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Bimetallic catalysts possess unique properties differing from those 
of monometallic ones. The high catalytic activity of bimetallic 
systems appears due to many factors, such as the structure, size 
and dispersion of nanoparticles, the method of synthesis and 
conditions of thermal treatments and reduction, the metal ratio, as 
well as the nature of the support.1–3 The conditions for the synthesis 
of bimetallic catalysts can impact metal–metal interaction 
regulating charge transfer within the metals, which, in turn, 
provides tuning in component electronegativity.4,5–8 Catalytic 
properties of such bimetallic systems are usually different from 
those of monometallic catalysts; moreover, application of metals 
on a carrier can seriously influence the charge transfer.7 The effect 
of the charge transfer on catalytic properties is described mostly 
for bimetallic nanoparticles containing noble (Pt, Au, Rh, Ru) and 
non-noble (Cu, Ni, Zn) metals.8–10 However, the phenomenon of 
charge transfer in Fe–M systems and its influence on catalytic 
properties have been scarcely investigated. The present work was 
focused on the synthesis of the supported bimetallic Fe–Pt/SiO2 
catalysts,† the study of samples by XRD, TPR-H2, DRIFTS-CO, 
XPS, TEM and the investigation of catalytic properties in the 
model hydrogenation of phenylacetylene. The hydrogenation of 
unsaturated compounds is of great practical importance.11

The reducibility of the calcined samples was estimated by 
TPR as described previously12,13 (Figure 1). The results indicate 
that the presence of platinum in the bimetallic calcined catalyst 
contributes to the reduction of iron oxides at lower temperatures. 
According to reported data,14 platinum reduction occurs in the 
range of 100–280 °C with a maximum at 200 °C in a sample 
containing 1% Pt deposited on SiO2 using a similar platinum 
precursor. Therefore, the presence of iron oxide also contributes 
to the reduction of platinum at lower temperatures since for the 
bimetallic sample the peak of platinum reduction was found at 
100 °C. The deconvolution of the TPR curve for the calcined 
1%  Pt–1% Fe/SiO2–300C catalyst is shown in Figure S1 
(see  Online Supplementary Materials). The peaks with the 
maxima at 101 and 160 °C can be attributed to the reduction of 
platinum oxides to metallic Pt. The peak with a maximum at 
230 °C can be assigned to the reduction of Fe2O3 to Fe3O4, the 
peak with a maximum at 360 °C corresponds to the reduction of 
Fe3O4 to FeO and the peak with a maximum at 510 °C can be 
ascribed to further reduction to Fe0.15,16 Thus, it can be concluded 
that the oxide phases of iron and platinum in the bimetallic 
1% Pt–1% Fe/SiO2–C–H sample are completely reduced under 
hydrogen at 480 °C after calcination.

The state of the metals in the catalysts was estimated using 
the DRIFTS-CO spectroscopic study (Figures 2 and S2). Several 
bands are visible in the spectrum of calcined catalyst 1%  Pt–
1%  Fe/SiO2–C (see Figure S2). The band at 2351 cm–1 
characterizes adsorbed CO2 and indicates CO oxidation on Fe3+ 

sites that are thereby reduced to Fe2+ ions.17 The band at 

Influence of the electronic state of the metals in Fe–Pt/SiO2  
catalysts on the performance of hydrogenation of phenylacetylene

Anastasiya A. Shesterkina,*a Olga P. Tkachenko,a Elena V. Shuvalova,a  
Gennady I. Kapustin,a Vladimir B. Kazanskya and Leonid M. Kustova,b

a	N. D. Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, 119991 Moscow,  
Russian Federation. Fax: +7 499 135 5328; e-mail: anastasiia.strelkova@mail.ru

b	Department of Chemistry, M. V. Lomonosov Moscow State University, 119991 Moscow,  
Russian Federation

DOI: 10.1016/j.mencom.2019.11.021

 
 

 

 

 

 

 H2C

CH

CH2

FeFe

Fe
Fe

Fe Pt0Ptδ–

Selectivity 85% Selectivity 5%

Iron-modified platinum bimetallic system, 1% Pt–1% Fe/SiO2, 
provides selective liquid-phase hydrogenation of phenyl
acetylene into styrene at 70 ºC and 5 atm. This effect is 
attributed to the electron enrichment of the Pt surface atoms 
due to a charge transfer from Fe to Pt or contact interactions 
between these two metals, as indicated by XPS and  
DRIFTS-CO.

†	 Supported bimetallic 1% Pt–1% Fe catalysts were prepared by 
simultaneous incipient wetness impregnation of a SiO2 carrier (Chimmed, 
Russia, SBET = 108 m2 g–1, Vpor = 1.05 cm3 g–1, Dpor = 26 nm) with 
aqueous solutions of metal precursors Fe(NO3)3 (0.205 m) and H2PtCl6 
(0.100 m) for 2 h. The impregnated samples were dried at 110 °C for 12 h 
and then calcined in air at 300 °C for 3 h. The calcined catalysts were 
reduced in H2 flow at 480 °С for 3 h and then cooled to 20 °C. Acetone 
was introduced into the reactor with the reduced sample to exclude the 
contact with oxygen inside the reactor and to prevent oxidation of 
Fe  nanoparticles. The synthesized catalysts were designated as  
1% Pt–1% Fe–C for the calcined samples and as 1% Pt–1% Fe–C–H for 
the samples reduced in H2. The reference monometallic 1% Fe/SiO2 and 
1% Pt/SiO2 catalysts were prepared similarly.
	 Catalytic properties of the samples were studied in phenylacetylene 
hydrogenation at 70 °C in H2 (5 atm) in ethanol (15 ml) (50 mg of 
catalysts, 0.16 m phenylacetylene, molar ratio substrate: SM was 180 : 1).

	 Diffuse-reflectance IR (DRIFT) spectra were recorded at room 
temperature in the range of 6000–400 cm–1 with a step of 4 cm–1 on a 
NICOLET ‘Protege’ 460 spectrometer supplied with a diffuse-reflectance 
unit. CaF2 powder was used as a standard. CO adsorption was carried out 
at room temperature and 40 Torr CO. XPS were recorded on an ES-2403 
spectrometer with a PHOIBOS 100 MCD analyzer. The spectrometer 
was pre-calibrated by the binding energy of Au 4f7/2  =  84.0  eV and 
Ni 2p3/2 = 852.7 eV. Ka radiation of the anode Mg (1253.6 eV) at a power 
of 10 KV × 20 mA was used as an X-ray source.



Mendeleev Commun., 2019, 29, 666–668

–  667  –

2127 cm–1 is assigned to stretching vibrations of the CºO bond 
in CO adsorbed on divalent iron cations (Fe2+–CO).18 The 
intensity of this band gradually decreases without shift during 
thermodesorption. The band at 2097 cm–1 is attributed to linear 
forms of carbonyls on metallic platinum (Pt0–CO). The intensity 
of this band decreases during the CO desorption and it is shifted 
to 2086  cm–1, which may indicate a strong interaction of the 
supported metals with each other.18,19

DRIFT-CO spectrum of the reduced 1% Pt–1% Fe/SiO2–C–H 
catalyst contains five bands at 2160, 2031, 1980, 1912 and 
1867 cm–1 (see Figure 2). The band at 2160 cm–1 characterizes 
linear carbonyls on divalent iron cations (Fe2+–CO). The bands at 
2031 and 1867 cm–1 are attributed to linear (Pt0–CO) and bridged 
(Pt0–CO–Pt0) carbonyls on metallic platinum, respectively. 
DRIFT spectroscopic studies with adsorbed CO revealed the 
presence of Fe0 on the surface of the reduced sample since the 
bands observed at 1980 and 1912 cm–1 correspond to linear (Fe0–
CO) and bridged carbonyls (Fe0–CO–Fe0).4,20–22 According to 
DRIFTS-CO, the platinum in the monometallic 1%  Pt/SiO2–H 
system has been completely reduced as evidenced by one band at 
2088 cm–1 (Pt0–CO). Comparison of DRIFTS-CO on the reduced 
monometallic and bimetallic samples shows that the band of linear 
carbonyls (Pt0–CO) in the spectrum of the bimetallic sample is 
shifted towards lower frequencies and the intensity of this band 
decreases, which indicates a modification of platinum, in 
particular, an increase in the electron density on platinum and the 
appearance of a partially negatively charged particle (Ptd–) in the 
bimetallic catalyst. Iron in the bimetallic sample is present both in 
the oxidized and in the reduced states (cf. refs. 4, 23). DRIFTS-CO 
results are in accordance with XPS data indicating that platinum 
exists as electron-modified metal particles of a low dispersion with 
an increased electron density due to the influence of the nearest 
electron-deficient Fe atoms.

The study of the reduced bimetallic sample by XRD showed 
the presence of only reflexes of the SiO2 carrier, which testifies 
to the formation of X-ray amorphous phases of both Fe and Pt, 
high dispersion of the deposited metals and small particle size 
(Figure S3). TEM images indicate that mean size of nanoparticles 
in bimetallic sample 4–5 nm (Figure S4). It should be noted that 
the average particle size in a monometallic sample is slightly 
higher than 5–6 nm.

The XPS results reveal that platinum in the surface layers 
of the monometallic sample is present in a metallic state (71.2 
eV) (see Online Supplementary Materials, Table S1).24,25 A 
lower binding energy of Pt 4f7/2 electrons (70.8 eV) was 
observed for the bimetallic 1% Pt–1% Fe/SiO2–C–H sample, 
which indicates an increased electron density on Pt atoms. 
This effect is possible due to the transfer of electrons from Fe 
to Pt in bimetallic particles.4,25,26 The concentration of 
platinum Pt/Si in the surface layers (0.0022) of the 
monometallic catalyst differs from the volume concentration 
(0.0036), which may indicate a non-uniform distribution of 
platinum over the volume of the monometallic catalyst. This 
behavior may be caused by both migration of platinum into 
the depth of sample and sintering of the particles during the 
reduction process. The volume atomic ratio Pt/Si in the 
bimetallic catalyst was 0.0017, which may be due to the 
formation of bimetallic Fe–Pt particles with a core (Pt)–shell 
(Fe) structure. The energy position of the Fe 2p3/2 line (710.9 
eV) indicates that iron in the surface layers is in the oxidation 
state of Fe3+,27–30 which can result from partial oxidation of 
the sample during its storage.

The catalytic activity of the prepared mono- and bimetallic 
samples in liquid-phase hydrogenation of phenylacetylene under 
mild conditions is summarized in Table 1 and Figures 3,  4. 
All the synthesized catalysts were catalytically active under the 
reaction conditions (70 °C, 5 atm), however the activity of the 
reduced monometallic 1% Fe/SiO2 catalyst was relatively low 
(see Figure 3). The highest rates of hydrogenation are achieved 
in the presence of the monometallic 1% Pt/SiO2 catalysts. 
The monometallic platinum samples showed a high selectivity 
to styrene (75%) at the 50% conversion of the substrate 
(see Figure 4). However, at the higher conversion, its selectivity 
declines to 5%. According to the data given in Table 1, unlike 
the monometallic platinum catalyst, the reduced bimetallic 
1%  Pt–1%  Fe/SiO2–C–H catalyst exhibited the highest 
selectivity to styrene (80–85%) both at the 50% and full 
conversion. 

Thus, the strong contact interaction between Pt and Fe and the 
charge transfer from Fe to Pt in a bimetallic particle, proven by 
XPS, TPR and DRIFTS-CO methods, provide both high 
selectivity of the bimetallic catalyst and increased activity in 
liquid-phase hydrogenation of triple C–C bonds in comparison 
with monometallic systems.
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Figure  1  TPR-H2 profiles of (1) 1% Pt–1% Fe/SiO2–C and (2) 1% Fe/SiO2 
samples as well as (3)  Fe2O3 reference.
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Figure  2  DRIFT-CO spectra of reduced (1) 1% Pt/SiO2–H and (2) 1% Pt–
1% Fe/SiO2–C–H catalysts.

Table  1  Initial hydrogenation rates (r0) and selectivity (SSt) to styrene at 
phenylacetylene conversion of 50 and 95%. 

Catalyst r0
a/s–1 t50/min S50 St

  (%) t 95/min S95 St (%)

1% Pt/SiO2–H 0.45   15 75   32   5
1% Fe/SiO2–H 0.0089   – –   –   –
1% Pt–1% Fe/SiO2–C–H 0.015 135 80 375 85

a Moles of converted PhCºCH per mole of metal within one second.
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Figure  3  The dependence of conversion of phenylacetylene on the reaction 
time for different catalysts.
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Figure  4  The dependence of the selectivity to styrene on the phenyl
acetylene conversion for different catalysts.


