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Ni nanoparticles supported on carbon black (Ni/CB) with Ni particle sizes 6.9-23.5 nm were found to exhibit a
size effect, with a significant impact on catalytic performance in the glucose hydrogenation reaction. A series of
Ni nanoparticles with different sizes, as determined by statistical analysis of TEM images, were obtained by vary-
ing the synthesis temperature using a sol-gel method. The highest glucose conversion and sorbitol production in

glucose hydrogenation was possible with Ni/CB catalysts with Ni particles size around 17 nm obtained at 550 °C.
Similarly, graphene nanoplatelets (GNP) supported Ni with different particle sizes synthesized under different
temperature conditions have an identical behaviour, that is, GNP-550 exhibits the highest catalytic performance.
Therefore, it can be concluded that size effect appeared when the particle size is above 10 nm, which provides a
reference for the design of subsequent catalysts for liquid phase hydrogenation reactions pertinent to biomass

conversion.

1. Introduction

Sorbitol as a sweetener, moisturizer, texturizer and softener is
largely used in the food industry, for medical applications as well as
cosmetics. Its global market size was valued at USD 1244.5 million in
2018 and is predicted to rise to 1928.3 million by the end of 2026,
showing a compound annual growth rate (CAGR) of 5.54 % in the fore-
cast period 2019-2026 [1]. Sorbitol is produced mostly by glucose cat-
alytic hydrogenation. Metal catalysts applied in the process have been
investigated among Ni, Pt, Co, Ru metals and their multicomponent
structures with promoters like P, B, Al, Fe [2-17]. Among these cata-
lysts, Raney type Ni was the first to be applied as early as in 1912 [18].
For Raney nickel catalysts, a large amount of metal leaching during the
reaction is an inevitable issue. It can be diminished by reducing the
amount of Ni used and stabilizing small metal particles by supports like
Si0,, C, zeolite [6,12]. On the contrary, noble metals do not have this
leaching problem and usually possess absolute advantages in their cat-
alytic activity compared to base metals. For example, the conversion of
glucose and selectivity to sorbitol with a Ru catalyst presenting a
0.6 wt % metal loading were comparable to a Ni catalyst with a
66.78 wt % metal loading and no leaching was detected after 1155 h
time on stream [19]. Besides Ru catalysts, other noble metals like Pt
also have a higher activity than Ni catalysts but not as good as Ru cata-
lyst [13]. Ruthenium and Nickel catalysts are both used to produce sor-
bitol from glucose solutions in the industry right now. In comparing fur-
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ther these two catalysts, an obvious cost issue arises, as Ru metal is
more expensive than Ni metal by a factor 1000. For this reason, there
has been a demand for the modification of low-cost Ni catalysts to en-
hance their catalytic performance as potential alternatives of Ru cata-
lysts.

The modification of supported metal catalysts can be achieved by al-
tering the support and tuning the morphology of the metal particles
such as size and shape [20-23]. Due to the fact that electronic struc-
tures of metal particles change along with the size ranges (nanoparti-
cles, cluster, single atom), extensive research has been done by many
authors focusing on the size effect among single atoms, clusters and
small nanoparticles. For example, the turnover frequencies for CO oxi-
dation per surface gold atom of Au catalysts supported on TiO,, o-
Fe, 03, and Co304 were found independent of the supports used but in-
crease sharply with a decrease in diameter of gold particles below 4 nm
[24]. And Pd particles supported by carbon black with a size centred on
7 nm present an optimal activity in the glucose oxidation reaction [25].
It was also demonstrated that most active Pd/h-BN catalysts must have
a particle size distribution between 3 and 15 nm for lactose oxidation
[26]. Charge transfer between the metal particle and support was
demonstrated to account for the size effect in the case of a well-defined
platinum/ceria catalyst by combing synchrotron radiation photoelec-
tron spectroscopy, scanning tunnelling microscopy and density func-
tional calculations, and Pt with a size around 1-1.5 nm was calculated
to have a maximum charge transfer [27]. Thus, most of the size effects
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were found in nanoparticles smaller than 10 nm, and the catalytic prop-
erties remain unchanged as the nanoparticles increase in size [28].
However, this size effect varies with the reaction considered as well as
with the used metal itself. Therefore, it is meaningful to investigate the
size effect of Ni nanoparticles larger than 10 nm in glucose hydrogena-
tion. These can be even considered as model structures for local do-
mains in Raney Ni.

Here, we prepared carbon black (CB) and graphene nanoplatelets
(GNP) supported Ni catalysts (Ni/CB and Ni/GNP) by sol-gel method,
and Ni particles with different sizes were obtained by controlling the
temperature during the synthesis. In situ XRD was applied to probe the
growth of Ni particles and ex situ XRD was used to analyse the catalysts
obtained after each synthesis. The obtained catalysts were used to catal-
yse the glucose hydrogenation reaction in the liquid phase under high
pressure. The conversion of glucose, the yield of sorbitol and other by-
products were analysed to reveal the relation between the Ni particle
size (over 10 nm) on CB and GNP support and their catalytic perfor-
mance. N, sorption isotherms, XPS, TGA, ICP-AES and H,-TPD and TEM
were also applied for a comprehensive analysis of catalysts properties.

2. Experimental
2.1. Chemicals and materials

Carbon black [250 G type, IMERYS GRAPHITE & CARBON],
graphene nanoplatelets (M15, Sigma-Aldrich), Nickel (II) nitrate hexa-
hydrate [Ni (NO3),0.6 H,0O, 99.999 %, Sigma-Aldrich], citric acid
[CeHgO7, 99.5 %, Alfa Aesar], and ethanol [C,HsOH, 100 %, Merck]
were used as received.

2.2. Catalysts preparation

2.2.1. Ni nanoparticles supported on carbon black (Ni/CB)

Pechini-type sol-gel method was used for the preparation of sup-
ported catalysts [29]. Typically, 1.6 g of citric acid, 0.4 g of CB,
1.7 mmol of the Ni (NO3),0.6 H,0 (495.2 mg of Ni (NO3),0.6 H,0) and
a stirring bar were introduced into a round-bottom flask, respectively.
After 16 mL of ethanol was added, the mixture was stirred for 10 min,
then sonicated for another 20 min at the power level of 4 (VWR ultra-
sound cleaner USC 1200-THD). After the mixture was heated at 90 °C
for 3 h under reflux, it was transferred into a 33 mL ceramic boat and
then dried at 30 °C under vacuum until a gel formed. The obtained gel
was then introduced into a tubular furnace and heated to 300 °C for 2 h
under H,/ Ar atmosphere. The recovered powder was labelled as CB-
300, which was treated as a seed for further particles growth through
heat treatment. To do so, CB-300 was reintroduced into the tubular fur-
nace and heated to a set temperature for 1 h under Ar/H, atmosphere.
Afterwards, the final catalyst was obtained and named according to the
temperature of heat treatment (CB-xxx). In that way, CB-400, CB-500,
CB-550, CB-600 and CB-650 catalysts were prepared at 400, 500, 550,
600 and 650 °C, respectively. Those catalysts were used without further
precautions.

2.2.2. Ninanoparticles supported by GNP

Ni nanoparticle supported by GNP catalysts were synthesized using
the same method as mentioned above by replacement of the carbon
support. Consequently, GNP-350, GNP-450, GNP-550 and GNP-650
were obtained through the heat treatment of GNP-300 at 350, 450, 550
and 650 °C.

2.3. Catalyst characterization
Transmission electron microscopy (TEM) images TEM images were

acquired on a LEO 922 Omega Energy Filter Transmission Electron Mi-
croscope under an operating voltage of 120 kV. For the sample prepara-
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tion, Ethanol was used to suspend the samples. After ultrasonic treat-
ment, few drops of the suspension were deposited on a holey carbon
film supported on a copper grid (Holey Carbon Film 300 Mesh Cu),
which was dried before introduction in the microscope for imaging.

X-ray photoelectron spectroscopy (XPS) analyses were performed
with an SSI-X-probe (SSX 100/206) photoelectron spectrometer from
Surface Science Instruments (USA) at room temperature and monochro-
matized microfocus Al X-rays (1486.6 eV) were used as a source. Sam-
ples were placed on the round metal stage sample holders using double
face adhesive tape and then the sample holders were fixed on an insu-
lating ceramic carousel (Macor®, Switzerland). A nickel grid above the
carousel and a flood gun set at 8 eV were applied to eliminate the
charging effect of the samples during analysis. Data analysis was exe-
cuted using CasaXPS software, and the peaks were decomposed by
Gaussian/Lorentzian product formula GL (15) after a Shirley-type back-
ground was subtracted. All the binding energies were calibrated accord-
ing to the C-(C, H) component of the C 1 s peak fixed at 284.8 eV.

X-ray diffraction (XRD) analysis were performed using a Bruker D8
advanced diffractometer (Bragg-Brentano geometry) equipped with a
LInkeye XE-T detector. The powder sample was spilled on a silicon crys-
tal sample holder with a thin layer of NIVEA cream as an adhesive. The
X-ray source (Cu kal,2, A = 0.15418 nm) operates at 1200 W (30 mA,
40 kV). Analysis were made within a 26 range from 5° to 80° using a
step size 0 f 0.015° and 0.15 s per step. For in-situ experiments, a Paar
Instrument XRK 900 chamber was used to control the reducing atmos-
phere (30 mL/min of 5 % H, in argon) and the temperature (from
300 C to 700 C). Thermal expansion of the chamber is adjusted by cor-
recting the height of the sample at each temperature. Eva software
(Bruker) and the PDF-2 database were used for data treatment.

For thermogravimetric analyses (TGA), 5-10 mg samples were
placed in alumina containers and introduced in a Mettler Toledo TGA/
SDTA 851e instrument. Thermograms were recorded up to 900 °C using
a 10 °C/min heating rate under a 99.999 % N, flux.

Ni weight percentage in the bulk CB/GNP supported catalysts were
obtained using ICP-AES Varian 720ES by analytical and chemical con-
sultancy services from MEDAC LTD (UK). The samples were digested
with 5 mL of nitric acid and 1 mL of hydrogen peroxide, then the solu-
tions were made up to a volume with 18.2 Mohm water and analysed.
The amount of Ni leaching after the catalytic tests was analysed within
the products solutions by Perkin Elmer 3100 Atomic Absorption Spec-
trometer (AAS) after filtering out the solid catalyst.

Temperature-programmed desorption (TPD) experiments were per-
formed on a Catlab equipment from Hiden (UK). Typically, a sample of
ca. 60 mg was treated under a 30 mL/min flow of 5 % H,/Ar at 300 °C
for 1 h, and subsequently cooled down at 50 °C. The same reductive at-
mosphere was maintained for 1 h. After that, the sample was purged
with pure Ar (30 mL/min) for 1 h to eliminate the physical absorbed H,
and H,-TPD profiles were recorded in flowing Ar in the temperature
range 50 — 800 °C with a heating rate of 10 °C/min.

The specific surface area of the catalysts was determined using a Mi-
cromeritics ASAP 2020 analyser by nitrogen adsorption-desorption
isotherms at 77 K. Around 200 mg of sample was first degassed for 2 h
under 0.133 Pa pressure at 473 K with a heating rate of 10 K/min. The
specific surface areas were calculated based on the well-established
Brunauer-Emmett-Teller (BET) equation by analysis of the isotherms.

2.4. Hydrogenation of D-glucose

Aqueous glucose hydrogenation was carried out in a 300 mL stain-
less-steel high-pressure reactor (Parr Instrument Company). For a typi-
cal reaction, 0.5 g of glucose, 0.06 g of catalyst and 100 mL Milli-Q wa-
ter was first introduced into the reactor. After the reactor was fasten
into its mantle, N, was purged for 5 min to remove the air in the reac-
tor. Then the reactor was heated until 140 °C. H, was filled at a pressure
of 30 bar and motor was switched on at a stirring rate of 1700 rpm
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(which was sufficient to eliminate external mass-transport limitations),
at which point the reaction started. After 2 h reaction, the reaction was
immediately stopped by simultaneously releasing the hydrogen pres-
sure and cooling down to room temperature with circulating water. Re-
action slurry was filtrated on PVDF membrane (0.2 pm), and the recov-
ered solid was washed with Milli-Q water and dried at room tempera-
ture overnight. This solid is the spent catalyst that will be used for recy-
cling tests. The filtrate was systematically analysed to evaluate the glu-
cose conversion, product yields and leaching of Ni. For a recycling test,
the same reaction conditions were kept except that the catalyst was re-
placed by the spent catalyst.

For the analysis of products, the filtrate was analysed by HPLC. A re-
fractive index 2414 detector and an HPX-87 C carbohydrate column
were equipped into a Waters system HPLC. Milli-Q water was used as
mobile phase at a flow rate of 0.5 cm® min~!. The injected volume is
25 pl and the column temperature was set at 358 K. Standard alpha-D
(+)-glucose (CsH150¢, > 99 %, Acros), D-sorbitol (C¢H1404, > 99.5 %,
Sigma), D-(-)-fructose (C¢H;,0¢, > 99, Sigma), D-mannitol (C¢H;40¢, >
98 %, Sigma-aldrich) and D-(+)-mannose (CgH;,0¢, > 99 %, Sigma),
with a known gradient concentration were first analysed by HPLC sepa-
rately to determine their retention times and signal intensity — concen-
tration relation, which were used as references to identify and quantify
the products of glucose hydrogenation. The glucose conversion, sorbitol
selectivity, product percentage yield and sorbitol productivity were cal-
culated according to Egs. (1-4):

) moles of glucose ( = 0)— moles
Conversion (% )=
moles of glucose (1
Selectivit % moles of  sorbitol
erecttotty ’ moles of glucose (t = 0 ) —ur
les of t(t =i
Yield (%) = moles of product ( i) % 100 3

moles of glucose (t = 0)

Intensity (a.u.)

Intensity (a.u.)
@
2

42.45.4I8.5l1
Two theta (*)
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3. Results and discussion
3.1. Characterization of Ni/CB catalysts

During the synthesis of our starting carbon-supported Ni catalyst, a
gel is formed after the ethanol was evaporated for 2 h under vacuum,
which allows a nice distribution of the metal precursors. Thanks to coa-
lescence and Ostwald ripening, it allows us to control the Ni particle
size simply by altering subsequent heat treatment temperature and du-
ration under a reductive atmosphere [25,30-34]. Ni nanoparticle
growth with temperature was monitored by in situ p-XRD, diffraction
patterns of which are shown in Fig. 1a and Fig. S1. The starting CB-300
gave an almost flat curve at the bottom of the diffraction patterns,
which is due to the Ni grain size being less than 5 nm and possibly the
amorphous texture of remaining reagents [35]. When the temperature
increased to 350 °C, a diffraction hump at 20 =~ 44° becomes visible,
which corresponds to the diffraction by Ni face centered cubic (fcc)
(111) planes (JCPDS-ICDD card No.40-0850). As the temperature con-
tinued to rise, this hump became sharper and sharper and a diffraction
peak at 20 ~ 51° assigned to the (200) crystal plane of fcc nickel, ap-
peared. This latter turns to be more visible after the temperature
reached 450 °C. Since the grain increased with the temperature incre-
ment, the full width at half maximum (FWHM) decreased, inducing a
shaper peak after a higher temperature treatment. Due to the thermal
expansion of the crystalline unit cells, the diffraction peaks shifted to
the left as the temperature increased. Once the final sample was cooled
down to 35 °C (yellow curve on the top in Fig. 1a), the peaks restored to
their original positions but the values of FWHMSs remained similar to
that of 700 °C. Based on the diffraction patterns collected at different
temperatures, we calculated the grain sizes of Ni particles from the
FWHMs of (111) diffraction peaks using Scherrer equation, and the re-
sults are illustrated in Fig. S2. The Ni grain grows from ~3.8 nm at

b

CB-850

0 10 20 30 40 50 60 70 80
Two Theta ()

Fig. 1. a) In situ XRD patterns of CB-300 recorded every 50 °C from 300 °C to 700 °C. b) ex situ XRD patterns of prepared Ni nanoparticles supported by CB at the cor-
responding temperatures of heat treatment marked in the names of the samples. The XRD pattern of pure CB is shown at the bottom as a blank reference.
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300°C to ~13.4nm at 700 °C, and in the temperature ranges of
300-450 °C and 600-700 °C, the grain sizes changed the least. Given
this result, temperatures at 400, 500, 550, 600 and 650 °C were chosen
to prepare the diverse sizes of Ni nanoparticles supported on CB. The
XRD patterns of obtained catalysts are shown in Fig. 1b. The XRD pat-
tern of pure CB support (black curve) is given as a reference. One broad
peak at 206 = 25.4° is attributed to the (002) plane of graphite (JCPDS-
ICDD card No.41-1487), which reveals the disordered graphitic nature
of CB. For the catalysts, the peak at 20 = 44.7° attributable to the Ni fcc
(111) plane started appearing in CB-400 and grow with the tempera-

Table 1

Nickel particle sizes in Ni/CB catalysts calculated from XRD patterns and
TEM images; Ni weight percentages in the prepared catalysts determined by
ICP-AES.

Entry Size / nm Ni wt%
XRD TEM
CB-300 4.9 - 11.8
CB-400 8.3 6.9 +13 16.5
CB-500 13.4 12.6 + 3.8 18.3
CB-550 19.1 17.1 £ 6.7 20.7
CB-600 21.1 22.0 = 10.0 21.2
CB-650 20.4 23.5 £ 11.6 19.3
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ture increase, and the same happened with the peak at 20 = 51.9°. The
Ni grain sizes of all the prepared catalysts were also calculated with the
Scherrer equation based on FWHMs of the Ni (111) diffraction peaks
and the results are displayed in Table 1. It was observed that the grain
sizes exhibit a distinct variation in different catalysts, with a size
growth with temperature, except for CB-550, CB-600 and CB-650,
which is consistent with the above in situ XRD outcome. Smaller sizes
were obtained in the in situ XRD experiments than with ex situ XRD,
due to the heat duration in the former that is shorter than the latter
(1 h) where it allows the particles to grow more with time. It should be
noted that the intensities of the diffraction peaks alter from sample to
sample in Fig. 1b, which is due to the different quantities of samples
used for measurements. However, the FWHMs of peaks are not affected
by peak intensities variations due to this effect.

The particle morphology identified by TEM imaging and the related
statistics histograms are illustrated in Fig. 2 and 3. Diverse Ni nanopar-
ticle profiles were obtained along with different synthesis temperature
conditions. The Ni particles synthesized at a temperature of 400 °C dis-
play a more homogeneous size range than others, and as the tempera-
ture increased, more and more particles with larger sizes appeared. To
further illustrate the size distribution in the different samples, 100 par-
ticles in the TEM images of each sample were selected for statistical
analysis. Statistical values of average particle sizes are displayed in

A D=6.9+13nmm

5 6 7 8 9
Diameter {(nm)

D=126 +3.8nm

3 6 9 12 15 18 21
Diameter (nm)

D=17.1 + 6.7 nm

]
[}

0 10

Count
=

0 }
5 10 15 20 25 30
Diameter (nm)

Fig. 2. TEM images of CB-400 (a, b), CB-500 (c, d), CB-550 (e, ) samples. The corresponding statistical histograms of particle sizes are shown at the right of each two

images and the average diameter (D) is written in the histograms.
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Fig. 3. TEM images of CB-600 (g, h) and CB-650 (i, j) samples. The corresponding statistical histograms of particle sizes are shown at the right of each two images and

the average diameter (D) is written in the histograms.

Table 1. For the CB-400 catalyst, its average size is around 6.9 nm, and
when the synthesis temperature increases, the size of the obtained par-
ticles increases accordingly, which is consistent with the XRD results.
At the same time, higher temperature induces larger variation of parti-
cle size distribution, for which standard deviation increases from
1.3 nm at 400 °C to 11.6 nm at 650 °C. Besides, regardless of the tem-
perature condition, there are always Ni particles around 7 nm present
in all the samples, which is due to the fact that Ni particles were pre-
pared by heat treatment of identical starting CB-300 material and that
the heat-treatment was not prolonged.

The Ni metal loading of CB-series catalysts were analysed using ICP-
AES and the results are also shown in Table 1. With the increase of syn-
thesis temperature, the Ni content first increased from 11.8 wt% for CB-
300-20.7% for CB-550, and then stayed a constant value around 20 %
for CB-600 and CB-650. The lowest Ni loading for CB-300 is due to the
incomplete decomposition and reduction of the reactants, which can be
further reduced at high temperature, inducing a higher Ni loading for
the next samples that have been further heated. The similar Ni loading
for CB-550, CB-600 and CB-650 suggests that all the reactants were well
decomposed leaving only Ni particles and CB support in the samples
from a reduction temperature of 550 °C. This result can also be demon-
strated by TGA analysis (Fig. 4). 28.5 % of weight loss in CB-300 when
it was heated until 450 °C is observed, implying the gel texture formed
by citric acid and the metal precursor that were remaining in CB-300
sample. There is less than 3.4 % of weight loss for other samples before
450 °C, and after 450 °C the trend of the curves is almost the same. It
should be noted that the weight increases around 0.8 % before 450 °C
can be attributed to the buoyancy effect on the sample holder. The gas
density in the space where the sample holder is located decreases with
the increase of temperature, and thus the buoyancy decreases, which
manifests itself as an apparent weight gain. This effect being very small
is only visible in the absence of any other mass loss/gain and by zoom-
ing in on the TGA curve as done here.

XPS analysis was applied to determine the surface chemical compo-
sition and metal oxidation states within the catalysts. Fig. 5 illustrates
the high resolution XPS Ni 2p 3,5 spectra of those obtained catalysts.

105
1004
954
90
85

Weight retained (%)

804 —— CB-300
——CB-400
754 —— CB-500
——CB-550
01— CB-600
654 —— CB-650

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 4. TGA curves of CB-300 (black), CB-400 (red), CB-500 (blue), CB-550
(pink), CB-600 (green) and CB-650 (dark blue) recorded under N, atmosphere
from 25 to 900 °C with a heat rate of 10 °C / min.

The peak with binding energy around 853 eV is ascribed to metallic Ni
(Ni%). The peaks (blue components) around 856 eV are assigned to oxi-
dized Ni (Ni®+), along with satellite peaks (pink components) [36]. The
binding energy and contents of Ni® and Ni%*+ as well as elemental analy-
sis result of the Ni/C ratio are listed in Table 2. In the CB-300 sample,
there is no metallic Ni present, while in the other samples, more than
half of the Ni state detected is Ni°. The oxidized species in CB-300 come
from the Ni precursors that do not get reduced spontaneously at such
low temperature. As the temperature increases, Ni will get reduced but
surface re-oxidation of Ni could occur during the handling and storage.
Furthermore, the Ni® proportion in the catalysts increases with the
treatment temperature, which is due to high temperatures facilitating
the hydrogen diffusion and reduction of Ni precursor. This could help
the catalyst to maintain the metallic surface from being oxidized when
exposed to the air. A similar Ni/C atomic ratio was present on the sur-
face of CB-400, CB-500, CB-550, CB-600 and CB-650 catalyst, as deter-
mined by XPS. For CB-300 catalyst, it has a Ni/C mass ratio of 6.17 %,
higher than other catalysts, which means that CB-300 presents the high-
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Fig. 5. Fitted Ni 2p 3,, XPS spectra of CB-300, CB-400, CB-500, CB-550, CB-600, CB-650 catalysts. Ni (°) = red component, Ni®* =blue component, Ni g, = pink

component.

Table 2
Binding energy and contents of Ni°, Ni®* in Ni 2p3/2 level; atomic ratios of
Ni and carbon obtained by XPS and corresponding calculated weight ratios.

Catalyst Ni°® No+ Ni/C

B.E. (eV) at % B.E. (eV) at % at % wt %
CB-300 - 0 856.9 100 1.26 6.17
CB-400 852.9 55 856.4 45 0.63 3.08
CB-500 853.3 57 856.0 43 0.73 3.57
CB-550 853.2 61 856.1 39 0.67 3.26
CB-600 853.5 66 856.9 33 0.56 2.76
CB-650 853.1 84 856.4 16 0.47 2.32

est amount of surface Ni. But by analysing by ICP, a lowest Ni weight
percentage was detected in CB-300. As demonstrated before, there are
remaining unreduced reactants in CB-300, which makes Ni dispersed
more homogenously than the well reduced Ni particles anchored on the
surface of the support after higher temperatures treatments. Thus, the
Ni/C ratio of CB-300 (6.17 %) is closer to both the initial value - 10 %
and the ratio evaluated by ICP (11.8 %), compared to other samples.
And it should be noted that the initial Ni/C ratio engaged in the sol-gel
synthesis was calculated to be around 10 %. Once the Ni is well reduced
and formed particles with a size larger than 5 nm, not all Ni can be
analysed anymore due to the limitation of the XPS detection depth. In
addition to the adsorption of carbon on the surface of Ni particles, it
leads logically to lower Ni/C surface ratios in CB-400 to CB-650 sam-
ples compared to CB-300.

3.2. N, physical adsorption properties and H, TPD analysis of CB-500, CB-
550 and CB-650

The textural properties of CB-500, CB-550 and CB-650 were ex-
plored through N, adsorption/desorption isotherms as shown in Fig. S3.
According to the IUPAC classification [37], Type II isotherms were
identified for all the samples, which implies a nonporous or macrop-

orous texture of all the catalysts. The BET surface areas of CB-500, CB-
550 and CB-650 are 67, 89, 72 m2/g, respectively, which is similar to
the pure CB support (68 m2/g). All the BET constant (C) values are
around 130, and the differences in surface area values could be due to
the experimental errors induced by the weight of samples or by varia-
tions in analysis temperature that may be caused by evaporation of lig-
uid N,. As the catalysts are nonporous and the Ni particles are anchored
on the external surface of the support, active sites remain fully accessi-
ble to reactants.

Fig. 6 displays H, — TPD profiles of CB, CB-500, CB-550 and CB-650
catalysts, that were recorded to estimate the hydrogen uptake and type
of adsorption in each case. As shown before, each catalyst has a Ni
loading of 19.4 + 1.3 %. First the samples were reduced and then
maintained under H, atmosphere until the samples reached the room
temperature. After that, Ar was purged to remove the physically-
adsorbed H,. Then H, desorption profiles were recorded by heating the
sample in the temperature range of 50 — 800 °C and three major des-
orption peaks were observed with the catalysts samples, while no peak
arises with blank CB. A very low temperature desorption peak I ob-
served at around 100 °C could be assigned to the weak type C hydrogen
bound to the metal surface in a pre-dissociative form [38]. Another
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Fig. 6. H, TPD profiles of CB blank, CB-500, CB-550, and CB-650 catalysts.
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low-temperature peak II at around 400 °C is corresponding to the des-
orption of the hydrogen atoms bound to the Ni surface in a-state (Ni-H)
indicating the exposed portion of Ni atoms [39-43]. The very high H,
desorption peak III at above 500 °C originated from strongly adsorbing
H, on corners, edges and high index planes of Ni and spill over hydro-
gen [38,44]. The intensity of all the peaks vary with respect to the na-
ture of the catalysts. In all cases, the intensity of peaks in CB-550 was
the highest, followed by CB-650, then CB-500. Thus, the CB-550 cata-
lyst possesses the highest hydrogen emission value at any temperature
compared to the other two, which implies the strongest H, adsorption
capacity in this sample. The content in Ni? and the particle size should
be the two main factors determining H, adsorption capacity — the
higher the Ni° content, the smaller the particles, and the more hydro-
gen uptake. For both factors, CB-550 is listed in the middle of all three
samples. Therefore, a proper combination of Ni® content and particle
size in CB-550 could be the reason for its highest hydrogen uptake. The
positions of peak I for all three catalysts exhibit no difference, while
the peak II of CB-550 shifted slightly toward lower temperature com-
pared to CB-400 and CB-650, indicating that some weaker hydrogen
adsorptions exist in the CB-550 catalyst, which may suggest that more
active Ni atoms are present in this catalyst.

3.3. Catalytic performance of CB-400, CB-500, CB-550, CB-600 and CB-
650 catalysts

The catalytic performance of Ni supported by CB catalysts with dif-
ferent morphologies were evaluated in the glucose hydrogenation reac-
tion. Since the glucose hydrogenation reaction was carried out in aque-
ous solution at high temperature and hydrogen pressure, by-products
can easily be produced, through for example the isomerization reaction
of glucose under water-catalyzed conditions forming mannose and fruc-
tose [46], and their reduction product — mannitol, as well as other hy-
drous thermolysis and dehydration products (Scheme 1) [45]. There-
fore, it is necessary to study the yields of by-products to better under-
stand the product selectivity. Fructose, mannose, and mannitol are
main by-products analysed here for yield comparison with sorbitol. The
conversion of glucose and yields of products are shown in Fig. 7. It is
clearly seen that there is a trend of increasing and then decreasing con-
version of glucose going from CB-400 to CB-650 catalyst, and the glu-
cose conversion has a maximum value over CB-550 catalyst, which is
33.1 % after 2 h reaction, while the yield of sorbitol has a similar pat-

Ho Aot o~° f
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tern (grey portions). For fructose, the yield has an opposite trend to that
of sorbitol, decreasing first and then increasing when the catalyst ap-
plied is varied from CB-500 to CB-650. The yield of mannitol (hydro-
genation product of fructose) was related to fructose, and when the con-
tent of fructose was high, the content of mannitol was also relatively
high. The yield of mannose was around 0.8 % for all applied catalysts.
Overall, there is a jump in glucose conversion as well as sorbitol yield
for the applied catalysts ranging from CB-500 to CB-550, then a large
drop from CB-600 to CB-650. This is consistent with the results of sor-
bitol productivity, namely that sorbitol productivity over CB-550 and
CB-600 catalysts showed an absolute superiority compared to other cat-
alysts (Table 3). Turnover frequencies (TOFs) for sorbitol productivity
were also calculated to compare the average activity of active sites in
each catalyst. Those active sites were determined by H, — TPD analysis.
Since the hydrogenation of glucose was carried out at 140 °C, the active
sites determined by desorbed H, from peak I (50-250 °C) in Fig. S4
were taken into account. The calculated TOF values are given in Table
3. Those TOFs of 30-56 h~! are in good agreement with the literature
values reported for Pt/SBA-15 (45-60h-1) [9] and for Ni/SiO,
(7.2-61.2 h~1) [47]. Direct comparison with Ni/CB was not possible as
no other contribution uses such formulation for the same reaction, as
far as we know. TOFs of CB-550 is slightly higher than CB-500 and CB-
650, which indirectly confirms our previous conjecture that more ac-
tive catalytic sites exist in the CB-550 material.

In order to understand the reasons for the different catalyst perfor-
mance, first, we plotted the graph of glucose conversion versus Ni aver-
age particle size in the different catalysts in Fig. 8a. The glucose conver-
sion increases with the increase of Ni particle size and reaches a maxi-
mum at 17.1 = 6.7 nm, and then it gradually decreases as the size con-
tinues to increase. According to our previous work, if the preparation
temperature of the Ni/CB catalysts is increased to 750 °C (CB-750), the
average particle size of obtained Ni catalysts will rise to 28 nm and the
glucose conversion over CB-750 will decrease to 17.6 % [48]., which
further indicates that the catalytic performance of Ni/CB decreases
with increasing particle size after 17.1 nm. Furthermore, the variation
curve of glucose conversion versus metallic Ni content (from XPS) and
Ni metal loading (from ICP) is illustrated in Fig. 8b and c. As we have
already demonstrated before, metallic Ni is the active phase for the dis-
sociation of hydrogen and substrates adsorption [48]. There, the con-
tent of metallic Ni was linearly correlated to the catalytic activity.
Therefore, the glucose conversion should maintain its growth from CB-
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Fig. 7. The conversion of glucose (blue plot) and yields of different products
(stack column) under hydrogenation conditions of 140 °C for 2 h and 30 bars of
hydrogen with catalysts prepared at various temperatures.

Table 3

Sorbitol productivities with different catalysts calculated by using Equation 6
and sorbitol turnover frequencies (TOFs) calculated from H, — TPD curves
(peak I). Reaction condition: 60 mg of catalysts, 0.5 g of glucose, 140 °C,
30 bar of hydrogen, 2 h.

Catalyst Glucose Sorbitol /  Productivity /
conversion / %  mg kg.8car, 1.min~!

TOF (sorbitol
production) / h=!

CB- 21.8 17.6 2.4 -
400
CB- 22.7 24.9 35 30
500
CB- 33.1 104.5 14.5 56
550
CB- 32.1 103.9 14.4 -
600
CB- 25.8 57.6 8 44
650
344 a b B ol 5
Fews .'"‘QB 550 : CB-550 ],
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Fig. 8. Glucose conversion vs Ni particle size in the applied catalysts (a), and vs

metallic Ni content determined by XPS (b), and Ni metal loading analysed by

ICP in the applied catalysts (c). The dash-dot lines connecting the points in the
graphs are hand-drawn to highlight the trends.

400 to CB-650 due to the increase in metallic Ni content among the cat-
alysts, but here it is not the case. In Fig. 8b, the glucose conversion in-
creases accordingly before the CB-550 catalyst, but after that, this con-
version decreases. Thus, here the surface metallic Ni is not the domi-
nant factor for obtaining a high glucose conversion after CB-550. By
analysing the Ni loading vs glucose conversion among CB-400, CB-500
and CB-550 (Fig. 8c), we found that glucose conversion increased with
Ni loading in the catalysts. The Ni loading in CB-550, CB-600 and CB-
650 catalysts are similar, but the glucose conversions show a distin-
guish difference. Herein, a crucial factor — particle size must play a key
role in governing the activity of the catalysts, which will be elaborated
further below.

Similarly, by graphing sorbitol selectivity versus size as well as ver-
sus the content of metallic Ni, a similar conclusion as the conversion
was reached, that is, the sorbitol product selectivity shows a trend of in-
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creasing and then decreasing with increasing size and has a maximum
at 17.1 nm. It also shows that sorbitol selectivity rises and then falls
with the increase in metallic Ni content (Fig. S5). The higher H, adsorp-
tion ability of the CB-550 catalyst highlighted by H, — TPD analysis en-
hances the hydrogenation activity compared to CB-650 and CB-500 cat-
alysts, which has been testified by other authors comparing Co-B and
Ni-B catalysts where best performance resulted from the strong hydro-
gen adsorption ability on the catalyst surface [5].

3.4. Catalytic performance of GNP-450, GNP-550, and GNP-650

The synthesis method of Ni/CB catalysts was applied for the prepa-
ration of graphene nanoplatelets catalysts, named GNP-450, GNP-550
and GNP-650 as function of the heat-treatment applied. The p-XRD pat-
terns of prepared catalysts as well as of the pure GNP support are shown
in Fig. S6. The diffraction peaks assigned to Ni (111) and Ni (200) at 26
= 44.5° and 51.8° show a similar change as in the Ni/CB series cata-
lysts, which corresponds to the fact that the size of Ni particles increase
with increasing reduction temperature on the GNP carrier. Unlike CB
support, GNP displays an intense diffraction peak at 20 = 26.5°, which
is corresponding to the characteristic crystalline graphite (002) plane
[49]. The grain size of Ni particles over GNP support was also calcu-
lated using the Scherrer equation and the result is shown in Table S1.
The average grain sizes of GNP-450, GNP-550 and GNP-650 were 7.5,
16.6 and 20.6 nm, respectively. TGA profiles of GNP series catalysts
(Fig. S7) indicate that the GNP-450 catalyst possesses an incompletely
decomposed reactant mixture from the preparation process, which is
similar to the result with CB-400 catalyst. N, sorption isotherms (Type
IV) of GNP-450, GNP-550 and GNP-650 samples (Fig. S8) indicate a
mesoporous texture and the type H4 loops are associated with narrow
slit pores [37]. The BET specific areas exhibit similar values around
90 m2g~1(Table S1). Bulk and surface Ni percentages in GNP catalysts
were verified using ICP-AES and XPS elemental analysis (Table S1),
which testifies that GNP-450, GNP-550 and GNP-650 catalysts have
similar Ni contents. XPS was also applied to analyse the metallic Ni con-
tents on the surface of GNP samples, the results are shown in Table S1.
GNP-450 and GNP-550 have a similar Ni° content, around 30 %, and
both are higher than in GNP-650.

As with the CB series catalysts, the glucose hydrogenation reaction
was used to verify the catalytic performance of GNP-450, GNP-550 and
GNP-650 catalysts. The glucose conversion after 2 h reaction over those
three catalysts is illustrated in Fig. S9. The conversion shows the same
pattern as before with CB series catalysts, appearing to increase and
then decrease as the catalysts change from GNP-450 to GNP-650. The
highest glucose conversion was observed over GNP-550 with an aver-
age Ni grain size around 16.6 nm, which is similar to the nanoparticle
size of CB-550 catalysts. However, the glucose conversion over GNP-
550 catalyst (20.9 %) is not as high as that over CB-550 (33.1 %),
which may be due to the lower content of Ni® in GNP-550 catalyst or to
the different interactions between Ni particles and CB/GNP supports.
This lower content of Ni® in GNP-550 can be further testified by the
lower atomic Ni/O ratio (0.26) by comparison with CB-550 catalyst
(0.35) calculated by XPS.

In general, supported Ni catalysts prepared at 550 °C with an aver-
age size around 16 nm show the highest catalytic performance regard-
less of whether CB or GNP supports were used, and catalysts obtained
with CB support has a higher catalytic performance than those using
GNP support. Similar results were observed in the CO, methanation re-
action over Ni/YSZ catalysts. Ni particle size with 19 nm has a good
performance due to the high Ni® dispersion [50]. And Ni nanoparticles
in the size range of 10-20 nm were also exhibiting the best catalytic
performance for CO methanation reaction compared to smaller
(5-10 nm) and bigger (20-35 nm) particle range, because carbon de-
posits easily onto small Ni particles and carbon nanofibers can grow fast
onto big particles [51]. Besides, small particles with more edges and
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corners favour the adsorption of one reactant versus the other, resulting
in less reaction possibilities compared to medium size particles. For in-
stance, based on DFT calculations, stepped surfaces of Au particles with
more edges atoms were shown to be preferentially chemisorbed with
substrates like CO, O and O, [52]. By opposition, big particles certainly
lose the active metal surface (number of adsorption sites) compared to
medium ones. Thus, particles with a medium size can achieve highest
activity, as exemplified also with 7 nm nanoparticles in glucose oxida-
tion with a good compromise balance of adsorption of the reactants
[25]. In summary, the metallic phase on the catalyst surface is generally
a positive correlation for the hydrogenation reaction. Indeed, for all cat-
alysts treated up to 550 °C, there is an increase in catalytic performance
with the increase in metallic phase content, but after that temperature,
this correlation does not exist anymore. Since the particles were grown
due to the sintering, larger grain sizes were obtained. In that case, less
atoms are present in low-coordination (LC) sites that are considered to
have enhanced reactivity (edge/corner sites). In other words, CB-550
contains more LC Ni atoms that CB-650, so its activity is higher. This
also corresponds to the calculated TOFs — TOF of CB-550 is higher than
that of CB-650. In addition, small particles certainly possess more metal
surface area than big ones, which also was reflected in Hy — TPD results.
By opposition, since the smallest size of our Ni particles is 7 nm, this
size is too large to take the small size effect on the surface electronic
structure into account. Thus, CB-550/GNP-550 is the best compromise
presenting small Ni nanoparticles with more LC sites, high metal sur-
face area and high metallic phase, and its average particle size is 17 nm.

3.5. Stability of catalysts

A recycling test of CB-550 catalyst was performed to study its stabil-
ity, and glucose conversion and product yields over fresh and spent cat-
alysts are compared in the figure below. In Fig. 9, it can be seen that
glucose conversion and sorbitol yield dropped from 33.1 % to 29.6 %
and from 20.1 % to 15.8 %, respectively, implying some deactivation of
the Ni catalysts during use, which is consistent with our previous work
[48]. By comparing the yields of different products in the recycling use,
we found sorbitol still remained the dominant product, and the yields of
fructose and mannitol slightly increased, which may be due to the fact
that the catalyst lost some active sites for hydrogenation but potentially
created new active sites (like Ni®*) catalysing glucose isomerization.

In order to find out the reasons for catalyst deactivation, AAS analy-
sis was applied on the filtrate to reveal if Ni leaching occurred during
glucose hydrogenation. After two hours, 5.4 ppm of Ni was detected in
the aqueous solution, which is around 4.3 % of Ni leached from the cat-
alyst, as calculated by the equation below:
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Fig. 9. Glucose conversions (blue stars) and product yields (red columns) over
fresh and spent CB-550 catalyst. Reaction conditions: 60 mg catalyst, 0.5 g glu-
cose, 100 mL H,0O, T = 120 °C, p (H2) = 30 bar, 120 min and stirring speed of
1700 rpm.
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Nileachingpercentage = M
Minitial
X 100

where Cieacneq 1S the concentration of leached Ni species detected by
AAS, Voiution represents the volume of reaction medium, and myj;, is
the total weight of Ni in the fresh catalyst.

This Ni leaching was also reflected in the decrease of grain size of Ni
particles. Fig. 10 shows the XRD patterns of CB-550 catalyst before
(Fresh) and after (Spent) catalytic reaction. Based on the FWHM of Ni
(111) at 20 value around 44.51°, Debye-Scherrer formula was applied
to calculate the average grain size of Ni particles. A size decrease of Ni
particles from 19.1 to 17.7 nm was uncovered. Thus, a leaching induc-
ing some catalyst deactivation was detected during hydrogenation reac-
tion, which is normally inevitable for Ni based catalysts in aqueous so-
lution under harsh reaction conditions [19]. Work will be carried out in
the future on the real time monitoring of leaching to find out the mech-
anism and mitigate it by changing the reaction conditions.

4. Conclusions

In situ XRD was used to study Ni particle growth on a Carbon Black
(CB) support with temperature, and it was found that the growth of par-
ticles is more obvious in the temperature range of 450-550 °C com-
pared to other temperatures. Thus, CB-400, CB-500, CB-550, CB-600
and CB-650 catalysts were chosen to be prepared at the corresponding
temperatures, whose Ni particle size were analysed to be 6.9 + 1.3,
12.6 + 3.8,17.1 + 6.7,22.0 + 10.0 and 23.5 * 11.6 nm respectively,
by the statistical analysis of particles in TEM images. TGA analysis indi-
cated the presence of undecomposed portion of reaction mixture in the
CB-400 catalyst. The relative contents of Ni and C on the catalyst sur-
face obtained by XPS analysis were all in the 2.32 — 3.04 range, while
the content in metallic Ni increases from CB-400 catalyst (55 %) to CB-
650 catalyst (84 %). H, desorption analysis highlighted that CB-550 ex-
hibits the highest hydrogen uptake and the weakest adsorbed hydro-
gen, compared to CB-450 and CB-650. Furthermore, the glucose hydro-
genation reaction with CB-550 catalyst was found to have the highest
glucose conversion (33.1 %) and sorbitol selectivity (62.8 %) within
2 h compared to other catalysts, which can be explained by a combined
effect of high metallic phase content, more LC sites and high metal sur-
face area. The same conclusion was reached by replacing CB support
with GNP support: GNP-550 has the best catalytic performance relative
to GNP-450 and GNP-650, but GNP-550 is not superior to CB-550 cata-
lyst, highlighting a support effect. Besides, limited Ni leaching was un-
covered during hydrogenation reaction leading to some deactivation of
the catalyst, that could be mitigated by optimization work carried out
in the future. The preparation of Ni catalysts presenting different parti-
cle sizes by simple control of the temperature of the synthesis condi-

CB-550_Spent

Average size: 17.7 nm

It
AT /\ f i\w

2 18 24 30 36 42 48 54
CB-550_Fresh

Intensity (a.u.)

Average size: 19.1 nm

Two theta (°)

Fig. 10. Powder X-ray diffraction patterns of CB-550 Fresh (black) and CB-
550_Spent (red) catalysts.
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tions to alter their catalytic performance was achieved in this work and
size effect was demonstrated to exist in nanoparticles larger than
10 nm, which could bring a reference for the development of non-
precious metal catalysts for biomass conversion.
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