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A B S T R A C T   

Carbon black (CB) supported Ni, Fe, or Fe-Ni alloy catalysts were synthesized by sol-gel to elucidate the reaction 
pathways over each catalyst, as well as synergistic effects in glucose to sorbitol hydrogenation. The bimetallic 
materials presented small and alloyed nanoparticles that were richer in reduced metallic sites at the surface than 
their monometallic counterparts. Glucose isomerization to fructose was favoured over Fe/CB, while glucose 
hydrogenation to sorbitol is the dominating pathway over Ni/CB catalyst. By contrast, sorbitol production was 
promoted and undesired isomerization was suppressed when Fe and Ni formed a nanoalloy. In addition, the alloy 
catalyst presented better stability than the corresponding monometallic catalyst. A comparison with a me
chanical mixture of Fe/CB and Ni/CB monometallic catalysts demonstrated the synergy at the nanoscale in the 
alloy. By comparing different Fe:Ni ratios, the 1:1 formulation was identified as the best compromise to achieve a 
high activity while maintaining high sorbitol selectivity.   

1. Introduction 

Sorbitol was identified by the U.S. Department of Energy as one of 
the 12 most important value-added chemicals obtainable from biomass. 
It can be potentially used as a source of alkanes for liquid biofuels or as 
an “outstanding building block” for commodity chemicals [1,2]. 
Industrially, sorbitol is produced either via biochemical methods, such 
as conventional fermentation by Zymomonas mobilis or by chemical 
routes such as catalytic hydrogenation of glucose. Compared with 
fermentation processes, chemical approaches can be potentially more 
easily fine-tuned and refined to give higher production at lower costs. 
Notably, catalytic methods for obtaining sorbitol have attracted sub
stantial attention recently. 

The reduction of glucose to sorbitol by hydrogenation was first re
ported by Ipatieff and co-workers using a nickel catalyst at high tem
perature and pressure [3]. Based on kinetic studies, the reaction was 
found to be first order in glucose concentration and catalyst concen
tration, and half-order with respect to hydrogen pressure when using 
Raney nickel [4]. Wisnlak et al. also found that this reaction followed a 
similar pseudo-first-order course when using different catalysts or sup
ported catalysts, such as ruthenium or rhodium supported by active 
carbon [5]. A challenging aspect of this hydrogenation is that side 

reactions involving epimerization of the substrate can occur, leading to 
lower yields or necessitating additional purification steps. While this 
problem is largely avoided by the use of noble metal catalysts, their cost 
has still largely limited their applicability for industrial processes. The 
less expensive nickel has been reported to show minimal epimerization, 
but generally has lower reactivity than Ru or Pt [6]. For this reason, 
increased interest has been placed on the development of new catalytic 
systems for improving the reactivity of base metals for the hydrogena
tion of glucose. 

In the view of creating a higher number of catalytic sites with same 
amount of metal, nanoparticles, especially supported nanoparticles for 
glucose hydrogenation, have been broadly studied recently [7–9]. For 
example, the activity of SiO2 supported amorphous Ni-B catalysts was 
reported to be adjusted by calcination temperature [10]. Schimpf and 
co-workers confirmed the necessity of complete reduction of precursors 
within Ni/SiO2 catalyst to optimize activity and selectivity [7]. Besides 
SiO2, other different supports like MWNTs (multi-walled carbon nano
tubes), Al2O3, or TiO2 were also applied to investigate the catalytic ac
tivities in this reaction, because different metal-support interactions 
could affect the activity and stability of metal particles [11–13]. For 
example, the Ru/MWNTs material showed the highest catalytic activity, 
compared with Raney Ni and ruthenium supported on Al2O3 or SiO2 
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[14]. Ni catalysts supported on carbon were found to leach less 
compared with other Al2O3, TiO2 or SiO2 supports [13]. Additionally, 
carbon is robust at high pressure and temperature in aqueous solution. 
Thus, carbon is an ideal material to support metals with the desired 
catalyst activity and stability for glucose hydrogenation. 

Regarding the metal, it is practical to find strategies to improve the 
activity of Ni-based catalysts as most commercial processes are still 
using Raney nickel [15]. Raney nickel has been reported to be enhanced 
by promoters like molybdenum, chromium, and iron [5,16,17]. Among 
them, Fe is the most electropositive metal and the glucose hydrogena
tion reaction with Fe promoted Raney Nickel catalyst exhibits the 
highest initial rate [18]. So, Fe as a promoter can maximally enhance the 
activity of Ni catalysts. Also, the magnetic properties of Fe make it easy 
to separate from the products for successive use when considering 
recycling. Since most of the previous works on this bimetallic associa
tion were focusing on the activity enhancement by an Fe promotor on 
Raney nickel [16,18], to the best of our knowledge, supported 
Ni-Fe-based catalysts have never been reported in the hydrogenation of 
glucose, let alone used to investigate the reaction pathways. Thus, Ni 
integrating Fe on carbon support catalysts is worth studying not only for 
fundamental research but also for industrial applications. 

With this aim in mind, we synthesized FexNiy alloy catalysts, using 
carbon black (CB) as a support to study both their catalytic performance 
and the function of Fe and Ni atoms during the hydrogenation reaction. 
Moreover, the synergy and reaction pathway were also clarified. The 
catalytic transformation of glucose to sorbitol in the aqueous phase can 
be described as schematized in Fig. 1. The open-chain glucose 
conformer, transformed from the glucopyranose ring, is adsorbed on the 
FeNi alloy surface via the oxygen lone pairs. Then the polarization of the 
C––O bond favours nucleophilic addition of hydrides (H adatoms) pre
sent on the metal surface, producing sorbitol. 

2. Experimental 

2.1. Chemicals and materials 

Nickel(II) nitrate hexahydrate [Ni(NO3)2⋅6H2O, 99.999 %, Sigma- 
Aldrich], iron(III) nitrate nonahydrate [Fe(NO3)3⋅9H2O, >98 %, 
Sigma-Aldrich], carbon black support [received as 250 G type from 
IMERYS GRAPHITE & CARBON], citric acid [C6H8O7, 99.5 %, Alfa 
Aesar], and ethanol [C2H5OH, 100 %, Merck] were used as received. 

2.2. Catalysts preparation 

Synthesis of monometallic Fe/CB, Ni/CB catalysts. 
The synthesis of Fe or Ni nanoparticles supported by carbon black 

was inspired by a Pechini-type sol-gel method [19]. In a typical pro
cedure, 100 mg of CB, 400 mg of citric acid and 0.34− 0.35 moles of the 
M(NO3)n⋅XH2O salt (99.1 mg of Ni(NO3)2⋅6H2O or 144.7 mg of Fe 
(NO3)3⋅9H2O) were added into a round-bottom flask equipped with a stir 
bar. After that, 6 ml of ethanol was added, and the mixture was stirred 
and sonicated until a homogenous suspension was obtained. Then, the 
suspension was heated at 90 ◦C for 3 h under reflux. Afterwards, the 
suspension was transferred into a ceramic boat and dried under vacuum 
at 30 ◦C until a gel formed. Finally, the gel was introduced in a tubular 
furnace and heated to 750 ◦C for 2 h under Ar/H2 atmosphere. It should 
be stated that this temperature is sufficient to reduce nickel and iron 
precursors in monometallic and alloy samples [20]. The recovered 
magnetic powder was used as catalyst without further precautions. 

Synthesis of Fe3Ni/CB, FeNi/CB, FeNi3/CB alloy catalysts. 
The alloy catalysts were prepared following the same procedure as 

for the synthesis of monometallic Fe/CB (Ni/CB) detailed above, but 
with simultaneous addition of two metal salts in the following ratios: 
briefly, 24.8 mg of Ni(NO3)2⋅6H2O and 108.5 mg of Fe(NO3)3⋅9H2O 
were used to obtain the Fe3Ni/CB catalyst. 49.6 mg of Ni(NO3)2⋅6H2O 
and 72.3 mg of Fe(NO3)3⋅9H2O were used to obtain FeNi/CB catalyst, 
and 74.3 mg of Ni(NO3)2⋅6H2O and 36.2 mg of Fe(NO3)3⋅9H2O were 
used to obtain the FeNi3/CB catalyst. 

2.3. Characterization 

TEM images were obtained on a LEO 922 Omega Energy Filter 
Transmission Electron Microscope operating at 120 kV. TEM high angle 
annular dark field (HAADF) images and TEM-EDX elemental maps were 
obtained on a field emission gun (FEI) Osiris TEM operated at 200 kV 
equipped with a CHEMISTEM detector. The samples were suspended in 
ethanol under ultrasonic treatment. Three drops of the suspension were 
deposited on a holey carbon film supported on a copper grid (Holey 
Carbon Film 300 Mesh Cu). 

X-ray photoelectron spectroscopy (XPS) analyses were carried out at 
room temperature with a 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 

Fig. 1. Aqueous-phase hydrogenation of glucose to sorbitol on the surface of FexNiy alloy catalysts supported on carbon black.  
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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. All the binding energies were 
calculated according to the C-(C, H) component of the C 1s peak fixed at 
284.4 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 background was subtracted. 

For crystal phase identification, the powder sample was tiled on a 
silicon crystal sample holder, and its X-ray diffraction (XRD) analysis 
was conducted with a D8-Advance diffractometer (Bruker, Germany). 
The reference database PDF-2 2004 was launched to match experi
mental peaks. 

The elemental analyses of solid carbon-based materials was deter
mined by microgravimetry (weight loss associated with carbon calci
nation), and the elemental analyses of Fe and Ni were carried out by an 
ICAP 6500 thermoscientific spectrophotometer after acid digestion. 

The specific surface area of the catalysts was measured through ni
trogen adsorption-desorption isotherms, which was performed in a 
Micromeritics 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 calcu
lated based on the Brunauer-Emmett-Teller (BET) equation by analysis 
of the isotherms. 

2.4. Hydrogenation of D-glucose 

Hydrogenation experiments were performed in a stainless-steel high 
pressure reactor (Parr autoclave) under the given conditions, typically, 
140 ◦C at 30 bar H2 using a stirring rate of 1700 rpm (which was suf
ficient to eliminate external mass-transport limitations) using 0.5 g of 
glucose and 60 mg of catalyst in 100 ml Milli-Q water. In brief, 60 mg of 
catalyst was added to the aqueous glucose solution, then the reactor was 
purged with N2 for 5 min to remove air. The reaction mixture was 
subsequently heated to 140 ◦C under N2, then the autoclave was filled to 
a constant H2 pressure (30 bar) and the reaction started. For the kinetic 
tests, samples were periodically withdraw from the reaction vessel to 
evaluate the evolution with time of both glucose conversion and prod
ucts yields. When single experiment ended, the filtrate of the reaction 
slurry was analysed by HPLC. HPLC analysis was performed on a Waters 
system equipped with a refractive index 2414 detector. An HPX-87C 
carbohydrate column was used, with ultrapure water as mobile phase 
at a flow rate of 0.5 cm3 min− 1, a column temperature of 358 K and 25 μl 
of injected volume. Standard alpha-D(+)-glucose (C6H12O6, ≥ 99 %, 
Acros), D-(-)-fructose (C6H12O6, ≥ 99 %, Sigma), D-(+)-mannose 
(C6H12O6, ≥ 99 %, Sigma), D-mannitol (C6H14O6, ≥ 98 %, Sigma- 
aldrich) and D-sorbitol (C6H14O6, ≥ 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 and 
carbon balance (Cb) were calculated according to Eqs. 1–4: 

Conversion(%) =
moles of glucose (t = 0) − moles of glucose (t = i)

moles of glucose (t = 0)
× 100

(1)  

Selectivity (%) =
moles of sorbitol (t = i)

moles of glucose(t = 0) − moles of glucose (t = i)
× 100

(2)  

Yield (%) =
moles of product (t = i)
moles of glucose (t = 0)

× 100 (3)  

Cb(%) =
nglucose (t=i) + nfructose + nmannose + nmannitol + nsorbitol

nglucose (t=0)
× 100 (4)  

3. Results and discussion 

3.1. Characterization of FexNiy/CB catalysts 

Three bimetallic FexNiy catalysts supported on carbon black, with 
different ratios between the two metals, were prepared. For comparison, 
monometallic materials were also synthesized by the same method. P- 
XRD was applied to determine the crystal phases in the synthesized 
nanocatalysts, and the patterns of the FexNiy/CB, Ni/CB, Fe/CB, as well 
as pure CB (black curve) are shown in Fig. 2. In each curve, one main 
broad peak at 2θ = 25.31◦ attributable to the (002) plane of graphite was 
observed along with a small hump at 2θ = 43.36◦ corresponding to the 
(100) plane (JCPDS-ICDD card No.41–1487), which revealed the 
disordered graphitic nature of CB. The peaks attributable to Fe, Ni, or 
FeNi phases were much stronger and sharper than those of carbon black, 
indicating the high crystallinity of the metal nanoparticles. The peaks at 
2θ = 44.75◦ and 65.05◦ for Fe/CB corresponded to the (110) and (200) 
planes of crystalline body centered cubic (bcc) iron structure, respec
tively. The peaks at 2θ values of 44.51◦, 51.83◦, 76.37◦ corresponded to 
the (111), (200) and (220) crystal planes of crystalline face centered 
cubic (fcc) nickel in the Ni/CB catalyst, respectively. For bimetallic 
FeNi/CB catalyst with atomic ratio 1:1, the peaks at 2θ = 43.79◦, 51.01◦, 
75.05◦ corresponded to the (111), (200) and (220) crystal planes of 
crystalline fcc FeNi alloy (JCPDS 12-0736). Each crystalline peak in 
FeNi/CB has shifted to the left compared to Ni/CB although they are 
both fcc phases, because the unit cell parameters increased when the 
larger Fe atoms entered the fcc structure of Ni. The XRD patterns of the 
two other Fe-Ni alloy catalysts supported on CB, namely Fe3Ni/CB and 
FeNi3/CB, with atomic ratios of 3:1 and 1:3, with a total metal loading 
unchanged around 16 wt% (theoretically), are also illustrated in Fig. 2. 
For Fe3Ni/CB, the bcc and fcc phases coexisted in the alloy particles. The 
peaks at 2θ = 44.64◦, 65.15◦ corresponded to the (110) and (200) planes 
of crystalline bcc Fe-Ni alloy structure (JCPDS37-0474), respectively. 
For FeNi3/CB, the peaks at 2θ values of 44.16◦, 51.44◦, 75.71◦ corre
sponded to the (111), (200) and (220) crystal planes of crystalline fcc Fe- 
Ni alloy structure (JCPDS38-0419), respectively [21]. The average sizes 
of alloy nanoparticles that were calculated using the Debye–Scherrer 
formula based on the full-width at half-maximum (FWHM) of the (200) 
diffraction peak were 9.4 nm, 9.0 nm and 11.1 nm for FeNi3/CB, 
FeNi/CB, and Fe3Ni/CB materials, respectively. 

Fig. 2. Powder X-ray diffraction patterns of CB, Fe/CB, Ni/CB, Fe3Ni/CB, FeNi/ 
CB, FeNi3/CB. Inserted imaged: the enlarged peaks around 2θ = 44◦ of Fe3Ni/ 
CB, FeNi/CB, FeNi3/CB samples. 
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The STEM-HAADF images in Fig. 3a-c show that the as-prepared 
alloy catalysts exhibit mostly spherical morphology with a narrow size 
distribution (Fig. 3d-e), which is consistent with P-XRD analysis. 
Furthermore, the average nanoparticles size in Fe3Ni/CB, FeNi/CB, 
FeNi3/CB samples is almost the same, so the effect of particle sizes on 
catalytic performance can be eliminated. Meanwhile, STEM-EDX anal
ysis (Figure S1 and Table S1) illustrated that the composition of the 
particles was stable from one to another, that is to say no monometallic 
Fe particles or Ni particles were observed in the bimetallic catalysts. 

The metal loadings measured by ICP-OES are given in Table 1. These 
are slightly lower than theoretical values (based on engaged amounts). 
This is due to traces of insoluble ash during the digestion process causing 
systematic underestimation by ICP. However, those differences do not 
affect the comparison of the catalyst series with various compositions. 

To study the textual properties of catalysts, adsorption/desorption 
isotherms of N2 at − 196 ◦C were determined and results are illustrated 
in Figure S2. The expected Type II isotherm was obtained for all the 
samples, which exhibit nonporous or macroporous texture, but the BET 
surface area showed differences among parent CB, monometallic cata
lysts and bimetallic catalysts (Table 1). The increase in BET surface area 
after nanoparticle loading is possibly due to nanoparticles anchored on 
the surface of CB, which provided the additional surface. It should be 
noted that those nonporous materials and exposed metal particles 
remain fully accessible to reactants. 

The state and the occurrence of the different elements at the surface 
of the materials was evaluated through XPS. Fig. 4 illustrates the XPS 
spectra of the Ni 2p3/2 and Fe 2p3/2 region of Fe/CB, Ni/CB and FeNi/CB 
catalysts. The binding energies around 707 eV and 852 eV (red com
ponents) are ascribed to metallic Fe (Fe◦) and metallic Ni (Ni◦), 
respectively [22]. The peaks (blue components) around 710 eV and 854 
eV are assigned to oxidized Fe (Feδ+) and oxidized Ni (Niδ+), along with 
two satellite peaks (pink peaks) [22]. The Ni (δ+) 2p3/2 peak (856.8 eV) 
of Ni/CB shifted towards lower binding energies with the introduction of 
Fe, while the Fe (δ+) 2p3/2 peak (706.79 eV) of Fe/CB moved towards 
higher binding energies after alloy formation with Ni. This shift of the 
binding energies may be attributed to partial electronic transfer from Fe 
to Ni in the FeNi/CB alloy catalysts [23,24]. Since the catalysts were 

stored with no particular precautions, an external Ni or Fe oxide layer 
could be formed due to contact with air, which explains the presence of 
oxidized Ni and Fe. It could be observed that there is no Ni◦ on the 
surface of the monometallic Ni/CB catalyst (Fig. 4b), while 22 % of Ni◦

exists in the FeNi/CB catalyst, and the metallic portions are even higher 
in the two other alloys (Table 2). As for Fe◦, the proportion in the alloy 
catalysts is more than 2 times higher than it is in the monometallic 
Fe/CB catalyst. This suggests that a stabilization effect exists in the alloy 
catalysts, which could inhibit surface oxidation to some extent. As 
hydrogen is dissociated by the metallic atoms on the surface of the 
catalyst during the hydrogenation reaction [25], this remaining metallic 
Fe and Ni in the alloy catalysts are active sites, which can allow reaction 
without prereduction of the oxidation layer. From the comparison of 
XPS and ICP elemental analysis results (Table 2), it can be seen that 
those Fe:Ni ratios are almost the same, which mirrors the consistent 
internal and external compositions. 

3.2. Activity test: hydrogenation of glucose 

Catalytic hydrogenation of glucose in aqueous solution was 
employed as a model reaction to evaluate the catalytic performance. The 
reaction network and key products are illustrated in Fig. 5. As it is well 
known, sorbitol, one of the main hydrogenation products (pathway I), 
can be obtained from the open chain form of glucose, which only exists 

Fig. 3. STEM-HAADF images and nanoparticle size distributions determined with ImageJ software of Fe3Ni/CB catalyst (a, d), FeNi/CB catalyst (b, e), and FeNi3/CB 
catalyst (c, f). 

Table 1 
Metal loading, Fe:Ni ratio, textural properties of Fe/CB, Ni/CB, Fe3Ni/CB, FeNi/ 
CB, FeNi3/CB catalysts and bare CB support.   

Fe Ni Fe:Ni Fe Ni Fe:Ni  
Catalyst Theoretical metal 

loading (wt%) 
Measured metal loading 
(wt%) – ICP-OES 

SBET (m2 g− 1) 

CB – – – – – – 68.8 
Fe/CB 14.29 – – 11.1 – – 141.2 
Ni/CB – 14.29 – – 14.0 – 91.7 
Fe3Ni/CB 12.50 4.17 3.0 12.04 4.12 2.92 110.6 
FeNi/CB 8.33 8.33 1.0 8.2 8.2 1 113.2 
FeNi3/CB 4.17 12.50 0.3 4.12 12.43 0.33 114.1  
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at ~0.0026 mol% in solution due to its thermodynamic instability and 
its spontaneous isomerization to cyclic forms [26]. This open chain form 
then adsorbs on the metal surface via its O lone pair and subsequently 
gets reduced by the hydridic adatoms formed on the metal surface by H2 
splitting. Therefore, the formation of the open-chain conformation is 
generally considered to be the rate-limiting step [27]. Pathway II is 
glucose conversion to fructose, which involves the isomerization of an 
ɑ-hydroxy aldehyde to the corresponding ɑ-hydroxy ketone [28,29]. In 
the presence of catalytic Lewis acids, this process has been shown to 
occur via an intramolecular hydride shift. For the Fe/Ni catalysts, the 
isomerization could be catalysed by leached metal ions like Fe3+, Ni2+

which would act as Lewis acids or also simply by metallic Fe [30]. The 
reversibility of this intramolecular process can also lead to epimeriza
tion of the C2 position and formation of mannose (pathway III) [31,32]. 
Mannitol in consequence would then be produced through fructose and 
mannose hydrogenation (IV, VI). As sorbitol, fructose, mannose and 
mannitol are the major products/reactive intermediates found during 
glucose hydrogenation reaction, the dehydration and other 
aldose-ketose isomerization processes were not taken into account in 
this work [27,33]. The real-time changes in the yield of those products 
and glucose conversion over 360 min of reaction are shown in Fig. 6 for 
the monometallic and bimetallic 1:1 formulations, along with the case of 
using a mixture of both monometallic catalysts, for comparison. It can be 
seen that in the first 40 min or so, glucose conversion curves with these 

different catalysts are all linearly correlated with the X axis time. Taking 
the experimental data of glucose conversion (x) presented in Fig. 6, and 
plotting Ln (1-x) over reaction time in the first 50 min, a linear fitting 
was indeed obtained in all cases (Figure S3). It should be noted that 
conversion (x) was determined at low conversion from the linear portion 
of reaction profiles, considering no mass-transport limitations and cat
alysts deactivation. So this pseudo-first-order dependence with respect 
to glucose was revealed under excess of H2, which is consistent with 
previous reports [5,8]. In addition, the initial reaction rates with various 
catalysts was compared through the slopes of the profiles in Figure S3, 
giving the order rFe/CB > r FeNi/CB > r Fe/CB+Ni/CB > r Ni/CB, where r is the 
initial reaction rate of glucose hydrogenation. So, Fe/CB is the most 
active catalyst in these conditions, followed by FeNi/CB, and the Ni/CB 
is the least active catalyst. The favoured reaction paths and corre
sponding product yields with each catalyst are discussed below. 

The yield of the four key products and the conversion of glucose vs 
reaction time during glucose hydrogenation in the presence of the 
monometallic Fe/CB catalyst are illustrated in Fig. 6a. The conversion 
and various yields increased with time, while the rate of conversion 
decreased substantially over time, especially after 40 min, which may be 
attributed to insufficient amount of glucose remaining (drawback of 
batch reactor process) or catalyst deactivation. Additionally, a decrease 
in fructose yield was observed, probably due to its isomerization to 
glucose and hydrogenation to mannitol. Within 360 min, a total of 68 % 

Fig. 4. Fitted Fe 2p3/2 and Ni 2p3/2 XPS spectra of (a) Ni/CB, (b) Fe/CB, (c, d) FeNi/CB catalysts. Fe (0), Ni (0) = red components; Feδ+, Niδ+ = blue components.  

Table 2 
Binding energy and contents in Fe0, Feδ+ in Fe 2p3/2 level and Ni0, Niδ+ in Ni 2p3/2 level; weight ratio of Fe and Ni obtained by XPS and ICP.  

Catalyst 
Fe0 2p3/2 Feδ+ 2p3/2 Ni0 2p3/2 Niδ+ 2p3/2 Fe:Ni (wt%) 

B.E. (eV) at.% B.E. (eV) at.% B.E. (eV) at.% B.E. (eV) at.% XPS* ICP 

Fe/CB 706.79 6.5 710.26 93.5 – – – – – – 
Ni/CB – – – – 0 0.00 856.8 100.0 – – 
Fe3Ni/CB 706.95 51.2 710.67 48.8 852.29 57.4 854.15 42.6 3.02 ± 0.3 2.92 
FeNi/CB 706.93 20.8 710.3 79.2 852.49 22.0 854.97 78.0 0.92 ± 0.3 1 
FeNi3/CB 706.95 40.4 710.67 59.6 852.29 38.3 854.15 61.7 0.56 ± 0.3 0.33  

* Atomic percentages have been converted into mass percentages. 
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of the glucose was consumed in the reaction, giving 17.7 % yield in 
fructose, 10.1 % yield in mannitol, 8.1 % yield in mannose and 6.6 % 
yield in sorbitol, respectively. Thus, for the Fe/CB catalyst, isomeriza
tion of glucose to fructose is the most preferred reaction path, which is 

consistent with previous reports stating that Fe species are active sites 
for glucose isomerization [34]. In contrast, Ni/CB catalyst encourages a 
different reaction pathway (Fig. 6b). As described above, under the same 
conditions, the initial reaction rate on Ni/CB is lower than with Fe/CB, 

Fig. 5. Reaction network for D-glucose hydrogenation over Fe/CB, Ni/CB and FexNiy/CB catalysts at 140 ◦C, 30 bar H2 and 1700 rpm stirring speed.  

Fig. 6. Yield (left axis) of sorbitol (black), fructose (blue), mannose (red) and mannitol (pink) vs time and glucose conversion (right axis) vs time over Fe/CB (a), Ni/ 
CB (b), FeNi/CB (c) and mixture of Fe/CB and Ni/CB (d) catalysts at 140 ◦C, 30 bar H2, 1700 rpm and 360 min. Yield scales are different in each case to better 
highlight the differences for each species. 
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thus only 33.1 % of glucose was transformed in the reaction, however 
sorbitol formed with a yield of 15.7 %, more than double that of Fe/CB 
catalyst. Additionally, lower yields of the undesired products were 
observed, fructose (6.5 % yield), mannose (3.5 % yield), and mannitol 
(1.5 % yield). Thus, while its activity is not as good as the Fe/CB catalyst, 
Ni/CB gave the desired sorbitol as the major product. 

Interestingly, when Fe and Ni formed an alloy, the two metals pro
mote each other, both driving the reaction via the sorbitol producing 
pathway and exhibiting higher activity. As a result, sorbitol is the 
dominate product with a yield of 50 % in 360 min, 3 times than that of 
Ni/CB (Fig. 6c). Moreover, isomerization of glucose to fructose seems to 
be depressed by Ni, and consequently, the yield of fructose is much 
lower than with the monometallic Fe/CB. The yields in mannose and 
mannitol remain similarly low. Glucose conversion with FeNi/CB also 
improved from 33.1 % to 70.5 % in comparison with Ni/CB. Thus, 
synergistic effects arise from alloying: the conversion of glucose and the 
yield in sorbitol are both highly improved, and simultaneously the 
isomerization of glucose is restricted. To further verify the presence of a 
synergistic effect in the alloy catalyst, a mechanical mixture of both Fe/ 
CB and Ni/CB catalysts was used to catalyse glucose hydrogenation. It 
should be noted that in this case 30 mg of Fe/CB and 30 mg of Ni/CB 
were employed, instead of 60 mg in the previous cases, to keep the total 
metal quantity involved in the reaction constant. The glucose conversion 
and product yield results are shown in Fig. 6d. It is obvious that fructose 
is a major product with a similar line shape as for pure Fe/CB, which is 
attributed to the function of Fe/CB catalyst, and the sorbitol yield of 
10.9 % is similar to the catalytic reaction with Ni/CB. In 360 min, 62.6 % 
of glucose was transformed in the reaction, which is also lower than of 
the conversion obtained with the FeNi/CB alloy. The hydrogenation 
results of the catalyst mixture indicate that its catalytic behaviour comes 
largely from the simple superposition of the results of the two single 
catalysts, that is, the mixing of two monometallic catalysts does not 
generate a synergistic effect like for the alloy. Electron rearrangement in 
the alloy may contribute to this synergistic effect. Since Fe atoms in 
FeNi/CB are more electropositive than Ni given their electron affinities, 
even under H2 pressure, they can remain positively charged and act as 
adsorption sites for the open-chain glucose. 

The results of real- time carbon balance are shown in Fig. 7, which 
was calculated using Eq. 4. It should be noted that Cb is underestimated 
when there are products obtained other than sorbitol, mannose, fructose 
and mannitol, because those unidentified minor by-products were not 
considered in this equation. All values of Cb with the four different 
catalysts decreased with prolonged reaction time, which may be 
attributed to increased by-products formation. As the Cb with Ni/CB and 
FeNi/CB catalysts were consistently higher than with Fe/CB and 

mixtures of Fe/CB and Ni/CB catalysts, it means that more side reactions 
occurred with Fe/CB and mixtures of the Fe/CB and Ni/CB catalysts 
than with the other two catalysts. These results support that, relative to 
Fe/CB and mixtures of Fe/CB and Ni/CB, synergistic effects in FeNi/CB 
reduce the occurrence of other side reactions over Fe metal surface, 
keeping the Cb above 92.6 %. 

In order to investigate the principle of synergistic effects in Fe-Ni 
alloys with different compositions, the two other Fe3Ni/CB and FeNi3/ 
CB catalysts were used to catalyse the glucose hydrogenation reaction, 
and their conversion and sorbitol selectivity results at 2 h are illustrated 
in Fig. 8. Carbon balance for all these cases was above 90 % except for 
Fe/CB where it is around 87 %. The Fe mass percentage in the alloy (x- 
axis) was directly correlated with conversion. As %Fe increased from 
0 to 100 %, (from left to right) the conversion increased from 21.4 % to 
52.8 %. This indicates that the activity of the alloy catalyst increases 
simply with the increment of Fe. However, the sorbitol selectivity de
creases with Fe content, especially after 50 % Fe composition, while 
before it remains approximately unchanged. This is possibly due to the 
fact that in iron-rich samples, more Fe atoms are clustered within the 
alloy and do not feel the influence of Ni. Hence, these Fe atoms still 
exhibit the same electron distribution than in pure Fe samples, which 
favoured the isomerization reaction. This leads to lower selectivity of 
sorbitol. In a word, catalytic performance of Ni catalyst was promoted 
after adding Fe forming an alloy, but selectivity to sorbitol dropped 
seriously if the composition of iron exceed 50 %. Based on that, FeNi/CB 
with 1:1 atomic ratio appears to be the best compromise for achieving 
higher catalytic activity while maintaining high sorbitol selectivity. In 
this FeNi/CB alloy, the Fe and Ni atoms are supposed to be evenly 
distributed, which could maximize the activation of Ni, resulting in the 
optimal synergistic effect versus the other alloys. 

A comparison of glucose conversion and sorbitol selectivity over 
different catalysts is shown in Table 3. With noble metal catalysts, 
especially for Ru, both conversion and selectivity reached around 100 % 
in a short reaction time and low metal usage. Catalysts based on 
monometallic Ni including the pure metal catalyst and supported cata
lysts showed relatively low glucose conversion (7–95 %). However, Ni- 
alloy catalysts have significantly improved catalytic activity. For 
example, with a NiCo catalyst and our FeNi catalyst, the conversion rate 
of glucose were both about 43 % in 2 h reaction and the selectivities 
were 41 % and 58 % respectively, which indicates the superiority of the 
alloy catalysts for improving the catalytic activity in this reaction. 

3.3. Stability of catalysts 

Catalyst structure, morphology, and surface chemical oxidation state 
before and after hydrogenation test were investigated to analyse the 

Fig. 7. Real-time carbon balance monitoring during glucose hydrogenation 
reaction over Fe/CB (black), Ni/CB (red), FeNi/CB (green) and mixture of Fe/ 
CB and Ni/CB (pink) catalysts at 140 ◦C, 30 bar H2, 1700 rpm and 360 min. 

Fig. 8. Influence of composition of Fe-Ni/CB catalysts on glucose conversion 
(Xglucose) and sorbitol selectivity (Φsorbitol). Reaction conditions: 60 mg catalyst, 
0.5 g glucose, 100 ml H2O, T = 140 ◦C, p (H2) =30 bar, 120 min and stirring 
speed of 1700 rpm. 
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stability of those materials. They were labelled as name_Spent. The 
particle size of FeNi/CB_Spent was calculated by using the Debye–
Scherrer formula based on the XRD pattern (Figure S4) and visualized by 
TEM (Figure S5). XRD calculation results showed that the average size of 
the FeNi alloy particles increased from 9.0 nm to 17.1 nm after reaction. 
This particle growth can also be seen in the TEM images, since there 
were some bigger particles appearing in the spent catalysts (Figure S5b). 
XPS spectra revealed chemical state differences of Ni and Fe on the 
surface of fresh (Fig. 4c, d) and spent catalysts (Figure S6a, b). The red 
peaks correspond to metallic Ni (Ni0) or Fe (Fe0). It is obvious that the 
proportions of Ni0 and Fe0 in the catalyst diminished after hydrogena
tion test, but the remaining metallic surface Ni and Fe in FeNi/CB_Spent 
will still allow the chemisorption of H2 and glucose. The metal leaching 
information was also a factor to take into account to determine the 
stability of catalysts, so Ni leaching weight loss percentage in Ni/CB and 
FeNi/CB catalysts after glucose hydrogenation are shown in Table S2. 
The leaching weight loss percentage was calculated by using the 
following formula: 

Weight loss (%) =
minitial − mreal

minitial
× 100  

minitial was the initial weight of Ni in fresh catalyst, mreal represents the 
determined content of Ni in spent catalysts. After the hydrogenation test, 
for the Ni/CB catalyst, around 10.8 % of Ni leached into the water 
medium, while on the contrary, only 6.5 % of Ni was leached away from 
FeNi/CB catalyst. So, the FeNi alloy catalyst could retard the leaching of 
Ni compared with the monometallic Ni catalyst. 

The particle growth, partial oxidation, and leaching of Ni could lead 
to the loss of active sites, and deactivation of those catalysts. Here, we 
illustrated the catalytic performance with the fresh and spent catalysts in 
Fig. 9. For monometallic Ni catalyst, the spent catalyst gave still low 
glucose conversion and showed decreasing selectivity compared to the 

fresh one. For the alloy catalyst, both glucose conversion and sorbitol 
selectivity decreased when using the spent catalyst, but its glucose 
conversion was still 3 times higher than the fresh monometallic Ni 
catalyst (Ni/CB), which testified that Fe in the alloy could promote Ni 
active sites to maintain high catalytic activity during recycling. In 
summary, thanks to the synergistic effect, the alloy catalyst can preserve 
metallic active sites of Ni and reduce its leaching, thereby maintaining 
better stability, compared to monometallic nickel catalyst. 

4. Conclusions 

Aiming at investigating the synergistic effect in alloy Fe-Ni catalysts 
during glucose hydrogenation, monometallic Fe, Ni and Fe-Ni alloy 
catalysts supported by CB were synthesised through a sol-gel method. 
XRD results demonstrated that an alloy phase was formed in the bime
tallic catalysts. HAADF-TEM images and EDS analysis evidenced that the 
size distribution and composition of the nanoparticles were uniform. Fe 
and Ni in the alloy form were found to be less prone to oxidation than 
monometallic Fe and Ni through XPS analysis, so metallic Fe and Ni sites 
remain at the surface of the bimetallic catalysts, contributing to the 
splitting of hydrogen necessary for the catalytic transformation. 

By analysing the hydrogenation reaction of glucose over mono
metallic and alloy catalysts, it was found that Fe and Ni favour different 
reaction pathways and that synergistic effects were present with the 
FeNi alloy catalysts. With the Fe/CB catalyst, 68 % of glucose was 
transformed in the reaction, with fructose as the major product, ob
tained in 17.7 % yield, while only 6.6 % of sorbitol was produced. For 
the Ni/CB catalyst, in which glucose to sorbitol is the dominating 
pathway, a higher percentage of sorbitol (15.7 %) was obtained but 
overall glucose conversion was lower (33.1 %). Interestingly, the 
glucose conversion and sorbitol productivity were enhanced to a great 
extent when Fe and Ni formed an alloy, with a glucose conversion of 
70.4 % and sorbitol yield of 50 %. This synergistic effect cannot be 
observed with a simple mixture of Fe/CB and Ni/CB catalysts, as elec
tronic effects only appears in alloys. By comparing catalytic perfor
mance using Fe-Ni alloys with different compositions, FeNi/CB with an 
atomic ratio of 1:1 was identified as the best catalyst for efficient hy
drogenation of glucose to sorbitol. Particle growth, surface oxidation 
and leaching caused the deactivation of Ni - based catalyst, but the FeNi 
alloy catalyst exhibited obvious advantages over monometallic the Ni 
catalyst in terms of stability. 
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Table 3 
Comparison of different noble and non-noble catalysts.  

Catalyst Catalyst amount (g) Metal loading (%wt) P (bar) T (oC) t (min) Glucose conversion (%) Sorbitol selectivity (%) Ref. 

(RuO2)0.038⋅(SiO2)0.962 0.5 6.3 20 120 60 ~97 ~100 [33] 
Ru/C >2 3.5− 5.6 10− 60 100− 140 100− 140 100 >98 [35] 
Ru:Ni/MCM-48 NR 3 30 120 90 70 ~100 [8] 
Ru/MWNT 0.05 5 40 120 120 62.5 NR [14] 
Pt/SBA-15 0.2 1.5 40 140 120 13 63 [27] 
Pt/AC 0.06 1− 5 16 180 180 >95 >55 [36] 
Ni/SiO2 0.4 5− 20 120 120 600 19− 45 81− 92 [7] 
Ni/C 0.5 >4.81 120 120 600 7− 10.5 0− 23 [13] 
Ni/NiO 0.05 100 50 100− 150 NR 90− 95 88− 89 [15] 
Ni-B/SiO2 1 6.4 40 120 360 30 NR [10] 
NiCo/HZSM-5 0.1 15 30 120 120 ~43 ~41 [24] 
FeNi/CB 0.06 16.6 30 140 120 43.9 58  

NR: no data were reported. 

Fig. 9. Glucose conversion (Xglucose) and sorbitol selectivity (Φsorbitol) over fresh 
and spent catalysts. Reaction conditions: 60 mg catalyst, 0.5 g glucose, 100 mL 
H2O, T = 120 ◦C, p (H2) =30 bar, 120 min and stirring speed of 1700 rpm. 
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