, O) configurations (Fig. 7b) [10,20,67]. The H
adatoms can behave as nucleophiles and consequently do a substitution
on the C (1) of glucopyranose or an addition onto the carbon atom of
the polarized C=0 bond of the glucose open-chain form. The resulting
alkoxides are then protonated and finally sorbitol is produced after it
desorbs from the metal surface.

Fig. 8 shows the evolution trend of glucose conversion with time
over the three catalysts, including the results at different reaction tem-
peratures. In order to eliminate any decrease in reaction rate due to
mass transfer during the reaction, the conversion of the reaction was
controlled below 30 %. It can be seen that the conversion of glucose
increases with increased reaction temperature for the same reaction
time, regardless of the type of catalysts used. The conversion of glu-
cose over nanospheres catalysts was the highest at any temperature in
the range from 140 to 160 °C, followed by nanobead chains and finally
the nanorod catalysts. Turn over frequency (TOF) values should ideally
be calculated here to compare the catalytic performance of the three
catalysts, based on hydrogen chemisorption measurement to obtain the
total number of active sites. The pre-treatment temperature to reduce
the passivation layer on the catalysts should be kept below 300 °C to
avoid sintering and new phase formation in the samples (as demon-
strated by in situ XRD, see Fig. S2). However, this temperature is not
enough, and very low hydrogen adsorptions were obtained after a pre-
treatment at 250 °C. This results in a huge and unrealistic calculated
TOF values. In reality, during the catalytic tests, the hydrogen pressure
is much higher, resulting in Ni passivation layer reduction at much
lower temperature. Thus, the sorbitol productivity at a same glucose
conversion value was calculated instead of TOF, as shown in Table 2. It
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Fig. 8. Evolution of glucose conversion over time at 140 °C (green), 150 °C
(red) and 160 °C (black) over nanospheres (left), nanorods (middle) and
nanobead chains catalysts (right) under 30 bar of hydrogen. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 2
Sorbitol productivities under different reaction conditions.

can be seen that the nanospheres catalyst exhibited the highest value
compared to the other two catalysts at all three temperatures.

The tendencies for the curves of glucose conversions vs time are
consistent with the previously reported first-order reaction [68,69].
Therefore, the reaction rate constants for the glucose hydrogenation re-
action at different reaction temperatures over different catalysts were
obtained by plotting In (1 — x) versus reaction time through a linear fit
to the equation below(Eq. (7)), where X represents the glucose conver-
sion and k represents reaction rate constant. The fitted curves are
shown in Fig. S9. Furthermore, the apparent activation energies of the
reaction over the three catalysts were obtained by graphing the natural
logarithm of the Arrhenius equation (Eq. (8)), where A is the pre-
exponential factor; E, is the activation energy; R is the universal gas
constant and T is the absolute temperature in Kelvins [70].

In(l —x) = —kt )]
Ea
Ink =1Ind — 7 (®

The apparent activation energies of glucose hydrogenation reactions
over nanosphere, nanorod, and nanobead chains catalysts were calcu-
lated as 32 kJ/mol, 98 kJ/mol, and 98 kJ/mol, respectively (Fig. 9).
Thus, the apparent activation energies calculated for the glucose hydro-
genation reaction in the temperature range of 397-433 K with nanos-
phere catalysts is lower than for the other two catalysts nanostructures,
which is in good agreement with that observed for highly performant
Ru/HYZ catalysts (32.9 kJ/mol) [71], Pt/SBA-15 catalysts(47 kJ/mol)
[16], supported Ni (67 kJ/mol) catalysts [22], and Raney nickel cata-
lysts (644 kJ/mol) [72]. The apparent E, calculated with nanorods
and nanobead chains catalysts were the same, which should imply the
same catalytic performance. However, for E, calculation with Arrhenius
equation, a temperature input error induced by fluctuation of real reac-
tion temperature leads to a low R-Square, which is the case for
nanobead chains with a R-Square less than 0.9, making the E, less reli-
able. In addition, E, is temperature-dependent, and although nanorods
and nanobead chains catalysts were calculated to exhibit a same E, in
the temperature range of 397-433 K, their catalytic performances may
be different at a specific temperature. This will be discussed in detail
below.

In the glucose hydrogenation reaction, due to the high temperature
of the aqueous solution, other side reactions usually occur, such as iso-
merization of glucose to fructose or mannose via an intramolecular hy-
dride shift, and further formation of other by-products, like mannitol
from the hydrogenation of those isomers, which was described in detail
in our previous work [29]. Therefore, the sorbitol selectivity is also an
important criterion to evaluate the catalyst performance. The trends of
sorbitol selectivity with glucose conversion over the three catalysts at
different temperatures are compared in Fig. 10. A selectivity increase
with glucose conversion was observed in all cases except nanospheres
and nanorods at 140 °C. Glucose isomerization to fructose or mannose
more easily reach their equilibrium compared to glucose hydrogenation
to sorbitol in the initial stage of the reaction. Thus, more sorbitol was
produced with longer reaction time along with a relative constant pro-

Temperature/°C Catalyst Glucose conversion/% Catalyst content/mg Time/min Sorbitol/mg Productivity/Kkg.ge,!.min~1
140 Spheres 8 14 10 38.4 274.3
140 Rods 7 14 82 19.5 16.9
140 Bead chains 7 14 40 19.7 35.2
150 Spheres 14 14 20 45.7 163.22
150 Rods 13 14 62 24.6 28.32
150 Bead chains 13 14 20 21.6 77.12
160 Spheres 22 14 20 48.9 174.62
160 Rods 21 14 46 15.6 24.22
160 Bead chains 21 14 46 21.7 33.7
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Fig. 9. Arrhenius plots for determination of the apparent activation energy E,
of glucose hydrogenation over nanospheres (blue), nanorods (red) and
nanobead chains (black) from 397 to 443 K under 30 bar of hydrogen. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 10. Plots of sorbitol selectivity versus glucose conversion during glucose
hydrogenation reaction over Ni nanospheres (left), Ni nanorods (middle), and
Ni nanobead chains (right) at 140 °C (green), 150 °C (red) and 160 °C (black).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

duction of fructose/mannose, which leads to the increased of selectivity
of sorbitol with time. As side-reactions mentioned above are promoted
along with the increase of temperature, consequently more fructose and
mannitol are produced at higher temperature. Thus, higher sorbitol se-
lectivity was obtained at lower reaction temperature in all three cata-
lysts conditions. At a reaction temperature of 140 °C, the sorbitol selec-
tivity remained essentially at 100 % for 1 h when using the nanos-
pheres catalysts, while it was only about 55 % for the nanorods cata-
lysts and 70 % for the nanobead chains catalysts. This 100 % sorbitol
selectivity with nanospheres catalysts was also obtained in two re-
peated experiments (Table S4), which shows the repeatability of the
catalytic performance. There is an increasing trend of the selectivity
with glucose conversion at temperatures of 150 and 160 °C, which is
due to the fact that the glucose isomerization reaction reaches an equi-
librium at the beginning, producing a relatively stable amount of fruc-
tose. Regardless of the temperature conditions, the nanospheres cata-
lyst exhibited the highest sorbitol selectivity, compared to the other
nanorods and nanobead chains catalysts. The carbon balances (C;,) were
calculated by Eq. (5). At the reaction temperature of 140 °C, all the Cy,

values were 100 % with the three catalysts over the whole time range.
At 150 °C, there is only a 1 % difference of C, values among the three
catalysts with time and all those C, are above 98 %. By opposition, all
the C;, decreased from 100 % to around 91 % when the reactions were
carried out at 160 °C (Fig. 11), and the remainder are unknown by-
products possibly coming from glucose hydrolysis or dehydration reac-
tions (see reaction scheme in Fig. S10). Nanospheres catalyst not only
has highest catalytic activity, but also a definite advantage of highest
sorbitol selectivity. A comparison of glucose conversion, sorbitol selec-
tivity and TOFs with reported representative catalysts is shown in Table
S5. Noble Ru-based catalysts have a prominent advantage in both activ-
ity and sorbitol selectivity. However, with monometallic Ni catalysts, it
requires usually a longer reaction time and higher concentration of cat-
alyst to reach a similar glucose conversion than with Ru-based cata-
lysts, and this activity of Ni catalysts can be enhanced by promoters like
B, Co, and Fe. Ni nanosphere catalysts in this work makes its activity
even closer to Ru catalysts, because it achieved 34 % of glucose conver-
sion and 100 % sorbitol selectivity in 82 min with only 0.0012 g of cat-
alyst. The possible reasons for this outstanding catalytic performance
observed with Ni nanospheres catalyst will be discussed now.

First, regarding the morphologies of nanospheres, nanorods and
nanobead chains observed by SEM and TEM, surface crystalline facets
distributions should vary among particles with different morphologies
if they are monocrystalline [73-75]. However, polycrystalline struc-
tures were detected, especially on the surface of nanospheres and
nanobead chains catalysts, which makes the surface facet enrichment
indeterminable. While nanorods catalyst appear with a continuous
crystalline structure - fcc Ni (1 1 1) in the external layers, it shows the
lowest catalytic activity compared to nanosphere and nanobead chains
catalysts, implying that the particles with polycrystalline nature on the
surface are more active. In addition to the polycrystalline nature, amor-
phous Ni structures are coexisting in both nanosphere and nanobead
chains catalysts. It has been studied that amorphous composition of the
catalysts with abundant defects and coordination-unsaturated sites on
the metal surface can potentially lead to higher catalytic performance
than crystalline counterparts [76-78]. Therefore, the nanospheres with
lowest crystallinity (highest content of amorphous nickel) has a better
reactivity than the nanobead chains and nanorods.

It should be noted here that nanospheres, in addition to having the
lowest crystallinity, also has a different component - P from the other
two catalysts. Thus, in order to exclude the effect of P component, we
tried to synthesize analogous P-free nanoparticles by changing the ex-
perimental conditions, but this was unsuccessful. In this case, P-free
nanospheres with the same morphology cannot be obtained using the
current synthesis method. However, comparisons can be made with the

1004 = o
h...______-___:‘—.‘_“
X 80
§ 160 °C
& 60 -
©
o
g 40 ™
£ —— Nanospheres
8 2090 —e— Nanorods
Nanobead chains
0 T T = T i T o L} T T

0 10 - 200 30: - 40: 50 60'70
Time (min)

Fig. 11. Real-time carbon balance monitoring during glucose hydrogenation
reaction over nanospheres (blue), nanorods (red) and nanobead chains (green)
catalysts at 160 °C, 30 bar H,, 1700 rpm and 62 min. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web ver-
sion of this article.)



Y. Fu et al. / Journal of Catalysis xxx (xxxx) 1-13 11

carbon black supported Ni nanoparticles CB-650 catalyst that we re-
ported recently [79]. The Ni particles in CB-650 catalyst have a similar
morphology to the Ni nanosphere catalyst described in this work - the
average particle size is 24 nm and there is no P dopant, but Ni particles
in CB-650 are carbon black (CB) supported. The specific characteriza-
tion data of these catalysts are integrated in Table 3 below for a clearer
comparison. It can be seen that under the same catalytic reaction condi-
tions, comparing first the catalysts without P, the sorbitol productivity
of CB-650 is lower than that of nanorods and nanobead chains catalysts.
Both nanorods and nanobead chains have lower surface area and Ni®
content than CB-650, which should give a lower sorbitol productivity,
but the crystallinity of their nanoparticles is lower than that of CB-650,
which confirms that lower crystallinity corresponds to higher catalyst
activity. In addition, the sorbitol productivity obtained with P-free CB-
650 (8 kg'g.oi 'min~1) is even much lower than that of nanospheres
with P component (274.3 kg g, 'min-1). Also, here, the low Ni®
amount in the P-doped nanospheres does not make its sorbitol produc-
tivity lower than that of CB-650, because we believe that the passiva-
tion layer on Ni surface should be reduced in situ to form active sites
since the hydrogenation reaction is carried out under 30 bar hydrogen.

Thus, it is the P component that decisively enhances the catalytic ac-
tivity of nanospheres. As charge-transfer process is commonly occurring
at the interface of a hybrid catalyst, this P dopant in the nanospheres
catalysts can induce the electron transfer from Ni atom to P atom at the
heterointerface of Ni-P phase, leading to positively charged Ni atoms,
which has been demonstrated by density functional theory (DFT) calcu-
lations [80]. This can probably facilitate the glucose adsorption step
with n1(0) or n2 (C, O) configurations. In addition, those positively
charged Ni atoms can act as Lewis acid sites, resulting in an increase of
the catalysts acidity. This may play a positive role for the formation of
glucopyranose for a n1(0O) configuration adsorption [81]. An hydrogen
uptake rate was enhanced as well with P doping according to the re-
ported Ni-P alloy catalyst study, from which the order of hydrogen up-
take rate per gram Ni is Raney Ni-P > Raney Ni [41]. Furthermore, the
doping P atoms can separate the surface Ni atoms and potentially create
more amorphous structure, consequently more low-coordinated atoms.
As Ni-P crystalline phase was not detected by Raman, SEAD pattern and
p-XRD, but it started to be visible when nanospheres were heated at
more than 300 °C, an intrinsic amorphous Ni-P structure is suggested.
Therefore, P dopant in nanosphere catalyst has a contribution to its cat-
alytic activity both in tuning the electron distribution among adjacent
atoms and crystallinity of the material.

Besides, the organic capping agents not being detected by IR and Ra-
man can be largely ignored for their effect on catalytic activity. The ef-
fect of surface chemical state of Ni could be excluded as well because
the contents in metallic Ni on the surface of these three catalysts are
similar. Moreover, similar specific surface areas and nonporous textures
were measured for three catalysts, thus external and internal diffusion
of the substrates during the reaction should show no difference among
those three samples. Also, the difference in catalytic performance
should not be due to a mere particle size effect, because the nanobead
chains are much larger and thus display the lowest specific surface area
than the nanorods in size, but have a higher catalytic activity than
nanorods. Overall, amorphous structure and P dopant make Ni nanos-

Table 3

pheres an outstanding catalyst that outperforms Ni nanobead chains
and nanorods.

3.6. Ni leaching from the three catalysts during catalytic reaction

Leaching of Ni in the three catalysts at three different temperatures
after one-hour catalytic reaction was analysed by using AAS after filter-
ing out the solid catalyst, and is in Table 4.

For all the Ni catalysts, after one hour reaction, 1.6-3 % of Ni
leached at 140 °C; 1.4-2.7 % of Ni leached at 150 °C; and 1.6-5.7 % of
Ni leached at 160 °C. Nanobead chains catalyst appears to leach less
than either of the other two catalysts, which could be attributed to its
high crystallinity. Similarly, the highest content of amorphous structure
in nanospheres makes it leach the most at all temperatures. The identifi-
cation of specific mechanisms of leaching and solutions to mitigate it
are still under study, and are beyond the scope of the present contribu-
tion.

4. Conclusions

Three different morphologies of Ni nanoparticles, namely nanos-
pheres, nanorods, nanobead chains, were successfully prepared for in-
vestigating comparatively their catalytic performance in the glucose
hydrogenation reaction. By altering the hydrogen pressure during the
synthesis, Ni nanospheres and Ni nanobead chains nanoparticles with
different compositions and crystallinities were obtained, together with
a temperature of 180 °C which was demonstrated to be a necessary con-
dition for forming magnetic Ni nanoparticles. Magnetism was taken as a
criteria to identify formation of metallic Ni nanoparticles. Decent wash-
ing steps were applied to remove the reactants after the synthesis, and
as a consequence, HDA and TOP were not detected in the IR and Raman
spectra of the final particles. NiO phase was probed by Raman spectra
for Ni nanorods and Ni nanobead chains, but it was invisible in XRD
pattern and SAED images, attributed to its amorphous structure and
thin layers with less than 5 wt% contents. XPS and ICP test indicated
the presence of a Ni-P component in Ni nanospheres catalysts, and this
component was again not observed by XRD and SAED, suggesting its
amorphous structure. These differences in crystallinity and composition
ultimately led to significant differences in the catalytic performance of
the three catalysts. Thus, activation energies of 32 kJ/mol, 98 kJ/mol,
and 98 kJ/mol were attained for the glucose hydrogenation reaction
catalysed with Ni nanospheres, Ni nanorods and Ni nanobead chains
catalysts, respectively. In addition to the best catalytic activity obtained
with Ni nanospheres, the highest selectivity in sorbitol was also
achieved with Ni nanospheres, which is around 100 % at a typical reac-
tion temperature of 140 °C. Thus, amorphous P-doped Ni nanospheres
has not only superior catalytic activity but also excellent product selec-
tivity contrasting with Ni nanorods and nanobead chains. Besides, the
Ni leaching after catalytic reaction was also investigated, and it was
found that the leaching percentage of Ni could be related to the crys-
tallinity of the particles, that is, nanosphere owning the highest propor-
tion of amorphous structure leached the most. Here, multiple factors
working together led to building a high-performance catalyst, and this
makes a meaningful contribution to P doped catalysts family with

Structural properties and sorbitol productivity comparisons among nanosphere, nanorods, nanobead chains and CB-650 catalysts.

Particle size/nm P content/%  Surface Ni° content/%  Crystallinity/%  BET specific surface area/m? g-! Productivity/kg-g.,*min~!
Nanosphere 24.1 + 0.8 8.02 28.3 16 12 274.3
Nanorods 723 £ 35L*155 £ 1W <0.01 28.9 62 12 16.9
Nanobead chains  >1.5 pm <0.01 24.3 79 6 35.2
CB-650" 23.5 = 11.6 0 84 100* 72 8

# Characterization data of CB-650 were extracted from our previous paper [79].

* Crystallinity was computed using the method mentioned in the Experimental part.
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Table 4
Ni leaching percentage (%) from nanospheres, nanorods and nanobead chains
catalysts after one-hour catalytic reaction at three reaction temperatures.

140 °C 150 °C 160 °C
Nanospheres 3+0.1 2.7 £ 0.1 57 = 0.3
Nanorods 25+ 0.1 1.8 £ 0.1 4 +03
Nanobead chains 1.6 £ 0.1 1.4 £ 0.1 1.6 = 0.3

amorphous structure for the future design of green and efficient cata-
lysts for similar types of reactions.
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