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Liquid organic hydrogen storage with N-ethylcarbazole (NEC) as a carrier is a

very promising method. The use of precious metal hydrogenation catalysts

restricts the development in industrial grade. Efficient and low-cost hydrogen

storage catalysts are essential for its application. In this work, a Ni-Mo alloy

catalyst supported by commercial activated carbon was synthesized by

impregnation method, and the Ni-Mo ratio and preparation conditions were

optimized. The catalyst was characterized by XRD, XPS, H2-TPR, SEM, and TEM.

The results showed that the doping of Mo could dramatically promote the

catalytic hydrogenation of N-ethylcarbazole by the Ni-based catalyst. More

than 5.75 wt% hydrogenation could be achieved in 4 h using the Ni-Mo catalyst,

and the selectivity of the fully hydrogenated product 12H-NEC could be

effectively improved. This result reduces the cost of hydrogenation catalysts

by more than 90% and makes liquid organic hydrogen storage a scaled

possibility.
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1 Introduction

Hydrogen energy is considered to be the ultimate clean energy solution (Crabtree,

2017). Due to its low density, high diffusion with flammability and explosiveness, the

large-scale use of hydrogen is limited by the way it is stored and transported (Grubel et al.,

2020). At the present stage, the commercial hydrogen storage methods are mainly high-

pressure gaseous hydrogen and low-temperature liquefied hydrogen, and yet they still

cannot meet the requirements of large-scale and long-distance transportation considering

the process complexity, process energy loss and safety factor (Muller, 2019). Researchers

have developed a series of hydrogen carriers, such as metal hydride, liquid organic

hydrogen carriers (LOHCs), modified activated carbon and glass microspheres, to fulfill

industrial applications (Ren et al., 2017; Abdalla et al., 2018). Among these candidates,

LOHCs, which have attracted widespread attention because of their high storage density,
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high safety, and compatibility with existing liquid fuel

infrastructure, are the optimum selection for large-scale and

medium/long-distance transportation of hydrogen (Preuster

et al., 2017; He et al., 2019; Niermann et al., 2019). It achieves

reversible reactions of hydrogenation and dehydrogenation in

unsaturated bonds with the help of specific catalysts.

The representative LOHCs are toluene, naphthalene,

dibenzyltoluene (DBT), and N-ethylcarbazole (NEC)

(Jorschick et al., 2017; Nakaya et al., 2020; Tuo et al., 2021;

Xue et al., 2021). In 2004, aromatic heterocyclic organic

compounds were first proposed as hydrogen storage media

(Pez et al., 2008). Clot et al. (2007) found that the

introduction of heteroatoms such as N and O in aromatic

heterocyclic compounds facilitates the dehydrogenation

reaction by density functional theory (DFT). Among the

LOHCs, NEC is the most favored. It is the first proposed

LOHC that can achieve hydrogenation/dehydrogenation cycles

below 200°C. It has low volatility and toxicity, and its theoretical

hydrogen storage density can reach 5.79 wt% with a released

hydrogen purity of 99.99% (Tcichmann et al., 2012).

Efficient and economical hydrogen storage catalysts are

essential for the industrial application of NEC. According to

the literature studies, loaded precious metal catalysts have been

widely used, including ruthenium-based catalysts for

hydrogenation and palladium-based catalysts for

dehydrogenation (Wang et al., 2017; Wu et al., 2019a; Wang

et al., 2019; Yu et al., 2020). The key challenge limiting the use of

non-precious metal catalysts is the slow reaction kinetics and low

product selectivity. To reduce the feedstock cost while

maintaining an activity similar to precious metal catalysts,

researchers have started to turn their attention to tuning the

structure of non-precious metal catalysts, of which nickel-based

catalysts are the main ones owing to their certain activity. The

main attempts are reducing the amount of precious metals by

doping with nickel, synthesizing nickel-containing alloy

catalysts, and modifying the catalyst supports. The same

doping method was used in the research of Yu et al. (2020),

and they also focused on the hydrogenation activity caused by the

crystal form of TiO2. In contrast, Liu et al. (2021) prepared high-

performance Rh-Ni/γ-Al2O3 catalysts by doping very small

amounts of Rh in Ni. Ding et al. (2021) prepared Ni70/AlSiO-

1/1 catalysts by using a new carrier AlSiO-1, which could weaken

the metal-carrier interaction and reduce the formation of

NiAl2O4 species to facilitate the reduction of Ni. Wu et al.

(2019b) prepared catalysts by combining Ni/Al2O3 with a

metal hydrogen storage material of YH3 as a catalyst, which

significantly improved the hydrogenation process of NEC. Yu

et al. (2021) demonstrated that the hydrogen storage alloy LaNi5.5
can be directly used for reversible hydrogenation and

dehydrogenation of NEC with high efficiency and cycle

stability. The properties of these catalysts are shown in Table 1.

In this work, a Ni4Mo/AC bimetallic catalyst was synthesized

and used for the hydrogenation reaction of NEC, which can

accomplish efficient and highly selective hydrogenation without

using precious metals. The catalyst characterization revealed that

Ni4Mo/AC formed an alloy structure in the preparation process.

In addition, Ni4Mo/AC can reduce the dissociation energy of

hydrogen and thus improve the catalytic hydrogenation activity.

This work can provide a reference for the design and synthesis of

non-precious metal NEC hydrogenation catalysts with high

activity and high selectivity.

2 Materials and methods

2.1 Characterization methods

X-ray diffraction (XRD, Bruker D8) analysis was performed

to determine the crystalline phase of the samples. Hydrogen

temperature programmed reduction (H2-TPR, AutoChem1 II

2920) analysis was performed with a thermal conductivity

detector (TCD) to study the reduction behavior of the catalyst

precursor. In H2-TPR, the prepared samples were pretreated by a

programmed ramp-up at 10°C/min to 300°C dry under 30 ml/

TABLE 1 Catalytic performance of nickel-containing hydrogenation catalysts reported.

Catalysts The mass ratio of catalyst to NEC Diluting Conditions Time/
h

H2 update/
wt%

References

5 wt% Ru-Ni/TiO2 .05 No 150°C, 7 MPa 24 5.65 Yu et al. (2020)

.1 wt%Rh-15wt% Ni/γ-
Al2O3

.05 No 160°C, 6 MPa 2 5.63 Liu et al. (2021)

70 wt% Ni/AlSiO-1/1 .1 40 ml N-hexane 150°C, 7 MPa 1.5 >5.75 Ding et al.
(2021)

5 wt% Ni/Al2O3 .125 No 180°C, 10 MPa 1.5 >5.75 Wu et al.
(2019b)

+4 times YH3 to catalyst No 150°C, 3 MPa 4.5 >5.75

Pure LaNi5.5 .1 No 180°C, 7 MPa 8 5.63 Yu et al. (2021)
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FIGURE 1
Structural characterization of Ni4Mo/AC. (A,C) SEM image. (B) EDS spectrum. (D–F) EDS elemental mapping of Ni and Mo in Ni4Mo/AC.

FIGURE 2
Structural characterization of Ni4Mo/AC. (A–C) TEM image. (D–F) EDS elemental mapping of Ni and Mo in Ni4Mo/AC.
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min Ar inert gas protection, kept purged for 1 h and then cooled

to room temperature, followed by heating from 80°C to 800°C at

10°C/min in a 10% H2/Ar mixture at 30 ml/min, and the amount

of H2 consumed was characterized by a thermal conductivity

detector (TCD). X-ray photoelectron spectroscopy (XPS,

Thermo Scientific K-Alpha) was performed to analyze the

metallic elements. The surface morphology and metal

distribution of the catalysts were obtained using scanning

electron microscopy (SEM, Zeiss MERLIN Compact). The

metal particle size of the catalyst was obtained using

transmission electron microscopy (TEM, JEM 2100F).

2.2 Preparation of catalysts

A simple impregnation method was used to prepare NiMo/

AC catalysts. First, 1 g of activated carbon (AC) was dispersed in

10 ml of deionized water, and nickel chloride hexahydrate and

ammonium molybdate tetrahydrate were added at a total mass

fraction of 15% and stirred for 24 h. Then, the pH value was

adjusted to eight and stirred for 3 h. The mixture was washed

3–5 times using a centrifuge to ensure that the supernatant was

free of chloride ions. The cleaned samples were dried in a vacuum

drying oven at 60°C. The samples were homogeneously ground

with an agate mortar and then heated in a tube furnace at 10%

H2/N2 for 3 h at a certain temperature to obtain the NiMo/AC

catalyst.

2.3 Hydrogen uptake experiment

In a 100 ml high-pressure reactor, 2 g of NEC, 18 ml of

decalin and 0.4 g of catalyst were added. Argon was used to

displace the gas in the reactor. After heating to 150°C, hydrogen

gas was introduced to pressure the reactor to 8 MPa. The

temperature and pressure data of the reactor were recorded by

sensors on a computer. The reaction was stopped after 4 h

regardless of the extent of the reaction. After the reactor was

FIGURE 3
(A) XRD pattern of Ni4Mo/AC. (B) H2-TPR of samples before reduction. (C) High-resolution XPS spectrum of Ni 2p in Ni4Mo/AC. (D) High-
resolution XPS spectrum of Mo 3d in Ni4Mo/AC.
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cooled to room temperature, the product was collected to

measure the composition using gas chromatography, and then

the amount of hydrogen uptake was identified.

3 Results and discussion

Eight different nickel-molybdenum catalysts were

prepared using conventional impregnation methods and

then subjected to systematic physicochemical

characterization and NEC hydrogenation reaction tests to

investigate the effects of different nickel-molybdenum

ratios and different reduction temperatures on the catalytic

performance.

3.1 Catalyst characterization of the Ni4Mo/
AC catalyst

The chemical composition and elemental profiles of the

catalysts were obtained using SEM in combination with an

EDS analyzer. The SEM images in Figures 1A, C show some

morphological features of the Ni4Mo/AC catalyst. The

surface of the material was rough, which was a common

feature observed in the SEM images of the carbon support.

The EDS spectrum in Figure 1B shows the composition of the

prepared materials. In the sample, C, Ni, and Mo were found

to be present in large amounts. Both Ni and Mo had double

peaks, and C had only a single peak, showing the relative

amounts of these elements. C has the most intense peak, as it

was the main component of the carrier (Naushad et al.,

2019). The different colors in the mapping image (Figures

1D–F) of Ni4Mo/AC showed the distribution of Ni and Mo in

the prepared catalyst. The distribution revealed that Ni and

Mo were homogeneously dispersed in different regions of the

carbon-supported surface without obvious agglomeration or

segregation. Such a uniform distribution also implied that an

alloy of NiMo was formed (Wang et al., 2013). These better

morphologies are rare in Ni-based catalysts made by gas

reduction (Shanmuganandam and Ramanan, 2016; Wu et al.,

2019b). In our preparation, proper metal loading based on

the support and stable conditions contributed to this result

together.

To examine the crystal morphology and structure, the

prepared Ni4Mo/AC samples were studied by TEM. Figures

2A, B shows TEM micrographs of the Ni4Mo/AC catalyst. The

images illustrate the particle size and metal dispersion of

Ni4Mo/AC. It is obvious that the metal particles of Ni4Mo/

AC exhibited high homogeneity, as shown in the SEM image

of Figure 1B. The statistical analysis of particle size is given as

an inset in Figure 2A, showing that for the Ni4Mo/AC catalyst,

the average particle size was approximately 9.75 nm within a

narrow range. In addition, the high-resolution image

(Figure 2C) showed a lattice spacing of 0.210 nm, which

was consistent with 0.210 nm for the Ni4Mo (111) facet

(Wang et al., 2021). This indicated the formation of an

ordered Ni4Mo nickel-molybdenum alloy in the catalyst.

The mapping image (Figures 2D-F) further demonstrated

FIGURE 4
Hydrogenation kinetics of different catalysts. (A) Different
loading metals; (B) Different reduction temperatures; (C) Different
Ni/Mo ratios.
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the uniform dispersion of Ni and Mo on the carrier surface

and the formation of an alloy structure.

The powder XRD pattern of Ni4Mo/AC is shown in

Figure 3A. The diffraction peaks at 2θ values of 44.398°,

51.704°, and 76.264° corresponded to the (111), (200), and

(220) facets of the Ni4Mo alloy, respectively. The diffraction

peak of Ni4Mo was shifted to a small angle compared to the

standard card of Ni (PDF#04-0850), which was due to the doping

of molybdenum with a larger atomic weight than that of Ni. In

addition, comparing the XRD patterns of Ni4Mo/AC and Ni/AC

(Figure 3A), it could be seen that the half-peak width becomes

larger, showing that the doping of a certain amount of Mo

reduced the crystallinity of the pure nickel phase. These

results indicated that an ordered Ni4Mo alloy was formed on

the activated carbon after doping with a small amount of

molybdenum.

Temperature-programmed reduction (TPR) was used to study

the interactions between the active components of the loaded

catalysts. To evaluate the interactions between nickel and

molybdenum, Ni4Mo/AC, Ni/AC and Mo/AC samples before

reduction were subjected to H2-TPR (Figure 3B). Under the

same conditions, all metals could be reduced. For Mo/AC

(Supplementary Figure S1), two major peaks were observed,

one at 360°C and the other at 470°C, as an inverse peak, which

was due to the reaction of the sample to form MoC during the

temperature-programmed reduction (Qu et al., 2003). For Ni/AC,

the maximum reduction temperature showed a broad band

centered at 250°C and 350°C. In contrast, the H2-TPR pattern

for Ni4Mo/AC could be observed with a peak at 340°C and a lap-

shoulder peak at 250°C. The H2-TPR of Ni/AC and Ni4Mo/AC

samples before reduction were analyzed after peak fitting. In the

former sample, the reduction peaks at 260°C, 296°C, and 344°C

were attributed to the progressive reduction of metallic nickel, and

the reduction peak at 485°C was attributed to the reduction of

surface and bulk oxygen in activated carbon (Le et al., 2017). In the

latter samples, the reduction peaks at 224°C, 332°C, and 397°C were

attributed to the reduction of metallic nickel, and the reduction

peak at 437°C was attributed to the reduction of metallic

molybdenum. The above split-peak results indicated that the

reduction process of nickel is changed after doping with

molybdenum metal. These results suggested that the mixing of

Ni-Mo metal differs from the reduction process of elemental Ni

overlying elemental Mo and that there was an interaction between

the two metals, meaning that a new alloy was formed.

XPS was used to study the detailed information on the

distribution of elements Ni and Mo. The XPS spectra

(Supplementary Figure S2) confirmed that only the expected

elements Ni, Mo, C, and O from metal oxidation were present in

the Ni4Mo/AC catalyst. The corresponding Ni2p spectra and

Mo3d spectra of Ni4Mo/AC are shown in Figures 3C, D, where

853.66, 856.37, 860.13, and 862.38 eV corresponded to Ni, Ni2+,

Ni3+ and satellite peaks, 228.53 and 231.58 eV corresponded to

Mo, and 232.97 and 236.02 eV corresponded to Mo6+ (Xiao et al.,

2021). The possible reason for the presence of Ni and Mo oxides

was the oxidation caused by the catalyst transfer process, in

TABLE 2 Hydrogenation activities of different catalysts.

Catalysts 12H-NEC/% 8H-NEC/% 4H-NEC/% NEC/% H2 uptake/wt%

Ni/AC 23.6 4.04 30.82 41.54 2.12

Mo/AC .00 .00 .00 100.00 .00

Ni3Mo/AC 97.11 2.89 .00 0.00 5.73

Ni4Mo/AC-400°C 24.16 13.07 38.25 24.52 2.64

Ni4Mo/AC-450°C 98.73 1.27 .00 .00 5.77

Ni4Mo/AC-500°C 7.37 1.60 22.53 68.50 .92

Ni5Mo/AC 94.96 5.04 .00 .00 5.69

FIGURE 5
XRD patterns of Ni4Mo/AC with different reduction
temperatures. The inset image shows the trend in the shift of the
three main peaks.
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which it is easy to form an oxide layer on the surface owing to the

active metal properties of nanosized Ni and Mo.

3.2 Catalytic performances

The catalytic performance of the prepared catalysts is shown

in Figure 4 and Table 2. In Figure 4A, it can be seen that Mo/AC

has no hydrogenation performance. Ni/AC had a lower

hydrogenation activity with only 58.46% conversion and

23.6% selectivity for the final product at 4 h. In contrast,

Ni4Mo/AC had a high catalytic activity, and finally, the 4-h

conversion reached 100%. The final product selectivity was

98.73%, and the hydrogen uptake amount reached 5.77 wt%.

This indicated that the hydrogenation performance of the

catalyst was greatly improved after doping with a certain

FIGURE 6
XPS patterns of Ni4Mo/AC with different reduction temperatures. (A,B) 400°C; (C,D) 450°C; (E,F) 500°C.
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amount of Mo, which has no activity in hydrogenation. As we

mentioned above, the catalyst formed a Ni4Mo alloy, which could

significantly reduce the dissociation energy of hydrogen (Wang

et al., 2021). This resulted in an enhancement of the contact

within active hydrogen atoms and LOHC molecules, thus

promoting the formation of C-H bonds in the N-heterocycles.

The reduction temperature of the loaded catalyst affects the

morphology and particle size, which in turn affects the catalytic

performance. The catalyst precursors were reduced for

comparison at 400°C, 450°C, and 500°C, and a series of

characterizations were performed. The three catalysts were

also tested for the hydrogenation of NEC (Figure 4B). It can

be realized that the effect of temperature is non-linear. The

catalytic performance was best at a reduction temperature of

450°C, followed by 400°C and 500°C. Although the reduction

temperature only differs by 50°C, the reactivity more than

doubles. The activity of the catalyst prepared at 500°C is not

as good as that of Ni/AC, while the catalyst prepared at 400°C is

only similar to that of Ni/AC. Characterizations were carried

out to analyze the cause of this phenomenon. XRD patterns

(Figure 5) showed that the diffraction peaks of Ni were most

significantly shifted to a small angle at a reduction temperature

of 450°C, which indicated the best doping effect of

molybdenum. The peaks in Ni4Mo/AC-400°C did not exhibit

a significant shift. The XPS patterns (Figure 6) of the three

catalysts showed a slightly higher Ni content in the metallic

state at a reduction temperature of 450°C. However, the valence

distribution of Mo is more significantly affected by

temperature, which directly reflects the alloying degree of

NiMo. Compared to Ni/AC, it can be claimed from the XPS

fitting data (Table 3) that Ni4Mo/AC had the highest alloying at

450°C. The excessively high 0-valent Mo content at 500°C

indicates that this temperature may be beneficial to the in

situ reduction of metallic Mo, making the segregation of Mo

more obvious. This can also be corroborated by its poorer

activity, which is closer to that of Mo/AC. The low 0-valent Mo

TABLE 3 XPS data of samples.

Sample name Reduction temperature/°C Atomic percentage

Ni Ni2+ Ni3+ sat Mo Mo6+

Ni/AC 450 20.96 43.96 21.66 13.42 — —

Ni3Mo/AC 450 21.94 42.45 15.1 20.51 25.64 74.36

Ni4Mo/AC 450 21.26 42.19 15.28 21.26 23.33 76.67

Ni5Mo/AC 450 19.28 43.79 15.69 21.24 32.14 67.86

Ni4Mo/AC 400 20.47 43.26 15.28 20.98 16.67 83.33

Ni4Mo/AC 500 17.73 45 15.91 21.36 41.18 58.82

FIGURE 7
TEM images and particle size distributions of samples with different reduction temperatures (A) 400°C, (B) 500°C.
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content at 400°C indicates that the reduction process of the

catalysts was not carried out thoroughly enough. The reduction

rate of Mo at lower temperatures could not match the formation

of Ni, so better alloying could not be formed, which can also be

confirmed from the H2-TPR of Mo/AC. In addition, TEM

(Figure 7) of the three catalysts showed that the particle size

of the catalysts gradually increased with increasing

temperature, but the larger particle size did not favor the

catalytic hydrogenation process of NEC (Yu et al., 2020). At

500°C, the higher reduction temperature led to a certain extent

of aggregation of metals. The active sites are thus reduced,

which also affects reactivity. Therefore, an appropriate

reduction temperature of 450°C is an important condition to

ensure catalyst activity by affecting alloying.

It was found that NiMo/AC catalysts with different Ni-Mo

ratios also had different catalytic effects. Three catalysts with

different Ni-Mo ratios, Ni3Mo/AC, Ni4Mo/AC, and Ni5Mo/

AC, were prepared, and they were subjected to

characterization and NEC hydrogenation tests. The

hydrogenation curves of the three catalysts are shown in

Figure 4C. The best catalytic effect of Ni4Mo/AC and the

worst catalytic effect of Ni5Mo/AC were shown, while Ni3Mo/

AC was slightly more active than Ni5Mo/AC. Similar to what

we mentioned above, this could also be attributed to the

alloying degree of nickel and molybdenum at different

ratios. In the XRD patterns of all three catalysts (Figure 8),

distinct nickel diffraction peaks could be observed, but the

nickel diffraction peaks in Ni4Mo/AC were most clearly

shifted to a small angle, indicating that the best alloying

effect was achieved at a Ni-Mo ratio of 4, followed by

Ni3Mo/AC and then Ni5Mo/AC. The XPS patterns

(Supplementary Figure S4) of the three catalysts showed

approximately the same peak splitting results, and the

difference also came from the valence distribution of Mo

under different NiMo ratios. The reactivity is linearly

related to the content of 0-valence Mo, that is, the degree

of possible segregation. In addition, H2-TPR tests were

performed on the prepared samples before reduction. The

H2-TPR patterns (Supplementary Figure S5) of the three

catalysts have similar shapes, but the highest reduction

peaks were found for Ni4Mo/AC, which may be responsible

for the high alloying of the catalysts. It can be realized that the

difference in alloying degree caused by the ratio change is not

as significant as the effect of temperature, so the catalyst

activity changes little by the ratio.

4 Conclusion

N-ethylcarbazole is considered the most promising liquid

organic hydrogen carrier. However, the high cost caused by

precious metal catalysts in the hydrogenation process limits

their development to industrial grade. In this work, Ni4Mo/

AC bimetallic catalysts were prepared by the impregnation

method and used in the hydrogenation reaction of NEC to

reduce the cost of hydrogenation catalysts, and the selectivity

of the final product 12H-NEC could be improved. By

maintaining high conversion and high selectivity, Ni4Mo/

AC has the lowest metal content, even among the reported

non-precious metal catalysts. Its manufacturing cost is more

than 90% lower than that of precious metals and can guarantee

similar activity. The conversion can reach 100% in 4 h at 150°C

and 8 MPa, and the selectivity of the final hydrogenated

product can be 98.73% with 5.77% hydrogenation. This

performance attributed to the Ni4Mo alloy can reduce the

dissociation energy of hydrogen. Combined with XRD, TEM,

SEM, H2-TPR, and XPS analyses, it was found that increasing

the alloying degree and decreasing the metal particle size of

the catalysts could improve the hydrogenation activity and

selectivity, which was affected by the reduction temperature

and metal ratio of the catalysts.

Data availability statement

The raw data supporting the conclusion of this article will be

made available by the authors, without undue reservation.

Author contributions

BW designed the work, analyzed the data, and prepared the

manuscript. QD carried out the catalyst synthesis and

dehydrogenation experiments. SW carried out the data

FIGURE 8
XRD patterns of samples with different ratios of Ni to Mo. The
inset image shows the trend in the shift of the three main peaks.

Frontiers in Chemistry frontiersin.org09

Wang et al. 10.3389/fchem.2022.1081319

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1081319


analysis and prepared figures. P-YL and SW carried out the

characterization. S-HL carried out the GC analysis. TF supervised

the work.

Funding

The authors greatly appreciate the following financial

support: Special Guidance Funds for the Construction of

World-Class Universities (Disciplines) and Characteristic

Development in Central Universities (PY3A076), National

Natural Science Foundation of China (Nos 21706203,

22005236, and 22075225), China Postdoctoral Science

Foundation (2019M663731, 2019M660258, and

22020T130508), Key Research and Development Program in

Shaanxi Province (2022QCY-LL-16), Natural Science Basic

Research Plan in Shaanxi Province of China (2020JQ-023 and

2022JZ-07), Fundamental Research Funds for the Central

Universities (Nos cxtd2017004, xjj2018035, and

xjh012020030 in Xi’an Jiaotong University), Shaanxi Creative

Talents Promotion Plan-Technological Innovation Team

(2019TD-039).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fchem.

2022.1081319/full#supplementary-material

References

Abdalla, A. M., Hossain, S., Nisfindy, O. B., Azad, A. T., and Azad, A. K. (2018).
Hydrogen production, storage, transportation and key challenges with applications:
A review. Energy Convers. Manag. 165, 602–627. doi:10.1016/j.enconman.2018.
03.088

Clot, E., Eisenstein, O., and Crabtree, R. H. (2007). Computational
structure–activity relationships in H2 storage: How placement of N atoms
affects release temperatures in organic liquid storage materials. Chem.
Commun., 2231–2233. doi:10.1039/b705037b

Crabtree, R. H. (2017). Nitrogen-containing liquid organic hydrogen carriers:
Progress and prospects. ACS Sustain. Chem. Eng. 5, 4491–4498. doi:10.1021/
acssuschemeng.7b00983

Ding, Y., Dong, Y., Zhang, H., Zhao, Y., Yang, M., and Cheng, H. (2021). A highly
adaptable Ni catalyst for Liquid Organic Hydrogen Carriers hydrogenation. Int.
J. Hydrogen Energy 46, 27026–27036. doi:10.1016/j.ijhydene.2021.05.196

Grubel, K., Jeong, H., Yoon, C. W., and Autrey, T. (2020). Challenges and
opportunities for using formate to store, transport, and use hydrogen. J. Energy
Chem. 41, 216–224. doi:10.1016/j.jechem.2019.05.016

He, T., Cao, H. J., and Chen, P. (2019). Complex hydrides for energy storage,
conversion, and utilization. Adv. Mat. 31, 1902757. doi:10.1002/adma.201902757

Jorschick, H., Preuster, P., Dürr, S., Seidel, A., Müller, K., Bösmann, A., et al.
(2017). Hydrogen storage using a hot pressure swing reactor. Energy Environ. Sci.
10, 1652–1659. doi:10.1039/c7ee00476a

Le, M. C., Le Van, K., Nguyen, T. H. T., and Nguyen, N. H. (2017). The impact of
Ce-Zr addition on nickel dispersion and catalytic behavior for CO2 methanation of
Ni/AC catalyst at low temperature. J. Chem. 2017, 1–11. doi:10.1155/2017/4361056

Liu, H., Zhou, C., Li, W., Li, W., Qiu, M., Chen, X., et al. (2021). Ultralow Rh
bimetallic catalysts with high catalytic activity for the hydrogenation of
N-ethylcarbazole. ACS Sustain. Chem. Eng. 9, 5260–5267. doi:10.1021/
acssuschemeng.0c08270

Muller, K. (2019). Technologies for the storage of hydrogen. Part 1: Hydrogen
storage in its narrower sense. Chem-Ing-Tech 91, 383–392.

Nakaya, Y., Miyazaki, M., Yamazoe, S., Shimizu, K., and Furukawa, S. (2020).
Active, selective, and durable catalyst for alkane dehydrogenation based on a well-
designed trimetallic alloy. ACS Catal. 10, 5163–5172. doi:10.1021/acscatal.0c00151

Naushad, M., Alqadami, A. A., AlOthman, Z. A., Alsohaimi, I. H., Algamdi, M. S.,
and Aldawsari, A. M. (2019). Adsorption kinetics, isotherm and reusability studies

for the removal of cationic dye from aqueous medium using arginine modified
activated carbon. J. Mol. Liq. 293, 111442. doi:10.1016/j.molliq.2019.111442

Niermann, M., Beckendorff, A., Kaltschmitt, M., and Bonhoff, K. (2019). Liquid
organic hydrogen carrier (LOHC) - assessment based on chemical and economic
properties. Int. J. Hydrogen Energy 44, 6631–6654. doi:10.1016/j.ijhydene.2019.
01.199

Pez, G. P., Scott, A. R., Cooper, A. C., and Cheng, H. (2008). Hydrogen storage by
reversible hydrogenation of pi-conjugated substrates. United States.

Preuster, P., Papp, C., and Wasserscheid, P. (2017). Liquid organic hydrogen
carriers (LOHCs): Toward a hydrogen -free hydrogen economy. Acc. Chem. Res. 50,
74–85. doi:10.1021/acs.accounts.6b00474

Qu, L. L., Zhang, W. P., Kooyman, P. J., and Prins, R. (2003). MAS NMR, TPR,
and TEM studies of the interaction of NiMo with alumina and silica-alumina
supports. J. Catal. 215, 7–13. doi:10.1016/s0021-9517(02)00181-1

Ren, J. W., Musyoka, N. M., Langmi, H. W., Mathe, M., and Liao, S. J. (2017).
Current research trends and perspectives on materials-based hydrogen storage
solutions: A critical review. Int. J. Hydrogen Energy 42, 289–311. doi:10.1016/j.
ijhydene.2016.11.195

Shanmuganandam, K., and Ramanan, M. V. (2016). Ni-Ce/SiO2 nanocomposite:
Characterization and catalytic activity in the cracking of tar in biomass gasifiers.
Energy Sources Part A Recovery Util. Environ. Eff. 38, 2418–2425. doi:10.1080/
15567036.2015.1062826

Tcichmann, D., Arlt, W., and Wasserscheid, P. (2012). Liquid Organic
Hydrogen Carriers as an efficient vector for the transport and storage of
renewable energy. Int. J. Hydrogen Energy 37, 18118–18132. doi:10.1016/j.
ijhydene.2012.08.066

Tuo, Y. X., Meng, Y., Chen, C., Lin, D., Feng, X., Pan, Y., et al. (2021). Partial
positively charged Pt in Pt/MgAl2O4 for enhanced dehydrogenation activity. Appl.
Catal. B Environ. 288, 119996. doi:10.1016/j.apcatb.2021.119996

Wang, B., Chang, T. Y., Jiang, Z., Wei, J. J., and Fang, T. (2019). Component
controlled synthesis of bimetallic PdCu nanoparticles supported on reduced
graphene oxide for dehydrogenation of dodecahydro-N-ethylcarbazole. Appl.
Catal. B Environ. 251, 261–272. doi:10.1016/j.apcatb.2019.03.071

Wang, B., Yan, T., Chang, T. Y., Wei, J. J., Zhou, Q., Yang, S., et al. (2017).
Palladium supported on reduced graphene oxide as a high-performance catalyst for
the dehydrogenation of dodecahydro-N-ethylcarbazole. Carbon 122, 9–18. doi:10.
1016/j.carbon.2017.06.021

Frontiers in Chemistry frontiersin.org10

Wang et al. 10.3389/fchem.2022.1081319

https://www.frontiersin.org/articles/10.3389/fchem.2022.1081319/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.1081319/full#supplementary-material
https://doi.org/10.1016/j.enconman.2018.03.088
https://doi.org/10.1016/j.enconman.2018.03.088
https://doi.org/10.1039/b705037b
https://doi.org/10.1021/acssuschemeng.7b00983
https://doi.org/10.1021/acssuschemeng.7b00983
https://doi.org/10.1016/j.ijhydene.2021.05.196
https://doi.org/10.1016/j.jechem.2019.05.016
https://doi.org/10.1002/adma.201902757
https://doi.org/10.1039/c7ee00476a
https://doi.org/10.1155/2017/4361056
https://doi.org/10.1021/acssuschemeng.0c08270
https://doi.org/10.1021/acssuschemeng.0c08270
https://doi.org/10.1021/acscatal.0c00151
https://doi.org/10.1016/j.molliq.2019.111442
https://doi.org/10.1016/j.ijhydene.2019.01.199
https://doi.org/10.1016/j.ijhydene.2019.01.199
https://doi.org/10.1021/acs.accounts.6b00474
https://doi.org/10.1016/s0021-9517(02)00181-1
https://doi.org/10.1016/j.ijhydene.2016.11.195
https://doi.org/10.1016/j.ijhydene.2016.11.195
https://doi.org/10.1080/15567036.2015.1062826
https://doi.org/10.1080/15567036.2015.1062826
https://doi.org/10.1016/j.ijhydene.2012.08.066
https://doi.org/10.1016/j.ijhydene.2012.08.066
https://doi.org/10.1016/j.apcatb.2021.119996
https://doi.org/10.1016/j.apcatb.2019.03.071
https://doi.org/10.1016/j.carbon.2017.06.021
https://doi.org/10.1016/j.carbon.2017.06.021
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1081319


Wang, D. L., Xin, H. L. L., Hovden, R., Wang, H. S., Yu, Y. C., Muller, D. A., et al.
(2013). Structurally ordered intermetallic platinum-cobalt core-shell nanoparticles
with enhanced activity and stability as oxygen reduction electrocatalysts. Nat. Mat.
12, 81–87. doi:10.1038/nmat3458

Wang, M., Yang, H., Shi, J. N., Chen, Y. F., Zhou, Y., Wang, L. G., et al. (2021).
Alloying nickel with molybdenum significantly accelerates alkaline hydrogen
electrocatalysis. Angew. Chem. Int. Ed. Engl. 60, 5835–5841. doi:10.1002/ange.
202013047

Wu, Y., Yu, H. E., Guo, Y. R., Jiang, X. J., Qi, Y., Sun, B. X., et al. (2019). A rare Earth
hydride supported ruthenium catalyst for the hydrogenation of N-heterocycles:
Boosting the activity via a new hydrogen transfer path and controlling the
stereoselectivity. Chem. Sci. 10, 10459–10465. doi:10.1039/c9sc04365a

Wu, Y., Yu, H., Guo, Y., Zhang, Y., Jiang, X., Sun, B., et al. (2019). Promoting
hydrogen absorption of liquid organic hydrogen carriers by solid metal hydrides.
J. Mat. Chem. A Mat. 7, 16677–16684. doi:10.1039/c9ta05966k

Xiao, J., Cai, D. D., Zhang, Y., and Luo, X. G. (2021). Ni4Mo alloy nanosheets
coating on carbon tube arrays as high-performance electrocatalyst toward
overall water splitting. J. Alloys Compd. 886, 161180. doi:10.1016/j.jallcom.
2021.161180

Xue, W. J., Liu, H. X., Mao, B. H., Liu, H. L., Qiu, M. H., Yang, C. G., et al. (2021).
Reversible hydrogenation and dehydrogenation of N-ethylcarbazole over bimetallic
Pd-Rh catalyst for hydrogen storage. Chem. Eng. J. 421, 127781. doi:10.1016/j.cej.
2020.127781

Yu, H., Yang, X., Jiang, X., Wu, Y., Chen, S., Lin, W., et al. (2021).
LaNi5.5 particles for reversible hydrogen storage in N-ethylcarbazole. Nano
Energy 80, 105476. doi:10.1016/j.nanoen.2020.105476

Yu, H., Yang, X., Wu, Y., Guo, Y., Li, S., Lin, W., et al. (2020). Bimetallic
Ru-Ni/TiO2 catalysts for hydrogenation of N-ethylcarbazole: Role of
TiO2 crystal structure. J. Energy Chem. 40, 188–195. doi:10.1016/j.
jechem.2019.04.009

Frontiers in Chemistry frontiersin.org11

Wang et al. 10.3389/fchem.2022.1081319

https://doi.org/10.1038/nmat3458
https://doi.org/10.1002/ange.202013047
https://doi.org/10.1002/ange.202013047
https://doi.org/10.1039/c9sc04365a
https://doi.org/10.1039/c9ta05966k
https://doi.org/10.1016/j.jallcom.2021.161180
https://doi.org/10.1016/j.jallcom.2021.161180
https://doi.org/10.1016/j.cej.2020.127781
https://doi.org/10.1016/j.cej.2020.127781
https://doi.org/10.1016/j.nanoen.2020.105476
https://doi.org/10.1016/j.jechem.2019.04.009
https://doi.org/10.1016/j.jechem.2019.04.009
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1081319

	Alloying effect of Ni-Mo catalyst in hydrogenation of N-ethylcarbazole for hydrogen storage
	1 Introduction
	2 Materials and methods
	2.1 Characterization methods
	2.2 Preparation of catalysts
	2.3 Hydrogen uptake experiment

	3 Results and discussion
	3.1 Catalyst characterization of the Ni4Mo/AC catalyst
	3.2 Catalytic performances

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


