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Highlights:

® Bimetallic Ni-Cu NPs dispersed highly on SBA-15 were prepared by impregnation.
® The Cu addition into Ni suppresses the non-selective sites and coke formation.
® In-situ DRIFT study reveal the existence of alkenes in the reactive intermediates.

@ The absorption of benzene on catalyst is stronger than that of cyclohexane.

Graphical Abstract

Abstract: A series of Ni-Cu supported on SBA-15 were prepared by impregnation, and used
as catalysts in cyclohexane dehydrogenation for hydrogen production. The results indicated
that the addition of Cu into Ni changes the crystal structure of metal Ni, and forms Ni-Cu
alloy. Thus, Cu improves the reduction properties of Ni. Conversely, Ni stables and disperses
metal Cu. With the space limitation of the ordered channels and high surface area of SBA-15,
the bimetallic Ni-Cu/SBA-15 catalysts expose large amounts of selective active sites
composed uniformly with Ni and Cu. Therefore, they present not only excellent catalytic

performance for cyclohexane dehydrogenation, but also low coke formation. The in-situ



DRIFT studies have shown the vinyl species, indicating the existence of alkenes in the
reactive intermediates. Additionally, the strong absorption of benzene on the metal could

induce benzene was dehydrogenated further to carbon.
Keywords: Hydrogen storage; Dehydrogenation; Cyclohexane; Carbon deposition; Ni; Cu.
1. Introduction

As hydrogen storage and transport medium, liquid organic hydrocarbon is an attractive
technology since they have high hydrogen storage density, and the hydrogenation process of
dehydrogenated products is well developed in the industry [1-4]. Especially, the hydrogen in
the dehydrogenation product is CO-free, and this is beneficial to proton exchange membrane
(PEM) fuel cells which are highly sensitive to poisoning by CO [5-7]. Furthermore,
cyclohexane which holds a high volumetric capacity of hydrogen about 56.0 g L is provided
with lower cost and much maturer technology than others. The catalysts and reactors for
hydrogen production via dehydrogenation reaction of cyclohexane have been investigated in

recent years [8-15].

Large studies indicated that Pt-based catalysts exhibited an excellent catalytic
performance for cycloalkane dehydrogenation reaction [7,13-17]. However, the noble
metallic catalysts have to increase the cost of hydrogen storage. Thus, some efforts for non-
precious metal catalysts have been undertaken, such as Mo [18] or Ni [14,19-23]. In
particular, Ni-based bimetallic catalysts presented the good activity of Ni and the high

selectivity of the second metal (Ag, Sn, Zn [20], or Cu [14,21]).

In fact, the Ni or Ni-Cu catalysts had been studied for dehydrogenation of cyclohexane
since the pioneer works by Sinfelt [24]. Pure Ni-based catalysts exhibit a high hydrogenolysis
activity (C-C cleavage) [25]. With the addition of small amounts of Cu to Ni, much of the
hydrogenolysis activity declined while the cyclohexane dehydrogenation activity (C-H
cleavage) increased [24]. However, large amounts of selective active sites are required in
order to product hydrogen effectively. Moreover, it is difficult to avoid the formation of un-
selective sites, which are composed with monometallic Ni on the Ni-Cu catalysts prepared by

conventional method. Thus, in order to highly dispersion and uniform bimetallic Ni-Cu



nanoparticles, the sol-gel technique was used in our previous paper [14]. Although the
catalysts present good catalytic performance, mounts of active metal species could be covered
by SiO; sol. In addition, due to the highly dispersion, the metallic particles are too small to be
detected with surface characterization techniques. The catalytic properties and reaction

mechanism of Ni-Cu for cyclohexane dehydrogenation are still not clearly.

Furthermore, the carbon deposition exists on the surface of metal Ni exposed to
hydrocarbon, especially at high temperature [26,27]. To minimize coke formation over Ni-
based catalysts, some methods by suppressing strong acidity of support have been attempted,
such as modification of alkali metals [28,29] and application of neutral carrier SiO; [30,31].
Additionally, SBA-15 is a pure silica mesoporous molecular sieve, and has an advantage to
grow and anchor metallic nanoparticles, due to its ordered structure, large surface area and
pore volume [32-35]. Most of all, the dehydrogenation reaction at low temperature as possible
is an effective strategy for inhibiting coke, by improving the catalytic performance of Ni-

based catalysts.

In this work, SBA-15 has been applied to support the monometallic or bimetallic
particles of Ni and Cu. In order to better understand the reactivity and explain the mechanism
of catalytic reaction and coke formation, the catalysts were characterized by a variety of

physic-chemical techniques.
2. Material and methods
2.1 Catalyst preparation

The Ni-Cu/SBA-15 catalysts were prepared via impregnation, using the similar
procedure with that described in literature [35]. In briefly, the total 1.50 mmol of nitrate
(Ni(NOg3)2-6H20 and Cu(NOs3).-3H-0, Sinopharm Chemical Reagent Co.) were dissolved in
organic solvent mixed with 5.0 g alcohol (Sinopharm Chemical Reagent Co., 99.8% purity)
and 5.0 g hexane (Sinopharm Chemical Reagent Co., 99.5% purity), and the mass loading of
Ni to Cu has been listed in table 1. Then, 1.00 g SBA-15 zeolite (JCNANO, 685.4 m? g*) was

added to the impregnation solution. The mixture was dried for 24 h at room temperature and



24 h at 60 °C. The solid product was calcined in air at 550 °Cfor 4 h. The calcined samples

obtained were denoted as xNiyCu/SBA-15, where x and y were the mole ratio of Ni and Cu.
2.2 Materials characterization

The Brunaure-Emmett-Teller (BET) surface area and pore structure were obtained from
nitrogen adsorption-desorption on a Micromeritics 3Flex Surface Characterization Analyzer.
The powder X-ray diffraction (XRD) analysis was performed on a PANalytical X' pert PRO
diffractometer with Cu Ko (A = 0.154 nm). Transmission Electron Microscopy (TEM) study
was performed on a Philips-FEI Tecnai G2 F30 S-Twin instrument. To characterize the
chemical composition and metal elemental distribution on the surface of SBA-15, Scanning
Transmission Electron Microscopy (STEM) coupled with Energy Dispersion X-ray Spectrum
(EDS) was used. X-ray Photoelectron Spectroscopy (XPS) was on a Kratos AXIS Ultra DLD
spectrometer with a monochromatic Al Ka 150 w X-ray source. Thermogravimetry (TG)
analysis data was collected in a Netzsch STA409PC instrument. The samples were heated

from 25 °Cto 800 °Cunder 10% O in N2 (50 mL min), and the heating rate was 10 °Cmin™.

Hydrogen-temperature-programmed reduction (H2-TPR) experiments of samples were
performed on a FineSORB-3010 apparatus. About 100 mg of the calcined sample was placed
in a U-shape quartz reactor, and pretreated at 200 °C for 1.0 hour under Ar flow (30 mL min-
1. After cooling to 50 °C, the gas flow was switched to 5% H; in Ar (30 mL min). The
sample was kept at 50 °C for 60 min, and then heated to 800 °Cat 10 °Cmin. The hydrogen
consumption was recorded with a TC detector. In situ diffuse reflectance infrared Fourier
transform (In-situ DRIFT) spectroscopy of the samples was detected on a Bruker Vertex70
apparatus using a reaction cell capped with KBr window. Signals were obtained from an
MCT detector, and recorded 32 scans at resolution of 4 cm™. Firstly, the powder sample
(catalysts or SBA-15) was placed in the reaction cell, and reduced at 450 °Cfor 4.0 hour in
5% H,-95% Ar flow (30 mL min). After cooling to 250 °C, a reaction gas was switched and
fed to the sample by bubbling cyclohexane through 0 °C buffer bottle with 5% H»-95% Ar

flow (30 mL min).

2.3 Catalytic tests



The catalytic performance of catalysts for cyclohexane dehydrogenation was evaluated
using a quartz U-shape fixed bed tubular 5 mm (Internal Diameter) reactor. Typically, 150 mg
of the catalyst precursor (40-60 mesh) was placed into the center of the quartz reactor, with
the each side of the sample packed with quartz wool. At first, the catalyst was activated by 4.0
h of hydrogen flow (30 mL min-t) at 450 °Cand atmospheric pressure. For catalytic active
tests, cyclohexane was introduced to the reactor system by bubbling Hz, through buffer bottle
at 0 °Cice water bath. Gas hourly space velocity (GHSV) was 12000 mL g* h? (molar ratio of
CeH12 : H2 =1 : 25). The outlet stream of reactor was analyzed over an online gas
chromatography (Agilent GC-7890A) equipped with flame ionization detector (FID) and HP-

INNOWax capillary column.
3. Results and discussion
3.1 Textural properties

The chemical compositions and textural properties of the calcined Ni-Cu/SBA-15
catalysts and SBA-15 are presented in Table 1. The BET surface areas, total pore volumes
and average pore diameters of the prepared samples are very close, due to the same metal
loading and preparation method. Furthermore, the N> adsorption-desorption isotherms and
BJH pore size distribution curves of all catalysts (Fig. S1) are also similar as well as that of

blank SBA-15. Therefore, the ordered pore structure of catalysts is still kept well.
3.2 XRD analyzes

In Fig. 1a, the small-angle XRD patterns of SBA-15 and calcined catalysts show three
peaks which ascribed to the (100), (110) and (200) planes of the ordered hexagonal
mesoporous structure [32,33]. This also suggested the samples after calcination maintained

the framework textural of SBA-15, confirmed the results obtained by nitrogen physisorption.

For the wide-angle XRD patterns of calcined catalysts, the distinct peak of metallic
oxide (NiO or CuO) structure is observed in Fig. 1b. There are several diffraction peaks at 26
= 35.8°, 39.0° and 48.9° attributed well to monoclinic CuO (JCPDS 48-1548), and at 26 =
37.1°, 43.2° and 62.6° corresponded to NiO (JCPDS 78-0643). Fig. 1c shows the XRD

patterns of spent catalysts. The spent 5NiOCu catalyst exhibits the major nickel metal



diffraction peaks at 26 = 44.4° and 51.9° (JCPDS 04-0850), and ONi5Cu catalyst exhibits the
major copper metal diffraction peaks at 26 = 43.3° and 50.4° (JCPDS 04-0836). The
diffraction peaks of other catalysts are located between the diffraction peaks of Ni and Cu.

This result indicates Ni-Cu alloys formation in the bimetallic catalysts [31,36].

The average crystal sizes of fresh and spent catalysts have been calculated using Scherrer
equation, and shown in Table 1. For the fresh catalysts, it seems that increasing Cu amount
increases the crystallites size of metallic oxide. After reaction, the spent 4Ni1Cu and 3Ni2Cu
exhibit smaller crystal size than that of 5SNiOCu, and the particle sizes decrease from metallic
oxide to metal, due to the Cu addition to preventing the sintering of the Ni-rich metallic
particles [33,36]. It is obvious that the mean metal crystal size increases in the Cu-rich
catalysts with the increase in Cu. The increase of this parameter could be related to that CuO
and Cu have lower Tammann temperature than NiO and Ni [34]. The mean metal crystal sizes
of all samples are larger than the average pore diameter of SBA-15. Nevertheless, the
particles inside the pore could not become larger due to the space limitation of the ordered

channels.
3.3 TEM study

The morphology and microstructure of Cu-rich samples after reaction were investigated
by TEM analysis. The typical mesoporous structure with a narrow size distribution of SBA-
15 is observed clearly in Fig. 2, confirming the results obtained by nitrogen physisorption and
small-angle XRD. The metal species are nearly located inside the channels of SBA-15, or laid
flat on the outside surface. This result indicates large amounts of highly dispersed metal
particles distribute inside the pores of SBA-15. Furthermore, the distribution of Ni and Cu
species was investigated by EDX elemental mapping in STEM mode (Fig. 2d and Fig. 2e). A
good fusion performance of Ni and Cu is observed in the HAADF images of 3Ni2Cu and
2Ni3Cu catalysts, which indicates the formation of Ni-Cu alloys. This conclusion is in good

agreement with the XRD results.

3.4 H.-TPR analyzes



The TPR analysis of calcined samples was carried out, and performed in Fig. 3. For the
pure NiO samples, one major reduction peak temperature at approximately 400 °Cwas
observed, which is attributed to the reduction of Ni?* into Ni® [37-40]. Whereas, 5NiOCu
exhibits a lower temperature peak (326 °C) and a large band (400-650 °C). The lower
temperature peak is attributed to the reduction of smaller NiO nanoparticles [41]. And the
existence of large band and higher reduction temperature indicate the presence of NiO species
strongly interacted with the support [42,43], or highly dispersed NiO species locating in the
micropores of SBA-15 [41,44]. Similarly, ONi5Cu exhibits two peaks with maxima at 204 °C
and 268 °C corresponding to two kinds of CuO particles. The first peak could be attributed to
the highly dispersed and small CuO particles in the pores of SBA-15 and outside the pores.
And the second peak could corresponded to CuO aggregated only on the external surface

[45,46].

For the bimetallic samples, the low reduction temperature peak of NiO shifts to a lower
temperature due to the addition of Cu, and becomes in line with the reduction peak of CuO
with the increase in Cu. These results indicate a close contact between Ni and Cu or the

formation of Ni-Cu alloy [33,35], in consistent with the analysis from XRD and TEM.
3.5 Surface analysis by XPS

XPS analysis was carried out to further investigate the chemical state of Ni and Cu on
the surface of spent catalysts, and presented in Fig. 4 and Table 2. Typically, the main binding
energy (BE) values of Ni in all the Ni-containing catalysts are 852.5-852.7 (Ni 2ps/2) and
870.1-870.3 eV (Ni 2p112), and their doublet separations are 17.4-17.6 eV, indicating the
existence of only Ni° species [47]. This is in harmony with the XRD results. The Cu 2ps.
spectra in all the Cu-containing catalysts shows a main broad peak in the range of 927 to 940
eV, which can be fitted into two peaks. The first one centered at 934.5 eV (Peak 1) is assigned
to CuO, and reveals that Cu species have been oxidized to Cu?* during exposing the spent
catalysts to air. Whereas, only diffraction peaks of metal Cu is observed from their XRD
patterns (Fig. 2b) due to the presence of well-dispered Cu species on the external surface of

SBA-15, as well as the internal surface. The peak centered at 932.1 eV (Peak Il) is assigned to



metal Cu, deduced from their Cu 2ps» and doublet separations (19.4-19.6 eV) [48,49]. These

may also imply the presence of two sizes of Cu particles, agreed with the TPR results.

For the bimetallic Ni-Cu catalysts, their Cu%/Cu?* atomic ratios increase along with Ni
content. Moreover, the slight BE shifts of Ni® (0.1-0.2 eV) are observed, corrected well with
the shift of Ni reduction peak. These results imply the presence of the strong interaction
between Ni and Cu or the formation of Ni-Cu alloy [36,50,51]. Additionally, the surface
Ni/Cu ratios are less than those of the bulk from preparation. This is mainly because of its
lower Tammann temperature result in enriching easily on the surface at high temperature.

Thus, Ni could play important role to stable and disperse metal Cu.
3.6 Catalytic activity for cyclohexane dehydrogenation

The catalytic activity of Ni-Cu/SBA-15 was evaluated for cyclohexane dehydrogenation,
as presented in Fig. 5. The monometallic 5NiOCu exhibits high conversion but low selectivity.
Notably, more than 50% of the byproduct CH,4 for 5SNiOCu was detected at above 350 °C, as
that reported previously on dehydrogenation reaction over Ni-based catalysts [8]. The ONi5Cu
contained Cu-only produced only benzene and Hz without any other byproducts, while its

conversion is less than 20% and the lowest of all.

All bimetallic Ni-Cu/SBA-15 catalysts present better catalytic dehydrogenation
performance than monometallic 5SNiOCu and ONi5Cu. Remarkably, the addition of Cu to Ni-
based catalysts improved drastically selectivity to benzene. In fact, this property for
cyclohexane dehydrogenation over Ni-Cu catalysts has been reported [14,21,24] as written in
the introduction. However, it is worth to highlight the good selectivity (> 90%) with high
conversion (> 95%) at the range of 325 °Cto 375 °C. In particular, 3Ni2Cu maintains an

excellent selectivity (98.7%) with high conversion (99.4%) at 350 °C.

The dehydrogenation selectivity to benzene over Ni-Cu/SBA-15 catalyst increases as the
Cu content increased, while cyclohexane conversion decreases. The same tendency for
cyclohexane dehydrogenation on Ni-Cu catalysts has been also reported in our earlier
literature [14]. More interesting, however, is that more excellent catalytic performance is

observed on Ni-Cu/SBA-15, although higher metal content and smaller Ni-Cu bimetallic



nanoparticles exist in Ni-Cu/SiO; of the latter. This is mainly because of the formation of Ni-
Cu alloy which is evidenced by XRD, H,-TPR, TEM and XPS. With Cu incorporated into Ni-
Cu alloy, Ni ensemble with low coordination number is shown to be a barrier to preventing
methane formation [52]. Moreover, the conjunction between un-occupied d-band of Ni and
full d-band of Cu weaken the activity of d-electron. Thus, the activity of the Ni-Cu alloy with

an appropriate Ni/Cu ratio approaches to be "just right" for cyclohexane dehydrogenation.

The pore structure of SBA-15 was maintained well, which was confirmed by BET. Thus,
amounts of metal active sites was supported and exposed. Moreover, the presence of
monometallic Ni nanoparticles in the supported bimetallic catalysts is inevitable, especially
with too small particle size. On the other side, large particle size for bimetallic Ni-Cu
nanoparticles is effective to mix Ni and Cu, but not benefit the exposure of metal active sites.
Results of this study indicate the existence of two sizes of bimetallic (or monometallic)
particles in the Ni-Cu/SBA-15 catalysts, deduced from the analysis of H.-TPR, BET and
XRD. The small particles may play important role for catalytic active, due to its higher

fraction of edge and corner metal atoms [52,53] and huge numbers.
3.7 Carbon deposition analyzes

The coke accumulated on the spent catalysts from the entire reaction test was analyzed
by TG-DSC measurement (Fig. 6). Notably, an about 7% weight loss for 5NiOCu at the range
of 400 °Cto 650 °Cis presented, and attributed to the combustion of coke [54,55]. And the
weight loss deceases with the increase in Ni, as the same trend in catalytic dehydrogenation
performance. This indicates the addition of Cu into Ni catalyst suppresses the formation of

coke.

In fact, the monometallic Ni-based catalysts have been applied to research carbon
nanotubes or carbon nanofiber by methane decomposition [56-58]. The carbon deposition for
hydrocarbons dehydrogenation over Ni-containing catalysts is almost impossible to avoid.
However, the improvement from crystal structure of metal Ni could repress the formation of

coke. Thus, the Ni-Cu alloy keeps high resistance to carbon deposition.

3.8 In-situ DRIFT study



In order to identify the surface species of cyclohexane dehydrogenation over Ni-
Cu/SBA-15 catalysts, an in-situ DRIFT study was performed. Firstly, the support SBA-15
was pretreated at 450 °Cand in Hz (5% in Ar) flow, and characterized (Fig. 7f) with DRIFT at
250 °Cin the flow of C¢H12 + H2 + Ar as the same process with catalysts. The difference
spectra between in-situ DRIFT spectra of catalysts at different temperature and that of SBA-
15 at 250 °Care shown in Fig. 7a-e. The in-situ DRIFT spectra of all samples can be found in

Supplementary Material Fig. S2.

The peaks at 2319 and 2360 cm™ on SBA-15 (Fig. 7f) ascribed to the absorption of CO;
due to the difficult to be eliminated completely, and will not be discussed as follow [36]. The
weak bands at 2863 and 2937 cm™* correspond to the C-H symmetrical stretching and
asymmetrical stretching of methylene [59-61]. These signals are ascribed to the absorption of

cyclohexane on SBA-15.

For the in-situ DRIFT of Ni-Cu/SBA-15 in Fig. 9a-¢, the peaks at 933 and 993 cm™ are
attributed to C-H out-of-plane bending of vinyl (=C-H) [60], indicating the existence of
alkenes in the reactive intermediates. The weak band at 1570 cm™ corresponds to C-C
stretching within the ring. The bands at 1781 and 1934 cm™ are weak combination and
overtone bands appeared in the 1650-2000 cm™ region [60]. These signals are attributed to the
absorption of benzene. Furthermore, the change of their intensity with the increase in
temperature is less than that of signals ascribed to the absorption of cyclohexane, indicating
that the adsorption for benzene on catalyst is stronger. This could be the primary cause of

coke deposition.
4. Conclusions

The bimetallic or monometallic particles are highly dispersed in the pores and on the
external surface of SBA-15, and present two kinds of size due to the space limitation of the
ordered channels. Nonetheless, the pore structure of SBA-15 is still kept well. For the
dehydrogenation reaction of cyclohexane, the monometallic Ni catalyst presents highly
catalytic activity, but low selectivity to benzene and serious carbon deposition. The addition

of Cu into Ni drastically improves the selectivity, and prevents the coke formation. In

10



particular, 3Ni2Cu maintains an excellent selectivity (98.7%) with high conversion (99.4%) at
350 °C(GHSV = 12000 mL g* h*, molar ratio of C¢H12 : Ho = 1 : 25). The in-situ DRIFT
studies reveal the presence of vinyl species during the reaction. The strong absorption of

benzene could lead to further dehydrogenation of benzene to coke.

Appendix A. Supplementary data

Supplementary data associated with this article could be found in the online version, at

XXXX.
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List of figure captions

Fig. 1. XRD patterns of samples. (a) Small-angle and (b) wide-angle XRD patterns for

calcined catalysts. (c) Wide-angle XRD patterns for spent catalysts.

Fig. 2. TEM images of the spent catalysts. (a) 3Ni2Cu, (b) 2Ni3Cu, (c) ONi5Cu, (d) HAADF-

STEM images of 3Ni2Cu and (¢) HAADF-STEM images of 2Ni3Cu.
Fig. 3. TPR patterns of calcined catalysts.
Fig. 4. XPS spectra of (a) Ni 2p and (b) Cu 2p for spent catalysts.

Fig. 5. Catalytic properties of Ni-Cu/SBA-15 in cyclohexane dehydrogenation. Reaction

condition: 150mg catalyst, total 101 kPa, CeH12 : H, = 1 : 25, GHSV = 12000 h*,

Fig. 6. TG and DSC patterns of spent catalysts.
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Fig. 7. In-situ DRIFT study over Ni-Cu/SBA-15 catalysts in the flow of CsHi, + Ho + Ar. ()

5Ni0Cu, (b) 4Ni1Cu, (c) 3Ni2Cu, (d) 2Ni3Cu, (e) ONi5Cu and (f) SBA-15.
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The physicochemical properties of calcined Ni-Cu/SBA-15 catalysts.

Average crystal size ® (nm)

Sample Ni? Cu? SZBE]-'I Vgore_] Dpore (nm)

/SBA-15 (wt.%) (wt.%) (m” g) (em® g7) Metallic oxide Metal
5Ni0Cu 8.12 0 504.4 0.76 6.00 18.6 (NiO) 19.5 (Ni)
4NilCu 6.48 1.75 509.3 0.76 6.04 19.5 (NiO) 16.7 (Ni)
3Ni2Cu 4.86 3.49 505.7 0.75 5.92 19.6 (CuO) 18.3 (Cu)
2Ni3Cu 3.23 5.23 501.9 0.75 5.99 26.7 (CuO) 34.2 (Cu)
ONi5Cu 0 8.70 500.8 0.75 5.96 31.5 (CuO) 38.1 (Cu)
SBA-15 0 0 685.4 0.95 5.54 0 0

@ Metal / (Metal + SiO2) as determined from the preparation of catalyst.

b Calculated using Scherrer equation from the XRD patterns of fresh (Metallic oxide) and spent (Metal) catalysts.
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Table 2

XPS analysis of spent Ni-Cu/SBA-15 catalysts.

Cu 2p3p®° Cu 2pin?
Catalyst Ni 2p3p® Ni 2p12® Poak | Peak 11 Peak 11 Poak IV Ni/Cu ©
5Ni0Cu 852.5 870.1 - - -
4NilCu 852.7 870.1 934.5 (32) 932.0 (68) 954.6 951.4 3.16
3Ni2Cu 852.6 870.2 934.4 (41) 932.1(59) 954.4 951.8 1.89
2Ni3Cu 852.7 870.3 934.5 (53) 932.2 (47) 954.5 951.8 0.94
ONi5Cu - - 934.6 (75) 932.1(25) 954.5 951.8 0

2 Binding energy (eV).

b Numbers in parentheses represent the relative contribution calculated using the peak area.

¢ Surface atomic ratios.
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