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A B S T R A C T   

Non-covalent method of graphene nanoplatelets’ functionalization using the pyrene-tagged Ru, Ni and Fe pre
cursors developed in this work offers an easy way to prepare bimetallic catalysts with different metal ratio and 
different compositions as Ni-Ru, Fe-Ru and Ni-Fe. First, four different metallic precursors were synthetized: Ni 
(0), Ni (II), Fe and Ru. Then, 16 different catalysts were prepared and fully characterized by ICP, XPS, XRD and 
TEM. All catalysts were then tested in the catalytic reaction of the hydrogenation of glucose into sorbitol. The 
ruthenium supported catalyst with 2.23 wt% shows a good conversion (66%) of glucose and high sorbitol 
selectivity (74%) at 160 ◦C under 30 bar H2 pressure during 2 h. The non-noble metallic catalysts Ni and Fe show 
very low conversion and selectivity. However, the combination of these two metals shows good results: 58% of 
glucose conversion and 40% of sorbitol selectivity obtained with 4.12 wt% in both metals.   

1. Introduction 

Graphene has been intensively studied since its discovery and its 
isolation as a single sheet in 2004 [1]. Graphene is an all-carbon material 
used in many applications such as electronics, energy storage, solar cells 
and super capacitors [2], owing to its high surface area and advanta
geous thermal, electrical and mechanical properties [3–5]. Its 2D nature 
combined with ultrahigh thermal and electronic conductivity makes it a 
very good carbon support for catalysis [6], in addition to high chemical 
stability of carbonaceous materials in general. Graphene has attracted 
enormous interest especially in heterogeneous catalysis because of its 
extremely large surface-to-volume ratio, charge carrier mobility and 
functionalization ability [7]. It ideally consists of carbon atoms linked 
through sp2 hybridized atomic orbitals but due to the possible presence 
of surface functional groups such as hydroxyl, carbonyl, carboxyl and 
epoxy, some sp3-bonded carbon atoms can also be present. Principal 
forms of graphene used in heterogeneous catalysis are graphene oxide 
(GO), reduced graphene oxide (rGO), few layer graphene (FLG), multi
layer graphene (MLG) and graphene nanoplatelets (GNPs) [8]. Gra
phene nanoplatelets with a thickness of no more than 10 layers and low 
density of defects, are an important part of graphene family. They retain 
the high thermal and electrical conductivity, with a reduced cost and 

high mechanical strength, all benefits for possible industrialization. 
Chemical functionalization of GNPs can bring new properties by intro
ducing new organic functional groups or metallic entities on its surface. 
Chemical functionalization can be divided into two approaches: cova
lent and non-covalent [9]. Covalent functionalization provides a stable 
connection between GNPs and the functional groups due to covalent 
bonds, but it also tunes the aromatic character of graphene. Indeed, the 
creation of a new covalent bond with a surface carbon atom modifies its 
hybridization from sp2 to sp3 which can lead to a partial or total loss of 
the electronic properties of GNPs [10]. As for non-covalent functional
ization, it can be achieved primarily with π-π stacking interactions. The 
large π system of GNPs is used as ideal scaffold for this type of func
tionalization with adsorbate molecules of aromatic character. New 
functionalities can therefore be introduced on the surface of GNPs 
without altering graphene’s network and aromatic character [10]. The 
smallest entity that adopts the π-π parallel stacking configuration with 
graphene is pyrene [11]. This moiety was therefore selected here to 
optimize the immobilization of metals on GNPs in view of its application 
in heterogeneous catalysis. 

Sorbitol was identified by the U.S. Department of Energy as one of 
the 12 most important value-added chemicals obtainable from biomass 
[12,13]. It can be potentially used as a source of alkanes for liquid 
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biofuels or as an “outstanding building block” for commodity chemicals 
[14]. Moreover, it can be used as additive in food, cosmetics and paper 
industries. 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 [15] (Fig. 1). 

Non-noble (Fe, Co, Ni) and noble (Ru, Pt, Pd) metals have been used 
as active phases in the reaction of hydrogenation of glucose [16–19]. 
Nickel based catalysts (Raney type) are used due to their low cost and 
moderate catalytic activity, but their drawbacks are deactivation of 
catalyst, leaching of the active nickel and sintering. Due to leaching and 
dissolution of nickel during the hydrogenation, the purification of sor
bitol is required at the end of the reaction, especially for food industry 
applications, which renders the process economically less attractive 
[16]. Studies of the use of ruthenium as active metal show that it is more 
(20 - 50 times) efficient than nickel, and ruthenium is stable against 
leaching, but it is much more costly [20]. The price can be reduced by 
supporting the metal active phase as small nanoparticles on an inert 
carrier. However, Raney Nickel remains the most used catalyst in the 
industry for this transformation. It has been reported to be enhanced by 
promoters like molybdenum, chromium, and iron [20–22]. Among 
them, Fe promoted Raney Nickel catalyst exhibits the highest reaction 
rate [21]. So, Fe as a promoter can maximally enhance the activity of Ni 
as it was also shown recently by us for supported catalysts [23]. As 
another option, introduction of noble metals such as Ru, Pt, Pd into 
Ni-based supported catalysts enhances their catalytic activity even at 
low loading of noble metals (Ni-Ru = 3:0.4 wt%), as shown by Ribeiro 
et al. [17]. The promoter effect of Ru over the Ni catalysts shows up by 
decreasing the reduction temperature of activated carbon supported 
nickel, which confirms an intimate contact between both metals [17]. 
The preparation method and metal concentration are very important in 
catalytic systems. Different synthetic methods lead to core-shell, alloy 
and porous structures that present different catalytic activities [24]. 

In this work, we report the synthesis of pyrene-tagged Ru, Ni and Fe 
precursors for non-covalent functionalization of GNPs. This type of 
functionalization allows us to introduce new functionalities and metal 
contents on the surface of graphene without altering its aromatic char
acter. Moreover, the metallic composition of the catalysts can be easily 
tuned and the deposited molecular precursors are transformed into the 
active nanoparticles by gentle heating. The prepared catalysts supported 
on GNPs are then tested in the catalytic reaction of glucose hydroge
nation either in monometallic or in bimetallic forms, allowing to high
light higher catalytic activity for the bimetallic formulations. 

2. Experimental section 

2.1. Materials and reagents 

All manipulations were carried out under an inert atmosphere by 
using standard Schlenk techniques with anhydrous solvents. Hexane, 
tetrahydrofuran, diethyl ether, dichloromethane were distilled over 
sodium under nitrogen atmosphere. The graphene nanoplatelets (GNPs 

C750) were purchased from Sigma-Aldrich (see characteristics in Annex, 
Electronic Supplementary Information). Chlorodiphenylphosphine 
(98% Acros Organics stored under nitrogen), 4-bromobenzonitrile (99% 
Alfa Aesar), nBuLi (1.6 M in hexanes Sigma-Aldrich), lithium tetrahy
droaluminate (95% Sigma Aldrich), N–N’-dicycolhexylcarbodiimide 
(99%), 4-dimethylaminopyridine (99% Sigma Aldrich), pyrenebutyric 
acid (95% Alfa Aesar), triruthenium dodecacarbonyl (99% Alfa Aesar), 
nickel (II) acetate tetrahydrate (Sigma Aldrich), bis(1,5-cycloctadiene) 
nickel (0) (96% Alfa Aesar) and iron pentacarbonyl (99.9% Sigma 
Aldrich) were used as received. 

2.2. Synthesis of bifunctional ligand 6 [25] 

The synthesis of compounds 3 and 4, have been described previously 
[26]. In a 50 ml Schlenk flask, 1 g (1 eq., 3.4 mmol) of 4-diphenylphos
phanylbenzylamine is dissolved in 20 ml of distilled dichloromethane. A 
solution of pyrene butyric acid (1.186 g, 1.2 eq., 4.12 mmol) is added. 
Then, 0.78 g (1.1 eq., 3.7 mmol) of N, N’-dicyclohexylcarbodiimide and 
0.125 g (0.3 eq., 1.02 mmol) of 4-dimethylaminopyridine are added, 
and the mixture is stirred overnight at room temperature. The solution is 
washed successively two times with water, HCl (1 M), HCl (0.1 M), 
water, NaOH (1 M), NaOH (0.1 M), water and dried over MgSO4. The 
crude product is purified by column chromatography (dichlor
omethane/ethyl acetate: 95/5) A white solid is isolated. Experimental 
yield: 66% 1H NMR (300 MHz, CDCl3), δ (ppm): 8.28 (d, J = 9.3 Hz, 
1H), 8.20–7.94 (m, 7H), 7.83 (d, J = 7.8 Hz, 1H), 7.38–7.18 (m, 14 H), 
5.64 (s, 1H), 4.43 (d, J = 5.7 Hz, 2H), 3.40 (t, J = 7.1 Hz, 2H), 2.36–2.17 
(m, 4H); 13C NMR (75 MHz, CDCl3), δ (ppm): 172.60, 138.91, 135.62, 
134.16, 133.90, 133.73, 133.48, 131.29, 130.77, 129.83, 128.80, 
128.53, 128.44, 127.85, 127.38, 127.33, 127.26, 126.65, 125.79, 
124.86, 124.72, 123.25, 43.19, 35.69, 32.57, 27.30; 31P NMR (121 MHz, 
CDCl3), δ (ppm): − 6.07; HRMS (ESI): m/z calculated for C39H33ON
P+H+: 562.22943; found: 562.22979 

2.3. Synthesis of ruthenium compound 7 

In a 50 ml Schlenk flask, 50 mg (1 eq., 0.078 mmol) of triruthenium 
dodecacarbonyl (Ru3(CO)12) is dissolved in 15 ml of distilled dichloro
methane. 44 mg (1 eq., 0.078 mmol) of the synthetized pyrene bifunc
tional ligand suspended in 5 ml of DCM are added. The mixture is stirred 
12 h and then concentrated under reduced pressure without heating. 
Basic silica gel chromatography (dichloromethane/ethyl acetate, 80/ 
20) allowed the isolation of a dark red solid. Experimental yield: 20%; IR 
(ν CO cm− 1 CH2Cl2):1979, 1968; 31P NMR (121 MHz, CDCl3), δ (ppm): 
37.05; HRMS (ESI): m/z calculated for [M-9CO+Na+] calculated 
2010.37, found: 2011.33. 

2.4. Synthesis of nickel (II) compound 9 

In a 25 ml round-bottomed flask equipped with a reflux condenser, 
0.1 g (1 eq., 0.4 mmol) of nickel (II) acetate tetrahydrate is dissolved in 
15 ml of the solvent: methanol/ water (90/10). To this mixture, 0.23 g (2 
eq., 0.8 mmol) of the pyrene butyric acid are added. The resulting 
mixture is heated under reflux during 2 h. The mixture is then cooled 
down to room temperature. The solution is filtered and the filtrate is 
concentrated in vacuo to give a yellow solid. Experimental yield: 50%; 
IR (film, cm− 1): 1698 (C = O), 1407 (C = O), 837, 826, 757, 692; HRMS 
-ESI: m/z calculated for [M-H+] C40H31O4Ni 633.1654; found: 633.1503 

2.5. Synthesis of nickel (0) compound 11 

In a 25 ml Schlenk flask 100 mg of Ni(cod)2 (0.36 mmol, 1 eq.) and 
400 mg of synthetized bifunctional pyrene ligand 6 (0.727 mmol, 2 eq.) 
were introduced, then 15 ml of distilled THF were added. The mixture 
was cooled down to − 30 ◦C and stirred during 1 h. The bath was then 
removed and CO (1 bar) was bubbled in the flask during one hour. The Fig. 1. Hydrogenation of glucose into sorbitol [16].  
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reaction was left to stir during 2 h. After removal of solvent under 
vacuum, the sticky brown solid was washed with cold pentane (− 30 ◦C) 
and then dissolved in cold DCM (− 30 ◦C). DCM was evaporated to form 
a yellow solid. Experimental yield: 39%; 31P NMR (121 MHz, CDCl3): 
32.24, 30.73, 28.87; IR (ν CO cm− 1 CH2Cl2): 2069, 1999, 1938. 

2.6. Synthesis of iron compound 13 

In a 25 ml Schlenk flask equipped with a reflux condenser, 17 mg 
(0.09 mmol, 1 eq.) of Fe(CO)5 are dissolved in a solution of 0.01 g (0.18 
mmol, 2 eq.) of KOH in 10 ml of absolute degassed ethanol. The mixture 
is stirred during 1 h. 0.1 g (2 eq.) of the synthetized bifunctional ligand 
are then added. The resulting mixture is heated under reflux during 24 h. 
The mixture is then cooled down and filtered through a frit. The yellow 
isolated solid is washed with ethanol, water and ethanol again and then 
dissolved in dichloromethane. The solution is filtered, dried over 
Na2SO4 and the solvent is evaporated under reduced pressure to form a 
brown solid. Experimental yield: 40%; 31P NMR (121 MHz, CDCl3), δ 
(ppm): 82.45; IR (ν CO cm− 1 CH2Cl2): 1876; HRMS-ESI: m/z calculated 
for C83H68N2O5P2Fe 1262.640; found: 1262.3634 

2.7. Catalysts preparation 

The synthesis of Ru, Fe and Ni nanoparticles supported on graphene 
is realized by wet impregnation method. In a typical procedure, 100 mg 
GNPs are suspended in 30 ml dichloromethane and sonicated during 45 
min. The quantity (as specified in Table S2, in Supporting information) 
of metallic precursor is calculated so as to obtain 3 wt.% of metal loading 
in the case of ruthenium and 10 wt.% in the case of nickel and iron 
catalysts. The metallic precursors are dissolved in 1 ml of dichloro
methane and added to GNPs, the mixture is then stirred during one hour 
at room temperature to allow for π-π interactions to take place. The 
functionalized GNPs are then filtered through PVDF 0.45 µm mem
branes. The resulting material is thermally heated under inert atmo
sphere (Ar/H2 95/5) in a tubular oven STP 16/450 from a CARBOLITE at 
the set temperature (400 ◦C or 600 ◦C, as specified in each case in ‘Re
sults’ part) during one hour after heating ramp at 100 ◦C/h. 

2.8. Characterization methods 

NMR spectra were recorded on a Bruker spectrometer (300 MHz for 
1H, 75 MHz for 13C, 121 MHz for 31P). Chemical shifts are reported in δ 
(ppm) from CDCl3/tetramethylsilane with solvent resonance as the in
ternal standard for 1H NMR and 13C NMR, while PCl5 was used as in
ternal standard for 31P NMR. 

IR spectra were recorded on a Spectrum Two FT-IR from Perkin 
Elmer. Solid samples were dissolved in dichloromethane and analyzed 
between 4000 cm− 1 and 750 cm− 1. 

HRMS-ESI were recorded on a Q-Exactive orbitrap from Thermo
Fisher. Samples were ionized by direct introduction in the positive 
mode, as provided in the ESI. 

XPS analyses were carried out at room temperature with a SSI- 
Xprobe (SSX 100/206) photoelectron spectrometer from Surface Sci
ence Instruments (USA), equipped with a monochromatized micro-focus 
Al X-ray source. Samples were stuck onto small sample holders with 
double face adhesive tape and then placed on an insulating ceramic 
carousel (Macor®, Switzerland). Charge effects were avoided by placing 
a nickel grid above the samples and using a flood gun set at 8 eV. The 
binding energies were calculated with respect to the C-(C, H) component 
of the C1s peak fixed at 284.4 eV. Data treatment was performed using 
the CasaXPS program (Casa Software Ltd., UK). The peaks were 
decomposed into a sum of Gaussian/Lorentzian (85/15) after subtrac
tion of a Shirley-type baseline. 

ICP analyses for determining the metal contents in solid samples 
were realized by MEDAC Ltd. (U.K., www.medacltd.com). The catalysts 
samples were digested with nitric acid on a hot plate, with hydrogen 

peroxide as an oxidizing agent, then made up to volume with ultrapure 
water (18.2Mohm water) and analyzed by ICP-OES method. 

TEM images were obtained on a LEO 922 Omega Energy Filter 
Transmission Electron Microscope operating at 120 kV. The samples 
were suspended in hexane under ultrasonic treatment. One drop of 
suspension was deposited on holey carbon film supported on a copper 
grid (Holey Carbon Film 300 Mesh Cu from Electron Microscopy Sci
ences), which was let to dry overnight under a fumehood at room 
temperature before imaging. 

XRD diffraction patterns were recorded with a D8-Advance diffrac
tometer (Bruker, Germany) using Brag Brentano geometry. Diffracto
grams were taken between 5◦ and 80◦ (2θ) with a step size of 0.015◦

(2θ). The reference databases COD and PDF-2 2004 were used to match 
experimental peaks and identify crystalline phases. 

The texture of the starting GNPs was characterized by nitrogen 
adsorption–desorption isotherms. The measurement was achieved by 
using a Micromeritics ASAP 2020 analyzer at 77 K. Before analysis, the 
sample was degassed for several hours at 200 ◦C under 4 µmmHg 
pressure. The analysis of the isotherms provided the specific surface area 
calculated with the Brunauer–Emmett–Teller (BET) equation, SBET. The 
pore sizes were calculated using the Barrett-Joyner-Halanda (BJH) 
model. 

2.9. Catalytic tests 

Hydrogenation of D-glucose was performed in a 300 ml stainless- 
steel high-pressure Parr autoclave. 500 mg of glucose was added to 
60 mg of catalyst in 120 ml of milli-Q water. The reactor was purged 
with N2 three times to remove air. The reaction mixture was then heated 
at 160 ◦C, the autoclave was filled to a constant H2 (>99.99% pure) 
pressure and reaction started (stirring was set at 1700 rpm). At the end 
of the reaction, the mixture was cooled down to room temperature and 
the solution was filtrated. The filtrate was diluted to 250 ml with milli-Q 
water and analyzed by HPLC. The catalyst is recovered, washed with 
milli-Q water and dried overnight for characterization after the catalytic 
run. 

Standard tests to check for absence of diffusional limitations were 
carried out. Given the fact that graphene nanoplatelets are non-porous 
in nature (see Annex in Supplementary Information with characteris
tics of starting GNPs), internal diffusion is not problematic here. 

HPLC analyses were performed with a Waters system equipped with 
Waters 2414 refractive index (RI) detector. An Aminex HPX 87C car
bohydrate column was used, with ultrapure water as mobile phase at a 
flow rate of 0.5 cm3min− 1, a column temperature of 30 ◦C and 25 µl of 
injected volume. 

The conversion of glucose was calculated as follows: Conversion (%) 
=

n glucose converted
n glucose engaged x100 

The selectivity in sorbitol was calculated as follows: Selectivity (%) 
=

n sorbitol producted
n glucose converted x100 

The yield of sorbitol was calculated as follows: Yield (%) =
n sorbitol produced
n glucose engaged x100 

3. Results and discussion 

The experimental strategy we followed involved several steps. First 
of all, a pyrene bifunctional ligand was synthesized and complexed to 
four metallic entities, namely Ru, Ni (II), Ni (0) and Fe. These com
pounds were then dispersed on the surface of the GNPs and thermally 
activated, to keep only the metallic cores without organic part on the 
surface of GNPs. The so-prepared nanoparticle catalysts were then used 
in catalytic tests either separately or in bimetallic combinations: Ni-Ru, 
Fe-Ru and Ni-Fe. The results obtained in each step will be discussed in 
detail below in subsequent sections. 
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3.1. Synthesis of the bifunctional ligand and its characterization 

The phosphine ligand 6 bearing a pyrene entity was first synthesized 
following the synthetic route shown in Fig. 2 [25]. 

A halogen/lithium exchange between 4-bromobenzonitrile 2 and 
nBuLi followed by reaction with chlorodiphenylphosphine 1 gives the 
intermediate 3. LiAlH4 reduction of the nitrile group in compound 3 
yielded the corresponding amine 4, which was finally coupled with 1- 
pyrenebutyric acid 5 to give the bifunctional ligand 6 with an overall 
yield of 66%. This air-stable yellow solid 6 was fully characterized. 1H 
NMR confirms the presence of aromatic entity. 31P NMR peak at − 6 ppm 
confirms that phosphorus atom is not oxidized and the mass spectra 
found 562.23 m/z for (M + H+) corresponds to the theoretical pseudo- 
molecular ion (Supporting information Figs. S1–S4). 

3.2. Synthesis of metallic (ruthenium, nickel and iron) precursors and 
their characterization 

Four metallic precursors were synthetized (Ru, Ni (II), Ni (0), Fe). In 
the case of Ru, triruthenium dodecacarbonyl, Ru3(CO)12, was used in the 
synthesis. This cluster is known to give a mixture of different products 
during reactions of CO exchange [27–29]. Ru3(CO)12 was dissolved in 
dichloromethane and bifunctional ligand 6 was added in stoichiometric 
quantities (Fig. 3). 

The reaction was followed by TLC and IR. The initially yellow so
lution (Ru3(CO)12 in CH2Cl2) becomes red within 3 h of reaction. Three 
more spots appear on TLC, besides the spot of the starting material. We 
suggest the formation of several substitution products, mono-substituted 
Ru3(CO)11(PPh2R), di-substituted Ru3(CO)10(PPh2R)2 and tri- 
substituted Ru3(CO)9(PPh2R)3 compounds. In the IR spectra we 
observe a mixture of different products (Fig. 4, orange curve). The major 
tri-substituted product 7 is easily identified due to its red color. It is 
isolated by column chromatography. The obtained purified product is a 
red solid stable in the air. The IR spectra (Fig. 4, blue curve) of the 
carbonyl region shows, as expected, a shift of the CO stretching bands to 
smaller wavenumber (1977 cm− 1, 1968 cm− 1), indicating the weak
ening of the CO bonds due to replacement of several COs by a less 
π-acceptor phosphine ligand. 

The 31P and 1H NMR spectra were recorded in CDCl3 after the pu
rification step (Figs. S5 and S6). The position of the peak was shifted 
downfield (δ = 37.05 ppm) compared to the phosphine ligand at the 
beginning (δ = − 6.07 ppm). A downfield shift in the 31P resonance of the 

compounds is related to the π accepting ability of phosphines from the 
metal. The back donation of electron density from the metal towards 
phosphine occurs, resulting in a deshielding effect at the phosphorus 
atom [30]. The presence of only one phosphorus peak indicates that 
ruthenium bears phosphine ligands and that all of them are equivalent. 
The 1H NMR also gives information about the product and shows that 
the phosphine ligand with pyrene was successfully added to the ruthe
nium cluster (Fig. S5). As for HRMS, we observe the peak of the whole 
tri-substituted product, including ruthenium cluster core (Ru3), three 
phosphine ligands and nine CO ligands (found m/z 2011.33) (Fig. S7). 

Two different nickel precursors were then synthetized. The first one 
is obtained by the exchange between nickel (II) acetate and 1-pyrenebu
tyric acid; and the other one, by the exchange between the synthetized 
bifunctional ligand 6 and bis(1,5-cyclooctadiene) nickel (0), Ni(cod)2, in 
presence of 1 bar of CO. 

As for the first synthesis, nickel (II) acetate tetrahydrate 8 was used 
as starting reagent rather than a carbonyl cluster with a zero-oxidation 
state of the metal. Therefore, the commercial 1-pyrenebutyric acid 5 
was used as ligand in the reaction rather than the bifunctional synthe
sized ligand 6 (see Fig. 1). In consequence, this reaction cannot be fol
lowed by analyzing the shifts of CO stretching bands but rather by 
looking at carboxylate characteristic peaks. Nickel acetate tetrahydrate 
8 is known [20] as an octahedral compound: the metal center is coor
dinated by four oxygen atoms of water molecules and two oxygen atoms 
of the acetate ligand in unidentate coordination mode. However, we 
observe a difference Δ smaller than 200 cm− 1 between the asymmetric 
(νasym = 1505 cm− 1) and symmetrical (νsym = 1416 cm− 1) carboxyl 
stretching frequencies in the IR spectrum of this starting material 
(Fig. S8), while it is usually more than 200 cm− 1 for unidentate coor
dination mode. The reason for this is that the acetate oxygen that is not 
coordinated with the metal makes hydrogen bridges (Fig. 5) with the 
neighboring ligands, giving a "pseudo-bridging" arrangement [31,32]. 

When our starting nickel acetate compound 8 is placed in the pres
ence of 1-pyrenebutyric acid 5, the desired ligand-exchange reaction 
shown in Fig. 4 takes place, leading to the formation of product 9. The 
mass spectrum (Fig. S9), m/z = 633.15, indicates that the product ob
tained is not hydrated. No band is observed in the IR spectra (Fig. S10) in 
the region 3600 cm− 1 to 3400 cm− 1, which confirms the absence of 
O–H stretching vibrations. There is a strong band at 1700 cm− 1 which is 
the region of C = O stretching, we observe also a band at 1205 cm− 1 for 
the region of C–O stretching, and there are also COasym and COsym at 
1568cm− 1 and 1432 cm− 1, respectively. So, we assume that the acetates 

Fig. 2. Synthetic pathway of bifunctional ligand 6.  
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are coordinated in an unidentate mode with 2 ligands to 1 metal ratio 
(Fig. 5). 

Ni(cod)2 is used for the synthesis of the second nickel compound. Ni 
(cod)2 is a 18-electron complex, which found a particular use as pre- 
catalyst in homogeneous catalysis [33]. Its π- acceptor alkene 

cyclooctadiene (cod) ligands stabilize low-valent Ni but can be easily 
displaced by strong σ-donors such as phosphine ligands. Therefore, the 
pyrene ligand 6 was added to Ni(cod)2, and they were dissolved together 
in cold THF (− 30 ◦C) to proceed with ligand exchanges. The cold bath 
was removed and 1 bar CO was then bubbled through the solution 
during one hour to provide extra carbonyl ligands as a replacement for 
cod. The reaction was then stirred during two hours at room tempera
ture (Fig. 6). 

The solvent was evaporated under reduced pressure and the solid 
was washed with cold pentane and then dissolved in DCM. A yellow 
solid appeared after evaporation of the solvent. The solid was charac
terized first of all by IR. Three peaks in the carbonyl region at 2069, 
1999 and 1938 cm − 1 (Fig. 7) confirm the presence of CO ligands. The 
carbonyl peaks are in accordance with the literature. Two kinds of re
ported compounds give similar carbonyl stretching bands: 2065 (A1), 
1980 (E modes) for tricarbonyls and 1995 (νsym) and 1920 (νasym) for 
dicarbonyls [34]. The quantity of carbonyl stretching bands of our 
synthetized compound lets us think that there is a mixture of dicarbonyl 
and tricarbonyl products (Fig. 7). The TLC indeed shows two spots that 
confirms this hypothesis about a mixture of mono- and di-substituted 
products (Fig. S11). The 31P NMR shows three peaks at 32.24, 30.73, 
28.87 ppm. The position of phosphorus peaks shifted to higher values, 
compared to free phosphine ligand (δ = − 6 ppm) confirming the ex
change of phosphine ligand with metallic core (Fig. S12). The 1H NMR 
confirms the presence of the aromatic entity (8.3–7.3 ppm) (Fig. S13). 
The synthetized nickel compound 11 will be used as a mixture for the 
functionalization of GNPs. 

The last metallic compound synthetized is the iron precursor. Fe 
(CO)5 was used as starting material in this synthesis. Controlling the 
degree of substitution of iron pentacarbonyl with neutral ligands is 
usually very difficult [35]. Moreover, selective formation of only one 
substitution product is labored, since there are separation difficulties for 
mono- from di-substituted product, as well as the excess of the free 
ligand from the products. The monosubstituted complex Fe(CO)4PPh2R 
can be made from Fe(CO)5 only under very specific conditions like, 
either in combination with the photochemical and thermal procedure 
[36], or using metal hydrides [37], or using catalysts such as cobalt salt 
[38] or carbonyl anions [39]. The di-substituted product is more diffi
cult to obtain and the best initial procedure reported by Siegl was the 
reaction of Fe(CO)5 with LiAlH4 for 50 h in the presence of an excess in 
THF under reflux [37]. This synthetic approach was tested here with the 
pyrene ligand and should make it possible to synthesize only one 
product by reacting iron (0) pentacarbonyl with aluminum lithium hy
dride (LiAlH4) in THF in the presence of our neutral ligand to produce a 
large quantity of Fe(CO)3(PPh2R)2. The 31P NMR shows several phos
phorus peaks (Fig. S14) and the IR spectrum of the product indicates 

Fig. 3. Synthesis of ruthenium bifunctional compound 7.  

Fig. 4. IR spectra of starting material (green curve), crude product (orange 
curve) and the isolated trisubstituted product (blue curve). 

Fig. 5. Reaction between nickel acetate and 1-pyrenebutyric acid.  
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that, despite the number of equivalents respected during the procedure, 
a mixture of products was obtained (Fig. S15). As the synthesis of Siegl 
did not give us only one di-substituted product, we turned on to another 
synthesis proposed by Brunet et al. [40], as a simple and effective 
method to obtain the desired product 13 (Fig. 8). 

The reaction of Fe(CO)5 and KOH gives a product, KHFe(CO)4, that 
can react with a phosphine ligand and give a single product, that of 

disubstitution. A downfield shift of phosphorus peak (31P NMR δ = 82 
ppm) confirms that the reaction took place, compared to the free 
phosphine ligand (δ = − 6.07 ppm) (Fig. S16). IR spectrum shows, in the 
carbonyl stretching region, a distinct shift of CO stretching bands to
wards smaller wavenumbers confirming the exchange of CO for phos
phine ligands (Fig. 9). 

The IR peak at 1876 cm− 1 is a characteristic peak of disubstituted 
product, in correspondence with the literature [35]. The analysis of the 
compound by HRMS reveals the intact compound (m/z 1262.36) 
(Fig. S17). This pure and perfectly identified iron compound (Brunet 
product 13) will be used for the functionalization of graphene in the 
subsequent steps. 

3.3. Immobilization of metallic precursors on graphene nanoplatelets 
(GNPs) 

The pyrene group is important in this work for non-covalent immo
bilization of precursors on the surface of GNPs. The pyrene and graphene 
are lipophilic, so we need to use polar solvents to ensure optimal π-π 
stacking during the immobilization step [11,25]. We used dichloro
methane for the immobilization of ruthenium (7), nickel (0) (9), nickel 
(II) (11) and iron (13) compounds according to their solubility. First, 
100 mg of GNPs were dispersed in DCM in an ultrasonic bath for 45 min. 
The metallic compounds 7, 9, 11 and/or 13 were dissolved in small 
quantity of DCM, and added to the dispersed GNPs. The mixtures were 
stirred for 60 min at room temperature [25,41]. After stirring, the 
mixtures were filtrated (PVDF 0.45 µm) to separate the functionalized 

Fig. 6. Synthesis of nickel bifunctional compound 11.  

Fig. 7. Carbonyl region IR spectrum of nickel compound 11.  
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GNPs from the liquid phase. The liquid phase was evaporated and the 
residue left was weighed to quantify the quantity of non-immobilized 
metal compound. By taking the difference between the initially intro
duced quantity and the one recovered after evaporation of the liquid 
phase, we can calculate the quantity of metal immobilized on GNPs. The 
solids were then pyrolyzed at two different temperatures, namely 400 ◦C 
and 600 ◦C under inert atmosphere (Ar/H2 95/5) during one hour. This 
thermal treatment is required to remove carbonyl ligands surrounding 
the metal and the bifunctional ligand used to immobilize them on the 
support in order to obtain just a metallic core on the surface of graphene 
nanoplatelets. Since the properties of nanoparticles are dependent on 
their size, the possibility to prepare them with a narrow distribution on 
the surface of the chosen support is very important [42]. The use of 
higher activation temperatures can damage the graphene nanoplatelets 
structure [41], what is in contrast with our non-covalent strategy of 
metal anchoring on the substrate. Moreover, high temperatures promote 
the formation of bigger nanoparticles, so, the best activation tempera
ture has to be investigated [43,44]. 

3.4. Characterization of Ru, Ni and Fe catalysts 

Different mono- and bi-metallic catalysts were prepared by varying 
the combination of pyrene-tagged compounds immobilized on the GNP 
surface: Ru, Ni, Fe, Ni-Ru, Fe-Ru and Ni-Fe. Our strategy presents the 
major advantage of allowing bimetallic materials to be prepared as 
easily as monometallic ones in a single step, by simply dissolving 
together two different pyrene-tagged compounds in a single solution. 
This will ensure intimate contact between the two metals. 

ICP analyses are necessary to determine the exact metal loading in 
the thermally-activated GNPs based catalysts, especially in the case of 
bimetallic combinations (Table 1). Different metal loadings between 0.3 
and 3 wt% were obtained by varying the engaged quantities of pre
cursors in the syntheses. This will also allow us to compare this impor
tant parameter in the catalytic tests. We can also see from Table 1, that 
for the majority of catalysts, there is still phosphorus left on the GNPs 
after the thermal activation. This is not a drawback as phosphide phases 
are catalytically-active for the conversion of glucose (from cellulose) 

Fig. 8. Synthesis of Brunet adapted to our case to obtain iron/pyrene compound 13.  

Fig. 9. IR spectra of Fe (CO)5 starting material 12 (blue curve) and final 
disubstituted product 13 (orange curve). 

Table 1 
Metals and phosphorus weight loadings of prepared catalysts: Ru, Ni (II), Ni (0), 
Ni(0)-Ru, Ni(II)-Ru, Fe, Fe-Ru, Ni(II)-Fe on GNPs, activated at 400 ◦C or 600 ◦C.  

Entry Metal Metal loading ICP (wt%) Ratio  
M1-M2* Ru Ni Fe P M1/M2* 

Cat-1** Ru 0.3   /  
Cat-2** Ru 2.4   0.78  
Cat-3 Ru 1.16   /  
Cat-4 Ru 3.03   0.86  
Cat-5 Ru 2.23   0.6  
Cat-6 Ni (II)  7.1    
Cat-7 Ni (0)  12.63  2.41  
Cat-8 Ni (0)-Ru 0.76 1.2  0.55 1.6 
Cat-9 Ni (II)-Ru 0.65 1.04  0.42 1.6 
Cat-10 Ni (II)-Ru 1.02 1.94  0.39 1.9 
Cat-11 Ni (II)-Ru 0.96 2.88  0.3 3 
Cat-12 Fe   10.65 1.91  
Cat-13 Fe-Ru 0.87  0.75 0.72 1 
Cat-14 Fe-Ru 0.5  0.92 0.62 2 
Cat-15 Fe-Ru 1.56  0.5 0.5 0.32 
Cat-16 Ni (II)-Fe  3.46 0.66 0.32 5 

*M2 = Ru (entry 8–11 and 13–15) and M2 = Fe in the case of Ni-Fe (entry 16), ** 
= activated at 400 ◦C. 
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into sorbitol under mild conditions (150 ◦C, 8 h, 5 MPa H2) with 87% of 
yield [45]. 

The chemical state of metals and the presence of other elements on 
the surface of GNPs were evaluated by XPS. Let us, first, analyze the 
nickel catalysts, which were synthetized from the nickel zero precursor 
11: Ni (0)/GNP (Cat-7 Table 1) and Ni(0)-Ru/GNP (Cat-8 Table 1). The 
XPS spectra show the presence of Ni 2p and P 2p peaks (Fig. 10). Ni was 
detected in GNP catalyst with 2.9 at.% and P was detected with 0.9 at.%. 
O 1 s, N 1 s and C 1 s were detected also in the composition (Fig. S18). 
The core level spectrum P 2p shows the presence of phosphate and 
phosphide phases thanks to two P 2p doublet contributions measured 
with P 2p3/2 binding energies of 134 eV and 130.3 eV, respectively [46]. 
The presence of phosphide (130.3 eV) lets us think that a phosphide 

nickel phase is formed. The core level spectrum Ni 2p 3/2 shows the 
presence of NixPy at 852.7 eV and Ni 2+at 856.3 eV and a shake-up 
satellite at 861.0 eV [47]. However, the metallic phase of nickel (Ni 0) 
and nickel phosphide phase (NixPy) have the same binding energy and 
the metallic phase can also be present. The oxidized nickel phase for
mation can be explained by the storage of the catalyst and its direct 
interaction with air. 

A mixture of nickel phosphate and nickel phosphide is observed for 
two types of catalysts, mono- and bimetallic one (Cat-7 and Cat-8 
Table 1), which is in accordance with the synthetic way of preparation 
of these catalysts. In both cases the pyrene bifunctional ligand 6 plays 
the role of the precursor and brings phosphorus on the surface of GNPs. 
When comparing monometallic with bimetallic formulation, we observe 

Fig. 10. Fitted XPS spectra of Ni (0)/GNP catalyst (Cat-7) : (a) Ni 2p3/2 spectrum (b) P 2p spectrum and Ni (0)-Ru/GNP (Cat-8) (c) Ni 2p3/2 spectrum (d) P 
2p spectrum. 
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that a higher proportion of nickel phosphide is present in the mono
metallic one. 

As for the nickel catalysts prepared from the Ni (II) precursor 9, Ni 
(II)/GNP (Cat-6) and Ni (II)-Ru/GNP (Cat-9) were compared: the XPS 
spectra show a mixture of Ni 2+ at 858.6 eV and Ni (0) situated at 852.5 
eV. The mixture of oxidized and non-oxidized phase is detected. The 
thermal treatment reduces the nickel precursor partially, but, despite 
the treatment, the oxidation takes part very fast for the non-noble metal, 
regarding the conditions of the storage in air (Fig. S19). For all ruthe
nium catalyst, ruthenium is reduced to its zero-oxidation state 
(Fig. S20). In the case of iron catalysts Fe/GNPs and Fe-Ru/GNPs, the 
XPS analysis shows the presence of iron oxide in both catalysts 
(Figs. S21, S22). Despite the synthetic strategy involving an iron (0) 
precursor, iron seems to be oxidized after the thermal activation under 
inert atmosphere (Ar/H2). This is very common with non-noble metals 
as all transfer steps and the storage were done in the air. Finally, the 
bimetallic catalyst Ni (II)-Fe/GNPs (Cat-16) presents a mixture of 
oxidized nickel and iron; and non-oxidized nickel (Fig. S23). 

Regarding surface amount in each element analyzed at the surface 
(Tables S1, S2), we can see that in the case of the monometallic Ru/GNP 
catalyst, the atomic percentages calculated from XPS spectra are in 
accordance with the weight percentage from ICP analysis: the atomic 
percentages increase with the weight of the metal (from Cat-3 to Cat-5). 
However, for the bimetallic catalysts that contain ruthenium (Cat-8 to 
Cat-11 and Cat-13 to Cat-15), the atomic percentages of ruthenium are 
between 0.1 and 0.2 at.% and are difficult to corroborate with those 
obtained from ICP analysis. This is due to subtle surface effects that can 
occur with bimetallic nanoparticles, such as surface segregation driven 
by lower surface energy, formation of alloys if the two metals are 
miscible, surface oxidation if one metal (here Fe for example) is more 
easily oxidized etc. In particular, in the case of Fe-Ru bimetallic systems, 
it is known from phase diagrams that these metals are very miscible and 
will form solid solutions [48]. By contrast, Ru-Ni are immiscible and 
prefer separated pure phases [49]. In addition, particle size will also 
influence percentages of metal detected by XPS analysis, as the depth of 
XPS analysis is ~5 nm so larger particles will not contribute fully to the 
XPS at.% detected on the surface. The wt% determined by ICP is by 
opposition a bulk analysis. 

For monometallic nickel catalysts (Cat-6 and Cat-7), the atomic 
percentage increases with the metal loading, but it is not corroborated 
for the bimetallic ones (Cat-8 to Cat-11). As for bimetallic iron catalysts 
(Cat-13 to Cat-15), the atomic percentage is the same in the three cat
alysts, despite the different weight metal loadings. For the last bimetallic 
catalyst Ni (II)-Fe (Cat-16), the atomic percentages of both metals are in 
accordance with other values for all catalysts (around 0.14 at.%). These 
effects can be explained by all arguments developed above for Ru that 
cannot be disentangled here. 

The catalysts were then characterized by powder X-ray diffraction. 
The XRD diffraction pattern obtained for the ruthenium catalyst is the 

same as for GNPs alone, no peak of ruthenium was detected (Figs. S24, 
S25) indicating the amorphous nature of the nanoparticles or their very 
small sizes. The nickel phosphide and nickel metallic phases were 
detected by XRD in the bimetallic catalysts (Ni (0)-Ru/GNP, Cat-8), in 
accordance with XPS analysis (Fig. 11). The XPS peak at 852.5 eV 
contains, probably the mixture of the two species, metallic nickel and 
nickel phosphide NixPy. As for Ni (II)/GNP catalyst, the metallic nickel 
phase was also detected (Fig. S26). 

TEM images were taken for each type of catalyst (Figs. 12, S27 and 
28). For ruthenium catalyst activated at 600 ◦C, the particles are small 
(under 10 nm) and well dispersed (Fig. 12A, B). The absence of peaks in 
the XRD diffraction pattern, compared to the pristine GNPs XRD 
diffraction pattern, can therefore be explained by the small size of the 
ruthenium particles. For Ni (II)/GNP catalyst, particles between 10 and 
12 nm and well dispersed were observed (Fig. 12C, D). In the case of 
bimetallic Ni (II)-Fe/GNP catalyst, the particles are smaller than Ni (II)/ 
GNP (Fig. 12E, F). the biggest particles are obtained for the Ni (0)/GNP, 
around 20 nm (Fig. 12G, H). In the case of other formulations, Fe/GNP 
and Fe-Ru/GNP (Figs. S25 and 26), the particles are small (under 10 
nm), like in the case of Ru/GNPs. We can see that the functionalization 
with pyrene ligand as precursor gives a homogeneous dispersion of small 
nanoparticles for each type of metallic catalyst. 

3.5. Catalytic activity in the reaction of glucose hydrogenation into 
sorbitol 

The characterized catalysts were tested in the reaction of hydroge
nation of glucose into sorbitol under H2 (30 bar pressure, 1700 rpm 
stirring rate). First catalytic tests were performed at 140 ◦C during 6 h 
under 30 bar H2 with 1 g of glucose and 30 mg catalyst with the 
monometallic Ru/GNPs catalysts (Table 2). 

These first experiments let us to choose the activation temperature in 
the idea to improve the sorbitol selectivity and conversion of glucose. 
We see that if the catalyst is activated at 600 ◦C (Table 2), the selectivity 
in sorbitol increases, as well as conversion and yield. 1.16 wt% in 
ruthenium (Cat-3) activated at 600 ◦C gives nearly the same result than 
2.4 wt% Ru activated at 400 ◦C. A higher activation temperature allows 
to divide the amount of noble metal by two for getting the same per
formance. When increasing the loading to 3 wt% of ruthenium (Cat-4), 
the catalyst converts nearly all glucose and gives a high selectivity for 
sorbitol. In view of these results, all the other prepared catalysts were 
activated at 600 ◦C. For the next catalytic tests, we adapted the reaction 
conditions to the catalysts’ nature. All subsequent tests being carried out 
with materials based on non-noble metals, known to have problems of 
leaching and deactivation after recycling [18], the quantity of catalyst 
was increased (60 mg), the quantity of glucose was decreased (500 mg), 
while the reaction temperature was increased up to 160 ◦C. However, in 
order to be able to compare the performance, the time of reaction was 
reduced from 6 to 2 h. 

Fig. 11. Powder X-ray diffraction patterns of Ni (0)-Ru /GNPs (entry 15 in Table 1). * = metallic nickel Δ = nickel phosphide.  
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Fig. 12. TEM images of Ru/GNP (Cat-4) (A, B); Ni (II)/GNP(Cat-6) (C, D); Ni (II)-Fe/GNP (Cat-16) (E, F); Ni (0)/GNP (Cat-7) (G, H) catalysts after thermal activation 
at 600 ◦C. 
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The ruthenium (2.23 wt%) catalyst (Cat-5, Table 3) was tested under 
these new conditions and showed good results: 66% conversion of 
glucose and 74% selectivity in sorbitol after only 2 h of catalytic test. In 
comparison, 3.03 wt% (Cat-4) ruthenium gives a high conversion and a 
slightly higher selectivity in sorbitol but for a much longer reaction time 
(6 h) (Fig. 12A and Table 2). 

Nickel monometallic catalysts prepared from the two Ni (II) and Ni 
(0) precursors were then tested (Cat-6 and Cat-7, Table 3): Ni (II)/GNP 
catalyst (Cat-6) with 7.1 wt% of nickel gives 27% of selectivity for 
sorbitol while the Ni (0)/GNP (Cat-7) that presented 12.63 wt% Ni gives 
only 15% selectivity. 

In general, the catalytic reaction of glucose hydrogenation is quite 
selective but the formation of several by-products is possible [50]. 
Fructose is produced by isomerization of glucose which is catalyzed by 
leached metals Fe3+ and Ni2+, which act as Lewis acids [51]. Mannitol is 
produced through hydrogenation of fructose and mannose [23]. Fruc
tose, mannose and mannitol are the major by-products that were iden
tified in the present work and can explain the low sorbitol selectivity in 
some cases. 

Obviously, not only the metal loading plays a crucial role in the 
selectivity of the reaction, but there are other effects that have to be 
considered as chemical composition, metallic oxidation state and par
ticle sizes. Indeed, the smaller particles observed in the case of Cat-6 (Ni 
(II)/GNP) give a better selectivity than Cat-7 (Ni (0)/GNP) with bigger 
ones (compare Figs. 12C, D and 13) [52]. 

In the case of bimetallic catalysts Ni-Ru, the conversion and the 
sorbitol selectivity increase when the quantity of nickel increases (we 
tested up to 3Ni:1Ru), to reach 60% conversion even with only 1 wt% 
ruthenium (Fig. 13B). 

The bimetallic catalysts Fe-Ru/GNP show a high catalytic activity 
with a high loading in ruthenium (1Fe/3Ru, Fig. 13C). However, when 
increasing the quantity of iron the conversion is not enhanced, in 
accordance with its inactivity for the studied catalytic reaction 
(Fig. 13D). The monometallic iron catalyst gives the same conversion 
and selectivity compared to a blank test with only the GNPs support pre- 
treated at 600 ◦C for 1 h (57% of conversion, 8% of sorbitol selectivity 
and 4.5% of sorbitol yield). 

We then tried to remove completely the expensive (yet very active) 
noble metal ruthenium in a bimetallic combination, and tested Ni-Fe/ 
GNP. When comparing the sorbitol selectivity for the monometallic 
nickel catalyst with 7.1 wt% Ni and the catalyst Ni (II)-Fe/GNP 
(3.46–0.66 wt% in Ni and Fe, respectively), we see that the bimetallic 
catalyst has better selectivity: 40% compared to 15% for the mono
metallic catalyst. Moreover, this enhancement occurs despite the low 
total loading in nickel and iron (4.12 wt% for the two metals) (Fig. 13D). 
This indicates a synergetic effect between the two metals, as the bime
tallic material present catalytic results that outperforms the sum of those 
of the monometallic ones. 

This result can be explained by different phenomena, the first one 

being particle sizes. In the bimetallic catalyst, the particles are very 
small while in the case of the corresponding monometallic nickel cata
lyst, the particles are around 20 nm (Fig. 12). It has been shown that the 
particle size plays an important role in catalytic reactions, better cata
lytic tests results being usually obtained with smaller particles, and 
especially in this transformation [43]. The other point is the positive 
effect of iron on nickel catalysts that was observed and developed in the 
literature [22,53]. Indeed, Gallezot et al. [21] and Court et al. [22] 
showed that iron is a promoter for nickel based catalysts of Raney-Ni 
type. Synergy effect between iron and nickel in an alloy structure pre
pared by a sol-gel method was also recently demonstrated by Fu et al. 
[23]. 

When comparing with bimetallic catalysts based on ruthenium (Fe- 
Ru and Ni-Ru), the selectivity to sorbitol is almost the same for 0.76 wt% 
and 0.5 wt% of ruthenium (Table 4). Even a small quantity of ruthenium 
is already enough to get around 50% of sorbitol selectivity. These results 
agree with literature. Frecha et al. demonstrated that the addition of Ni 
is not justified in the case of Ni-Ru (3:0.5 wt%), as a 0.3 wt% of Ru is 
enough to completely hydrogenate the sugars by itself [53] . Here we 
obtained similar performance with a bimetallic catalyst based on 
non-noble metals, and totally devoid of ruthenium (Table 4). 

4. Conclusion 

We have reported an original method for graphene nanoplatelets 
functionalization by a non-covalent way without altering their aromatic 
network, by introducing on their surface a bifunctional ligand bearing a 
pyrene ligand and a metallic entity. Three metallic compounds were 
synthesized by ligand exchange from Ru, Ni and Fe reactants, and their 
molecular entity confirmed by detailed characterization. In addition, a 
Ni (II) compound was obtained from 1-pyrenebutyric acid. These new 
metal/pyrene synthesized compounds where introduced at the surface 
of GNPs by π-π stacking and thermally treated to remove the organic 
parts. The pyrene group has demonstrated its efficiency in giving high 
dispersion of nanoparticles and avoiding sintering on GNPs during the 
thermal treatment of the metal precursors. 

The so-prepared catalysts were fully characterized and studied in the 
catalytic reaction of glucose hydrogenation. Ruthenium supported on 
graphene nanoplatelets (3.03 wt%) shows the best selectivity in the 
catalytic reaction, with 92% of conversion and 87% of selectivity in 
sorbitol within 6 h. Non-noble metals such as nickel and iron are, in turn, 
far less active, with 60% of conversion in both cases and around 15% of 
selectivity in the case of nickel and only 4% of selectivity in the case of 
iron. However, nickel is known as being efficient for this type of reac
tion, but only in bulk form as Raney nickel. The addition of ruthenium in 
the nickel catalyst showed an enhancement in the catalytic activity. 
Only 0.5 wt% of ruthenium is enough to get nearly 50% sorbitol selec
tivity. On the contrary, iron decreases the activity of ruthenium as it is 
inactive for the hydrogenation of glucose into sorbitol. More 

Table 2 
Hydrogenation of glucose into sorbitol over ruthenium supported catalysts at 140 ◦C under 30 bar H2 during 6 h.   

Activation temperature (◦C) Loading (wt% ICP) Conversion (%) Sorbitol selectivity (%) Sorbitol yield (%) 

Cat-1 400 0.30 63 5 3.15 
Cat-2 400 2.40 42 64 26.88 
Cat-3 600 1.16 47 69 32.43 
Cat-4 600 3.03 93 86 79.98  

Table 3 
Hydrogenation of glucose into sorbitol over ruthenium supported catalysts at 160 ◦C under 30 bar H2 during 2 h.   

Metal Loading (wt% ICP) Conversion (%) Sorbitol selectivity (%) Sorbitol yield (%) 

Cat-5 Ru 2.23 66 74 48.84 
Cat-6 Ni (II) 7.1 50 27 13.5 
Cat-7 Ni (0) 12.63 61 15 9.15 
C at-12 Fe 10.65 62 4 2.48  
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interestingly, the promoter effect of iron in nickel catalysts was 
demonstrated with 58% of conversion and 40% of selectivity obtained 
for 4.12 wt% in both metals in a bimetallic Fe-Ni formulation, demon
strating a synergetic effect. This allows to obtain interesting catalytic 
performance with a supported catalyst devoid of noble metal. Higher 
weight percentage in non-noble metals can enhance the selectivity in 
sorbitol and conversion of glucose, so there is still room for improve
ment, also by optimizing parameters of the catalytic reaction. But this 
latter aspect was not the objective of the present contribution. We herein 
demonstrated the versatility of our synthetic approach to easily obtain a 
wide range of compositions, sizes and loadings of GNPs-supported 
nanoparticles allowing pertinent comparisons for sugar catalysis that 

could easily be extended to other systems (other metals, other carbon 
supports, or other sugar molecules), with important implications for 
biomass valorization processes. 
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