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Abstract
In the present study, MgAl2O4 carriers were synthesized by the alcohol-heating 
method, and the effects of Pt loading and Pt/Pd molar ratio on decalin dehydroge-
nation activity were investigated systematically. The results showed that the size of 
Pt nanoparticle in the Pt/MgAl2O4 catalysts was closely related to the Pt loading 
and the optimum Pt loading was 3 wt% in the decalin dehydrogenation. The PtPd 
bimetallic catalyst with a Pt/Pd molar ratio of 4:1 generated moderate interactions 
and enhanced the catalytic performance. The superior catalytic performance of the 1 
wt% Pt4Pd1/MgAl2O4 catalyst was mainly due to the synergistic effect of bimetallic 
Pt–Pd nanoparticles.

Keywords  Liquid-phase hydrogen storage · Decalin dehydrogenation · MgAl2O4 
catalyst support · Platinum-palladium bimetallic catalyst

Introduction

Hydrogen is considered as an ideal clean energy carrier to replace fossil fuels 
[1–6]. However, the major challenge in hydrogen application is how to reversibly 
use the hydrogen carrier. High-pressure gaseous hydrogen storage requires signif-
icant external energy consumption and the high pressure poses great safety haz-
ard. Compared with high-pressure gaseous hydrogen storage, cryogenic liquid-
phase hydrogen storage has a higher bulk hydrogen storage density, but economic 
and safety issues limit its wide application. Compared with the above-mentioned 
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hydrogen storage methods, liquid phase organic hydride hydrogen storage has 
many advantages such as high hydrogen storage density, economy and safety 
[7–10]. Decalin is a hydrogen carrier with high hydrogen storage density, and its 
mass hydrogen density (7.3 wt%) and molar hydrogen density (32.44 mol/L) are 
higher than the U.S. Department of Energy’s criteria for decalin being one of the 
best hydrogen storage materials [11].

Exothermic hydrogenation of aromatic hydrocarbons is relatively easier to pro-
ceed than the endothermic dehydrogenation. Therefore, finding a suitable dehydro-
genation catalyst is the key to develop the hydrogen storage technology of aromatics. 
For the dehydrogenation of decalin, researchers have conducted numerous studies 
on various catalysts. The active components of the catalysts can directly affect the 
catalytic performance of the decalin dehydrogenation. Pt, Pd or other noble metal 
catalysts are more common candidates for the decalin dehydrogenation [12, 13]. Suh 
et al. found that the dehydrogenation of decalin produce both naphthalene and tetra-
lin in the same time. Pt-based catalysts generate higher activity in the process of 
decalin to tetralin, while Pd based catalysts are more conducive to the dehydrogena-
tion of tetralin to naphthalene [14]. Chen et al. found that Pt generated strong elec-
tronic interactions with the MgAl2O4, forming a positively charged Pt, thus leading 
to the adsorption of the product on the Pt active site and achieving a higher decalin 
dehydrogenation activity [15]. Dehydrogenation is a complex process, and the syn-
ergistic effect of multi-components yields a beneficial effect on the dehydrogenation 
process. Qi et al. prepared a Pt-Ni bimetallic catalyst for the decalin dehydrogena-
tion and found that the dehydrogenation activity of bimetallic catalysts was higher 
than that of corresponding monometallic catalysts. This may be attributed to the for-
mation of Pt-Ni-Pt structure on the surface of bimetallic catalyst, and its hydrogena-
tion activity was higher than that of corresponding single metal surface [16]. Sut-
tisawat et al. investigated the effect of adding Sn to Pt-based catalysts on the decalin 
dehydrogenation performance [17]. It was found that Sn can provide electrons to 
Pt atoms, and this electronic effect could reduce sintering and agglomeration of Pt 
and inhibit hydrogenolysis and isomerization reactions, thus improving the activity 
and stability of Pt-based catalysts. Kariya et al. found that the addition of moderate 
amounts of Pd to Pt catalysts promoted the cyclohexane dehydrogenation process, 
which may be due to the electronic effect of the second metal [18].

The nature of the support also exerts an important influence on the activity of 
Pt-based catalysts. Martynenko et al. investigated the catalytic activity of Pt-based 
catalysts supported on Al2O3, amorphous SiO2, mesoporous silica SBA-15 and 
MCM-48 for the catalytic decalin dehydrogenation [19]. Their results indicated that 
Pt/SBA-15 and Pt/MCM-48 had higher catalytic activity, due to the high specific 
surface area and sufficiently large pore volume to obtain enhanced dispersion of 
active sites. The main differences between different Pt-based catalysts are the size 
of Pt nanoclusters and the dispersion of the active phase. Recently, it is found that 
MgAl2O4 can be used as catalyst support in methane reforming [20, 21], alkane 
dehydrogenation [15, 22, 23], ammonia decomposition and other fields [24, 25], 
due to their high thermal stability, low coefficient of thermal expansion, as well as 
desired acid and base active centers. Bimetallic catalysts have attracted much atten-
tion in dehydrogenation research due to their excellent catalytic performance. So far 
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little research on the application of PtPd bimetallic catalyst prepared with MgAl2O4 
support in dehydrogenation of decalin has been reported in the literature.

In this work, a series of Pt loading catalysts and PtPd bimetallic catalysts were 
prepared supported on MgAl2O4 for decalin dehydrogenation. The physicochemi-
cal properties of the samples were characterized with X-ray diffraction (XRD), N2 
isothermal adsorption desorption (BET), transmission electron microscopy (TEM), 
and H2 temperature programmed reduction (H2-TPR). The effects of Pt dispersion 
and the synergistic effect between Pt and Pd metals on the performance of decalin 
dehydrogenation catalysts were also systematically studied in this work.

Experimental

Catalyst preparation

Preparation of MgAl2O4 support material

MgAl2O4 was synthesized by alcohol-heating method. 0.01 mol magnesium nitrate 
hexahydrate and 0.02  mol aluminum isopropoxide were mixed in 30  mL of etha-
nol and stirred at 40 °C for 1 h. Then the turbid liquid was transferred to a Teflon 
autoclave and kept at a constant temperature of 150 °C for 12 h. The mixture was 
transferred to a beaker and dried in a 90 °C oven until the ethanol was completely 
volatilized. The solid powder was calcined in a muffle furnace and heated to 700 °C 
for 12 h at a heating rate of 5 °C/min.

Preparation of catalyst sample

Pt/MgAl2O4 catalysts were prepared by the excessive impregnation method. Using 
a series of different amount of 1  g/L H2PtCl6·6H2O solution to impregnate the 
MgAl2O4 support for 2 h before each sample was dried at 80 °C in a rotary evapora-
tor for 8 h.

PtPd/MgAl2O4 catalysts were also prepared by the excessive impregnation 
method. 1 g/L of H2PtCl6·6H2O solutions and 2.5 g/L of PdCl2 solutions were added 
into the support at 1/4, 1/1, 4/1 and 6/1 Pt/Pd molar ratio and 1 wt% of total metal 
loading, and then the suspension was stirred at room temperature for 2 h. The subse-
quent steps were the same as the preparation method of Pt/MgAl2O4. The catalysts 
with different molar ratios of Pt and Pd were separately prepared as 1 wt%PtxPdy/
MgAl2O4 (1 wt% total metal load is the ratio of the total mass of Pt and Pd to the 
mass of catalyst, and x/y is the molar ratio of Pt and Pd, i.e., 0/1, 1/4, 1/1, 4/1, 6/1, 
1/0).

Catalyst and support material characterization

All catalysts are characterized after reduction, and the support is directly charac-
terized. The N2 adsorption–desorption isotherms were determined at −196  °C by 
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BELSORP-max (MicrotracBEL, Corp.). The BET surface area was determined 
by the Brunauer–Emmett–Teller equation, the pore volume was reckoned from N2 
adsorption amount at a relative pressure of P/P0 = 0.996, and the pore size distribu-
tion curves were confirmed from the desorption branch using the Barrett-Joyner-
Halenda (BJH) model. The XRD patterns of the samples were recorded on a Japan 
Rigaku Ultima IV diffractometer at a scanning speed of 4  min−1 in the range of 
10°–90°. The phase was identified by comparing the diffraction patterns with the 
Joint Committee on Powder Diffraction Standards (JCPDSs). H2-TPR was con-
ducted on a BELCAT-II (MicrotracBEL, Corp.) chemisorption instrument, 50 mg 
of sample was placed in the quartz tube and pretreated with high purity Ar (30 mL/
min) at 300 °C for 1 h before cooled to 50 °C. The sample was reduced in a 10% 
H2/Ar gas flow from 50 to 900 °C at a heating rate of 10 °C/min. The amount of 
H2 consumption was quantified using CuO as internal standard. TEM image was 
obtained on JEMF-200 Electron Microscope.

Catalytic activity evaluation

At a certain reaction temperature, with the variation of the ratio of decalin volume 
to catalyst mass, three different reaction states could occur in the dehydrogenation 
reaction: suspended state, superheated liquid-film state and sand bath state [10, 18]. 
This study selected the reaction state of superheated liquid-film.

Decalin dehydrogenation was carried out in a 50 mL three‐necked flat‐bottomed 
flask. The samples were reduced with flowing H2 at 300 °C for 3 h. In a standard 
experiment, 0.3 g catalyst was put into the bottom of the flask to form a thin layer, 
and 1 mL decalin was added to the catalyst to ensure that the catalyst was wet. Then 
the experimental device was flushed with N2 for 20 min to remove O2. When the 
reactor was heated to the reaction temperature in a heating jacket to start the reac-
tion. Evolved hydrogen was collected into a gas burette and quantified volumetri-
cally. Reaction rates were obtained from the evolved amount of gaseous hydrogen 
continuously. In addition, blank experiments were carried out on the MgAl2O4 sup-
ports to eliminate the catalytic effect of supports on decalin dehydrogenation.

Results and discussion

Effect of Pt loading on the decalin dehydrogenation

Fig. 1 showed the XRD patterns of the catalysts with different Pt loading. For the 
catalyst with 3 wt% or lower loading, the X-ray diffraction pattern shows only the 
MgAl2O4 peak, indicating that the Pt species were highly dispersed and the average 
size of Pt nanoparticles was lower than the detection limit of XRD. However, when 
the loading continued to increase to 4 or 5 wt%, the diffraction peaks of Pt particles 
appeared and the intensity of the diffraction peaks gradually increased, indicating 
that the aggregation of Pt species occurred and resulted in the formation of larger Pt 
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particles with increasing the Pt loading. Besides, the peaks at 42.9° and 62.3° were 
attributable to MgO.

TEM analysis was used to investigate the Pt nanoparticles size in the catalysts. 
Fig. 2 showed the TEM morphology of representative samples and the correspond-
ing histograms of the size distribution of Pt nanoparticles. The Pt aggregates in 1 
wt%Pt/MgAl2O4 appeared to be amorphous rather than crystals with well-defined 
edges because the Pt content was very low and there were not enough atoms to form 

Fig. 1   XRD patterns of the Pt/MgAl2O4 catalysts with different Pt loading and MgAl2O4

Fig. 2   TEM images of the a 1 wt%Pt/MgAl2O4, b 3 wt%Pt/MgAl2O4 and c 5 wt%Pt/MgAl2O4 catalysts
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crystals [26]. Similar processes were observed for various support-loaded Pt and 
other noble metals [27]. For the 3 wt% Pt/MgAl2O4 catalyst, the tiny Pt nanopar-
ticles were highly dispersed on the surface of MgAl2O4, and the particle size was 
concentrated at 1–2  nm. With increasing Pt loading, significant agglomeration of 
Pt particles can be observed in 5 wt% Pt/MgAl2O4, and the particle size was widely 
distributed in the range of 2–10 nm.

Nitrogen adsorption–desorption experiments were carried out to investigate 
the specific surface area and pore characteristics of the catalysts with different Pt 
loadings. Type IV adsorption–desorption isotherms with H3 hysteresis loops were 
observed for all samples and the samples were typically ordered mesoporous materi-
als as shown in Fig. S1a. This can be further explained by the wide size of 2–40 nm 
as shown in Fig. S1b. Thus, the presence of a large number of mesoporous struc-
tures in Pt/MgAl2O4 is further evidenced by the BET results for Pt/MgAl2O4 listed 
in Table S1. The specific surface area of the catalyst was reduced to different degrees 
by adding Pt to the support, which can be attributed to the incorporation of Pt nano-
particles into the support. It was obvious that Pt loading had no obvious effect on 
the pore size distribution of the catalyst, and the synthesized catalyst maintained the 
mesoporous structure.

The reducibility of catalysts with different Pt loadings was investigated using 
H2-TPR measurements. As shown in Fig.  3, for all catalysts, two peaks were 
observed at about 480 and 520 °C. The peaks at lower temperature of 480 °C were 
attributed to the reduction of PtO and PtO2 while the peak at 520 °C may be due to 
the inorganic platinum complex formed with the separated platinum oxide. It was 
obvious from the peaks that at the reduction temperature of 600 °C, all Pt can be 
successfully reduced to the metal Pt. In addition, H2-consumption peak was also 
observed in MgAl2O4 support, corresponding to the reduction of MgAl2O4.

Fig. 3   H2-TPR profiles of MgAl2O4 support and Pt/MgAl2O4 catalysts with different Pt loading
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With the increase of Pt loading, the peaks shift to lower temperatures. This indi-
cates that the excessive loading led to the aggregation of Pt particles and the forma-
tion of larger Pt particles that were more conducive to reduction. Higher reduction 
temperature was necessary for catalysts with less Pt loading. It showed that there 
was a strong interaction between Pt nanoparticles and MgAl2O4, resulting in the 
high dispersion of Pt nanoparticles. This phenomenon was highly consistent with 
TEM results, where the Pt nanoparticle size of 3 wt%Pt/MgAl2O4 was concentrated 
at 1–2 nm. Basically, it was smaller than the Pt particle size supported on the tradi-
tional supports such as Al2O3 with only 2 wt% Pt loading [19]. These results indi-
cated that MgAl2O4 can stabilize the Pt nanoparticles due to the strong metal-sup-
port interaction.

The effect of Pt loading on the dehydrogenation performance of decalin over Pt/
MgAl2O4 catalyst was investigated to obtain the hydrogen yield and the H2 produc-
tion rate of catalysts with different Pt loading as shown in Fig. 4. Under the condi-
tions of this experiment, the maximum theoretical hydrogen production is 32 mmol. 
When the Pt loading was 1 wt%, the final hydrogen production was only 15.9 mmol. 
With the increase of Pt loading, the activity of the catalysts increased signifi-
cantly. When the Pt loading reached 3 wt%, the final hydrogen production reached 
18.4  mmol. However, with the further increase of Pt loading, the activity of the 
catalysts decreased. These results indicated that a maximum hydrogen yield can be 
obtained over a catalyst with 3 wt% of Pt.

For all active components of heterogeneous catalysts, the size of metal nanopar-
ticles and their dispersion on the support are critical to its catalytic performance. As 
shown from the TEM results, the Pt particle size in 3 wt%Pt/MgAl2O4 was concen-
trated at 1–2 nm, and no significant nanoparticle aggregation occurred. The highly 
dispersed Pt nanoparticles in 3 wt%Pt/MgAl2O4 are likely the main active sites for 

Fig. 4   H2 productivity and the H2 production rate for Pt/MgAl2O4 catalysts with different Pt loading. 
Experimental conditions: catalyst dosage = 0.3  g, addition amount of decalin = 1  mL, reaction time: 
2.5 h, reaction temperature: 260 °C
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high decalin dehydrogenation activity. For the catalysts with very low Pt loading, 
the singularly dispersed Pt atoms may play the dominant role on the catalyst. With 
the increasing Pt loading, larger Pt nanoparticles were formed, and the catalytic effi-
ciency gradually decreased.

The number of active center is related to Pt loading. However, with the further 
increase of Pt loading, the activity of the catalysts decreased, which was related to 
the dispersion and the structural change of Pt species. Fig. S2 showed the XRD pat-
terns of the 5 wt% catalyst before and after the reaction. The results indicated that 
the used catalyst had stronger Pt diffraction peaks and narrower half-peak widths 
than the fresh catalyst, suggesting some Pt particle aggregation in this sample dur-
ing the reaction process. These results illustrated that too high Pt loading may cause 
agglomeration of Pt particles, thus reducing the exposed active sites and damaging 
the catalytic activity.

Effect of PtPd bimetal on decalin dehydrogenation

The XRD patterns of 1 wt%Pt/MgAl2O4, 1 wt%Pd/MgAl2O4 and PtPd bimetallic 
catalysts with different Pt to Pd molar ratios were shown in Fig. S3. All samples 
show characteristic peaks attributed to MgAl2O4 (JCPDS No.21–1152) at 19.0°, 
31.3°, 36.8°, 44.7°, 55.7°, 59.4°, 65.2° and 77.3°, corresponding to (111), (220), 
(311), (400), (422), (511) and (533) crystal planes. In addition, there was no char-
acteristic diffraction peak attributed Pt or Pd particles, which may be due to the low 
noble metal loading (1 wt%) or small metal particle size.

The N2 adsorption isotherms and pore size distribution of different catalysts were 
presented in Fig. S4, and the structural properties of the newly calcined catalysts 
were shown in Table 1. Per IUPAC classification, all catalysts exhibited a type IV 
adsorption–desorption isotherm with an H3 hysteresis loop, which was typical of 
mesoporous materials [28]. With the addition of Pt and Pd, the specific surface area, 
total pore volume and mean pore diameter decrease to different degrees likely due to 
the doping of noble metal nanoparticles into the mesoporous carrier.

To determine the state of PtPd species in PtPd bimetallic catalysts, the metal par-
ticle size was studied using TEM. As shown in Fig. S5, large particle size and some 

Table 1   Textural properties of different catalysts

a SBET is the specific surface area calculated by BET method
b Vp is the total pore volume
c Dm is the mean pore diameter

Catalysts SBET
a (m2

/g) Vp
b (cm

3
/g) Dm

c (nm) Particle size (nm)

1 wt%Pd/MgAl2O4 267 0.86 12.89 –
1 wt%Pt1Pd4/MgAl2O4 212 0.73 13.66 1.51 ± 0.7 nm
1 wt%Pt1Pd1/MgAl2O4 220 0.73 13.37 –
1 wt%Pt4Pd1/MgAl2O4 216 0.75 13.85 1.32 ± 0.5 nm
1 wt%Pt6Pd1/MgAl2O4 233 0.74 12.77 –
1 wt%Pt/MgAl2O4 307 0.8 11.3 1.24 ± 0.5 nm
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agglomerations can be observed for 1 wt%Pt1Pd4/MgAl2O4 while smaller metal par-
ticle size and relatively uniformly dispersed metals on the surface of the MgAl2O4 
support observed for 1 wt%Pt4Pd1/MgAl2O4 sample. The metal particle size of 1 
wt%Pt/MgAl2O4 was more uniform and smaller. With the decrease of Pt/Pd molar 
ratio, more agglomerates appeared in the images, which is mainly due to the differ-
ent nucleation growth mechanisms of Pt and Pd metal nanoparticles [29]. Similar 
phenomena have been reported by some other researchers [30]. In order to further 
clarify the distribution of Pt and Pd species, energy dispersive x-ray spectroscopy 
(EDS) was performed on 1 wt%Pt4Pd1/MgAl2O4 samples. As shown in Fig. S5h–j, 
Pt and Pd species were uniformly distributed as tiny nanoparticles. The uniform 
metal dispersion facilitated more metal atoms to be exposed and thus more catalytic 
active sites to participate in the catalytic reaction.

H2-TPR is a powerful tool to study the reducibility properties of catalysts and to 
reveal the interaction between the support and the loaded metals. Fig. S6 showed 
the TPR profiles of the fresh catalysts. The TPR curve of the single metal 1 wt%Pt/
MgAl2O4 catalyst had a main reduction peak at 535 °C and a small peak at about 
710  °C. The TPR curves of 1 wt%Pd/MgAl2O4 catalysts showed two reduction 
peaks at 400 and 550 °C. The bimetallic PtPd catalysts showed one large reduction 
peak near 535 °C that cannot be attributed to the reduction of some specific species. 
It was reasonable to attribute this peak to the co-reduction of Pt and Pd. The change 
in the width of the reduction peak indicated that Pt was co-reduced with Pd, suggest-
ing a strong interaction between the metals that may form an alloy. The presence of 
Pd altered the reduction performance of the PtPd catalyst. H2-TPR profiles indicated 
that there may be a strong interaction between the Pt and Pd components.

The catalytic activity of monometallic 1 wt%Pt/MgAl2O4, 1 wt%Pd/MgAl2O4 
and PtPd bimetallic samples were tested for the decalin dehydrogenation. The results 
in Fig. 5 showed that the ratio of Pt to Pd had an important effect on the decalin 
dehydrogenation performance of the catalysts. The catalytic activity of the bimetal-
lic catalysts for the decalin dehydrogenation showed a trend of increasing and then 
decreasing with the increase of the relative content of Pd. When the molar ratio of 
Pt to Pd was 4:1, the catalyst showed the highest catalytic activity with a hydrogen 
yield of 18.6  mmol. The TEM results showed that the size of PtPd nanoparticles 
with Pt/Pd molar ratio of 4:1 were small and uniformly dispersed on the surface of 
MgAl2O4 support. It can be inferred that the difference of catalyst microstructure is 
an important factor for the difference of catalytic performance. In addition, the TPR 
results also indicated a strong interaction between Pt and Pd, which might result in 
the synergistic effect in the decalin dehydrogenation.

Actually, the decalin dehydrogenation reaction can be divided into two processes. 
First, the dehydrogenation of decalin generates the intermediate product tetralin, which 
further converted to naphthalene [31]. Kim et al. found that Pt catalyst was more con-
ducive to the conversion of decalin to tetralin, while Pd was more conducive to the 
conversion of tetralin to naphthalene [14]. For this purpose, tetralin dehydrogenation 
experiments were carried out on the different catalysts, and Fig. 6 showed the compara-
tive hydrogen yield of the reaction for 2.5 h at 260 °C, 0.3 g catalyst and 1 mL tetra-
lin. With the addition of Pd, the catalyst exhibited superior catalytic performance, and 
the H2 production of 1 wt%Pd/MgAl2O4 reached 9.8 mmol. The experimental results 
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showed an important influence of the active component on the decalin dehydrogena-
tion process, which was in agreement with other literature [14]. Martynenko [19] and 
Park [32] et al. examined in detail the effect of Pt-based catalysts on the dehydrogena-
tion process of decahydronaphthalene and compared the product composition by gas 
chromatography. Therefore, the composition of the product composition was further 

Fig. 5   H2 production and H2 production rate of catalysts

Fig. 6   Comparison of H2 production of decalin and tetralin on different catalysts. Experimental condi-
tions: catalyst dosage = 0.3 g, addition amount of decalin = 1 mL, reaction time: 2.5 h, reaction tempera-
ture: 260 °C



2049

1 3

Reaction Kinetics, Mechanisms and Catalysis (2023) 136:2039–2051	

investigated by gas chromatography, and the results were shown in Table S2. It can 
be seen that Pt is more favorable for the conversion of decalin to naphthalene, while 
Pd is more favorable for the conversion of decalin to tetralin. However, each literature 
has different reaction conditions, resulting in different hydrogen yields. The red part 
in Table S2 is the data of this experiment. It can be seen that the H2 production in this 
experiment is relatively high.

The above results showed that the decalin dehydrogenation was a complex process 
and affected by many factors. The addition of moderate amount of Pd promoted the 
increase of H2 production. These suggested that a significant Pt–Pd synergy exists in 
the MgAl2O4 supported PtPd bimetallic catalysts for enhanced the catalytic activity. 
However, excessive Pd led to the decrease in H2 production. Therefore, the modifica-
tion of suitable catalysts was particularly important for the decalin dehydrogenation 
process.

Experimental conditions: catalyst dosage = 0.3 g, addition amount of decalin = 1 mL, 
reaction time: 2.5 h, reaction temperature: 260 °C.

Conclusions

In summary, an efficient MgAl2O4 supported Pt monometallic and PtPd bimetallic 
catalyst were prepared for decalin dehydrogenation. Experimental results proves that 
3 wt% is the optimum Pt loading. 1 wt%Pt4Pd1/MgAl2O4 exhibited excellent decalin 
dehydrogenation performance. The MgAl2O4 support and bimetallic PtPd nanoparti-
cles played a key role in improving the catalytic performance. The catalytic reaction 
was accelerated due to the dispersion effect of MgAl2O4 support on PtPd bimetallic 
nanoparticles. In particular, the synergistic effect of PtPd bimetallic nanoparticles pro-
moted the dehydrogenation process of decalin and improved the hydrogen yield. This 
study will help to design and modify the efficient decalin dehydrogenation catalyst, and 
is of great significance to the application of hydrogen storage technology using liquid-
phase organic hydrocarbons.
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