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Compared to reforming reactions using hydrocarbons, ethanol steam reforming (ESR) is a sustainable
alternative for hydrogen (H;) production since ethanol can be produced sustainably using biomass. This
work explores the catalyst design strategies for preparing the Ni supported on ZSM-5 zeolite catalysts to
promote ESR. Specifically, two-dimensional ZSM-5 nanosheet and conventional ZSM-5 crystal were used as
the catalyst carriers and two synthesis strategies, i.e., in situ encapsulation and wet impregnation method,
were employed to prepare the catalysts. Based on the comparative characterization of the catalysts and
comparative catalytic assessments, it was found that the combination of the in situ encapsulation synthesis
and the ZSM-5 nanosheet carrier was the effective strategy to develop catalysts for promoting H, pro-
duction via ESR due to the improved mass transfer (through the 2-D structure of ZSM-5 nanosheet) and
formation of confined small Ni nanoparticles (resulted via the in situ encapsulation synthesis). In addition,
the resulting ZSM-5 nanosheet supported Ni catalyst also showed high Ni dispersion and high accessibility
to Ni sites by the reactants, being able to improve the activity and stability of catalysts and suppress metal
sintering and coking during ESR at high reaction temperatures. Thus, the Ni supported on ZSM-5 nanosheet
catalyst prepared by encapsulation showed the stable performance with ~88% ethanol conversion and ~65%
H, yield achieved during a 48-h longevity test at 550 °C.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

fossil resources with ethanol, i.e., steam reforming of ethanol (ESR)
is one of the promising methods for producing sustainable Hj [3,4].

Hydrogen (H>) is a clean energy for the development of a sus-
tainable society and the achievement of Net Zero, yet the current Hy
production routes are not sustainable. For example, almost 50% of
H, production is based on steam reforming reactions employing
natural gas and/or light hydrocarbons [1]. Ethanol is an established
renewable platform since its production via biomass (such as corn
grains and sugarcane) fermentation is the currently major route
and economical [2]. Hence, in steam reforming replacement of
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The ethanol reforming process involves the following main re-
actions, e.g., water-gas shift (WGS) and selective oxidation of CO,
which is summarized in Eqgs. (1)—(3) [5].

C,Hs0H + 3H,0 — 2C0, + 6H, AH =174 kJ-mol ! (1)
CO + H,0—CO; + Hy AH = —41 k]-mol ! (2)
o+ %oz ~CO, AH = —283 kj-mol ™! 3)

Both noble metals (such as Pt and Rh [6,7]) and transition metals
such as (Ni and Co [8,9]) are active for ESR. Comparatively,
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transition metals are desirable due to their low cost and among
these Ni-based catalysts are particularly attractive and common
reforming catalysts, which are widely used for ESR due to their
ability of cleaving C—C, C—H and C—O bond. For example, 10%Ni/
MgAl,04 catalyst was applied to ESR and exhibited good catalytic
performances with 100% of ethanol conversion and 65% of Hy yield
[9]. Although Ni catalysts exhibit good performance in reforming
reactions, they are prone to deactivate due to carbon (coke) for-
mation, caused by side reactions such as Boudouard reaction and
methane decomposition (Egs. (4)—(5)) [5].

2C0—C+CO, AH = —172kJ-mol ™! (4)
CH4—C+ 2H, AH =75 kJ-mol ! (5)
Steam reforming reactions are normally performed at

200—650 °C, and hence, catalyst deactivation at high temperatures
is a challenging aspect to be addressed. Regarding the Ni-based
reforming catalysts, the preparation of highly dispersed stable
supported Ni phases could be achieved by (i) metal phase engi-
neering such as second metal doping to disperse Ni [10] and (ii)
metal-support engineering such as confinement synthesis [11].
Regarding the latter, catalyst carriers with the well-defined
frameworks and relevant synthesis strategies are needed to
confine and stabilize Ni nanoparticles. Zeolites are microporous
and crystalline framework materials, which are commonly
employed as the catalyst supports for preparing highly dispersed
metal catalysts, especially, their well-defined pore networks are
beneficial to disperse metal precursors and confine the metal
nanoparticles. Recently, a detailed study was performed regarding
the siliceous zeolite encapsulated Ni catalysts for dry reforming of
methane [12] and the findings suggest that the siliceous zeolite
framework encapsulated Ni with small particle sizes showed strong
metal-support interactions. Therefore, the catalysts prevented
sintering of Ni particles and inhibited coking during dry reforming
of methane (DRM) at high temperatures, providing a good catalytic
performance. However, in the pristine microporous framework of
zeolites, molecular transport can be hindered, which lead to the
reduction in the catalyst effectiveness and encourage coking.
Therefore, different strategies to improve the species transport
within the zeolite-based catalysts are proposed and developed such
as hierarchical zeolites and two-dimensional (2-D) zeolites [13,14].

In this work, a 2-D ZSM-5 nanosheet (Z-NS) was prepared and
used as the catalyst support to prepare the Ni-based reforming
catalysts for ESR due to the reduced diffusion length and high
accessibility to active sites in its structure [13,14]. To demonstrate
the advantage of Z-NS, conventional ZSM-5 (Z-CON) was syn-
thesized as well for comparison. ZSM-5 was selected as the
support because the acidic property can benefit cracking re-
actions to give small molecules, hence enhancing H, production
from ESR [15]. To support Ni on the prepared zeolites, two syn-
thesis methods were employed, that is, the direct in situ (IN)
encapsulation and conventional impregnation. Findings from the
characterization of materials and their catalytic performances in
ESR suggest that the 2-D structure of Z-NS was beneficial to
reduce carbon deposition due to the reduced diffusion resistance.
Additionally, the in situ encapsulation method contribute to
disperse Ni metal precursors and confine the Ni metal nano-
particles within the well-defined lamellar layers of Z-NS, sup-
pressing Ni sintering and carbon deposition significantly,
explaining the measured good catalytic performance among the
catalysts under investigation.

2. Experimental
2.1. Preparation of catalysts

2.1.1. Chemicals

Tetraethyl orthosilicate (TEOS, >99.0%, Sigma-Aldrich) was used
as the silica source. Tetrabutylammonium hydroxide (TBAOH: 40%
in aqueous solution, Sigma-Aldrich) and tetrapropylammonium
hydroxide solution (TPAOH: 40% in aqueous solution, Sigma-
Aldrich) were used as the structure directing agents (SDAS).
Aluminum isopropoxide (Al(O-i-Pr)s, Sigma-Aldrich) and sodium
aluminate (NaAlOy: >98.0%, Sigma-Aldrich) were used as the
alumina sources. Sodium hydroxide (NaOH: Sigma-Aldrich) and
ethylenediamine (EDA: 99%, Fluorochem) were used as a mineral-
izer and a stabilizing agent, respectively. Nickel nitrate hexahydrate
(Ni(NO3),2.6H,0: >98%, Sigma-Aldrich) was used as the nickel
precursor for catalyst preparation. All chemicals were used as
received.

2.1.2. Synthesis of ZSM-5 zeolites

ZSM-5 nanosheet (Z-NS) (with the theoretical Si/Al ratio of 100)
was synthesized according to the method reported elsewhere [13].
In detail, 8.4 g of TEOS, 8.1 g of TBAOH, and 0.086 g of Al(O-i-Pr)3
were first mixed, then aqueous NaOH solution (0.02 g NaOH in
2.3 ml deionized (DI) water) was added. The precursor mixture was
stirred at room temperature for 15 h; Then it was heated at 130 °C
for 48 h in an autoclave to prepare the crystalline form. After
synthesis, the autoclave was cooled down to room temperature
naturally, and the obtained Z-NS was washed using DI water until
pH neutral, then separated by centrifugation, and dried at 110 °C
overnight. The obtained Z-NS powder was calcined at 550 °C for 5 h
with a heating rate of 2 °C-min~'. Note that the mild calcination
condition was employed here to maintain the 2-D structure of Z-NS
and prevent pore collapsing.

Conventional ZSM-5 (Z-CON) crystal was synthesized by mixing
3.5 g of TEOS, 2.02 g of TPAOH and 0.041 g of NaAlO,, then the
addition of aqueous NaOH solution containing 0.07 g of NaOH (in
10.5 ml DI water). The precursor mixture was stirred at room
temperature for 2 h and the following synthesis was in the auto-
clave at 180 °C for 72 h. The obtained Z-CON was washed with DI
water until pH neutral, then separated by centrifugation, and dried
at 110 °C overnight. The obtained Z-CON powder was calcined at
650 °C for 8 h with a heating rate of 5 °C-min .

2.1.3. Preparation of 3%(mass) Ni/ZSM-5 catalysts by impregnation

Zeolites (Z-NS and Z-CON) above in Section 2.1.2 were used as
the catalyst supports to prepare the supported Ni catalysts by wet
impregnation, which were denoted as Ni/Z-NS-IMP and Ni/Z-CON-
IMP, respectively. In detail, 1 g of zeolite was dispersed into the Ni
precursor solution containing 0.15 g of Ni(NO3)2-6H,0 and 5 ml of
DI water, the mixture was then stirred at 60 °C for 2 h until it turned
to powder. After impregnation, the powder was dried at 110 °C
overnight, then the dried Ni/Z-NS-IMP was calcined at 550 °C for
5 h (heating rate of 2 °C-min~!). The dried Ni/Z-CON-IMP catalyst
was calcined at 650 °C for 8 h (heating rate of 5 °C-min~1).

2.14. Preparation of 3%(mass) Ni/ZSM-5 catalysts by in situ
encapsulation

To prepare the zeolite encapsulated Ni catalysts, that is, Ni/Z-
NS-IN and Ni/Z-CON-IN, the in situ encapsulation method was
used [16]. For Ni/Z-NS-IN, same procedure in Section 2.1.2 was
used to prepare the Z-NS precursor mixture, i.e., mixing TEOS,
Al(O-i-Pr)3, NaOH solution, and TBAOH at the same ratio, Ni
precursor solution was prepared by dissolving 0.25 g EDA and
0.38 g Ni(NO3)2:6H20 in 1.17 ml DI water, followed by stirring for
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2 h (corresponding to the theoretical 3%(mass) Ni loading on
2.52 g zeolite). Then, the Ni precursor solution was added into the
Z-NS precursor mixture dropwise followed by stirring for 1 h.
Then, the same crystallization and calcination conditions (Section
2.1.2) were used to obtain Ni/Z-NS-IN. Similarly, the same pro-
cedures above and that relevant to the synthesis of Z-CON, i.e.,
mixing of TEOS (3.5 g), NaAlO; (0.041 g), NaOH solution(0.07 g in
10.5 ml DI water), and TPAOH (2.02 g) at the same ratio, were used
to prepare Ni/Z-CON-IN via the in situ method, in which Ni pre-
cursor solution was prepared by dissolving 0.12 g EDA and 0.18 g
Ni(NO3)2.6H;0 in 0.54 ml DI water (corresponding to the theo-
retical 3%(mass) Ni loading on 0.18 g zeolite).

2.2. Characterization of materials

The prepared catalysts were characterized comprehensively
using powder X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), H, temperature-programmed reduction (H,-TPR),
NH3 temperature-programmed desorption (NH3-TPD), thermog-
ravimetric analysis (TGA), scanning electron microscopy (SEM),
high-resolution transmission electron microscopy (HRTEM),
N, adsorption—desorption, inductively coupled plasma-optical
emission spectrometry (ICP-OES), solid-state nuclear magnetic
resonance (NMR) spectroscopy, and energy dispersive X-ray
analysis (EDX). Relevant details of the characterization techniques
are provided in the Supplementary Material.

2.3. Catalytic ESR

A fixed-bed quartz reactor (O.D. = 6 mm) was used to assess
the catalytic performance of the prepared catalysts (pelletized,
sizes of 250—425 pm, about 50 mg catalyst for each experiment)
in ESR. Before catalysis, the as-prepared catalysts were in situ
reduced in the reactor by flowing 5%(vol) H, (in Ar) at 500 °C for
1 h. During ESR, absolute ethanol at 0 °C and water vapor at 55 °C
were introduced to the reactor via bubblers with Ar as the carrier
gas at flow rates of 65.7 ml-min~! and 27.5 ml-min~!, respec-
tively. The weight hour space velocity (WHSV) was 2286 h™',
calculated by the ratio between the inlet feed (water and ethanol)
mass flow rate per hour and the mass of catalyst. The ratio of
steam to carbon (S/C) of the reaction system was 11.0. ESR was
carried out at 300, 400, 500 and 600 °C to evaluate the activity of
the catalysts. All activity data were measured under steady state
conditions, i.e., after the introduction of the reactant mixture and
stabilization of the feed for 15 min. Each activity measurement
was repeated, and the data were averaged (with the standard
deviation of +4.2%). For the longevity test, the ESR was performed
at 550 °C for 48 h. All gas products from the reaction systems were
analyzed using an online gas chromatograph (GC, PerkinElmer,
Clarus® 590), equipped with an HayeSep DB packed column and
equipped with a thermal conductivity detector and a flame ioni-
zation detector. The kinetic study was conducted using a similar
procedure to that described above but with the reduced catalyst
loading (about 20 mg, to limit ethanol conversion below 15%)
between 200 and 400 °C, and the activation energy (E;) was
calculated using the Arrhenius equation. Ethanol conversion
(XEthanol), selectivity to gas products (S;), and hydrogen yield (Yy, )
are defined by Eqgs. (6)—(8).

XEthanol = @ x 100% (6)
i

where Fj, is the inlet molar flow rate of ethanol, and Fy is the
outlet molar flow rate of ethanol.

N FC,‘
> Fcout

S; x 100% (7)

where Fc; is the molar flow rate of the carbon-containing species i
in the gas products, including CO, CO,, CH4, CH3CHO, and C;H4 and
SFcoye is the sum of the molar flow rate of C gas products in the gas
outlet.

Fy,
=2 x100% (8)
> 6 X Fethanol

Yu
where Fy, is the molar flow rate of the produced Hp, and Fthanol is
the molar flow rate of the converted ethanol.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) of the surface species on the catalysts was performed
using a Bruker Tensor 27 FTIR spectrometer during the ESR reac-
tion. Mass flow controllers were used to deliver the gases into the
DRIFTS cell during the characterization. Prior to the DRIFTS anal-
ysis, the catalysts were reduced at 500 °C for 1 h. After that, the
catalysts were quickly transferred to a ceramic crucible cell and
were pre-treated at 300 °C for 30 min in a 10%(vol) Hy/Ar flow to
remove the re-oxidization by air exposure. Prior to introducing the
feed gas, the background spectra were collected at 30 °C under Ar.
Then the feed gas mixture (0.2%(vol) ethanol, 1.0%(vol) water with
98.8%(vol) Ar) was fed into the cell under isothermal conditions at
350 °C with a total flow rate of 50 ml-min~, and the DRIFTS were
recorded every 60 s.

3. Results and Discussion
3.1. Physical properties of the materials

The calcined catalysts were characterized by XRD, as shown in
Fig. S1 in Supplementary Material The diffraction characteristic
peaks of ZSM-5 were observed at 26 of 8.1°, 9.0°, 14.1°, 15.0°, 23.3°,
24.2°, 24.6° and 45.0° (Fig. S1(b)) and are consistent with the
previous findings [17]. After calcination, NiO was observed from
characteristic peaks at 26 of 37.2°, 43.3° and 62.4°, corresponding to
the (100), (200) and (220) facets, respectively, [18] as shown in
Fig. 1(a).

Fig. 1 and Fig. S2 showed the morphology of the ZSM-5 zeo-
lites and the ZSM-5 supported Ni catalysts (with the Ni particle
size distributions in the Fig. 1 insets) from TEM and SEM char-
acterization. Fig. 1(a) and S2(a) shows that Z-NS and supported
Ni catalyst had an assembly of thin zeolitic sheets with the
average sizes of about 200 nm. The thickness of the lamellar
stacks with the MFI framework was 10—20 nm. Conversely, Z-
CON particles are coffin-shaped with diameters of 0.5—2.3 um, as
shown in Fig. 1(b). The difference in morphologies of the mate-
rials under investigation could be due to different synthesis
protocols and types of SDAs. The Z-NS was synthesized using
TBAOH with the extended aging time of 15 h to enable the
nucleation of the silica-alumina gel. The crystallization of Z-NS
was undertaken at 130 °C (for 48 h) to slow down the crystalli-
zation rate, and hence allowing the slow rearrangement of
aluminosilicate to assemble the 2-D Z-NS with small particle
sizes. In contrast, the synthesis of Z-CON employed TPAOH for a
shorter aging time (2 h), and the crystallization required an
extended synthesis time (72 h) at a higher temperature (180 °C).
An increase in synthesis time and/or temperature could induce
substantial crystallization and the formation of three-
dimensional (3-D) coffin-shaped particles [19] (Figs. S2(c) and
S2(d)).

For the zeolite-supported Ni catalysts, the distributions of O, Al,
Si, and Ni elements on the prepared catalysts were studied by SEM-
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Fig. 1. TEM and high-angle annular dark-field imaging (HAADF) images of the ZSM-5 zeolites and the catalysts based on them (including the Ni particle size distribution): (a) Z-NS,
(b) Z-CON, (c) Ni/Z-NS-IN, (d) Ni/Z-NS-IMP, (e) Ni/Z-CON-IN, and (f) Ni/Z-CON-IMP (The particle size distribution were calculated based on 100 Ni particles).

EDS mapping (Fig. S3), showing successful loading of Ni species on
all the catalysts. The actual Ni loading of the catalysts was analyzed
by ICP-OES, showing that the actual loading amount was 2.6%—
3.0%(mass) (Table S1).

Regarding the Ni particle sizes in the catalysts, the following
order was found, ie., Ni/Z-NS-IN (~5.6 nm) < Ni/Z-NS-IMP
(~7.8 nm) < Ni/Z-CON-IMP (~31.7 nm). Ni/Z-NS-IN and Ni/Z-NS-IMP
showed narrower Ni particle size distribution compared to that of
Ni/Z-CON-IMP. Specifically, small Ni nanoparticles in Ni/Z-NS-IN
are found to be uniformly distributed within the layers of the
laminated 2-D crystal sheets of Ni/Z-NS-IN (Fig. 1(c)), whilst larger
Ni particles were identified for Ni/Z-NS-IMP (Fig. 1(d)), and they
occupied positions in-between the laminated 2-D crystal sheets of
Z-NS. Regarding the Ni/Z-CON-IN catalyst, neither TEM nor high-
angle annular dark-field imaging (HAADF) characterization could
identify Ni particles on the external surface of zeolite, whilst the
corresponding elemental mapping analysis showed the Ni species
on the edge of zeolite (Fig. 1(e)), suggesting that most of the Ni
nanoparticles might be embedded/encapsulated within the large Z-
CON crystals. Comparatively, Ni/Z-CON-IMP showed the large Ni
particles dispersed on the external surface of zeolite (Fig. 1(f)).

Fig. S4(a) and Table S1 present the N, adsorption-desorption
isotherms, pore size distribution (PSD), specific surface areas, and
pore volumes of the zeolitic materials under investigation. As
shown in Fig. S4(a), the pristine Z-NS support and the associated
supported Ni catalysts have the type of IV isotherms with hysteresis
loops at high relative pressures, suggesting the presence of mi-
cropores and mesopores, being consistent with the findings by
Feng et al. [20]. Also, it is worth noting that the mesopore volumes
of the Ni catalysts based on Z-NS are reduced (0.13 cm?-g~for 3%
Ni/Z-NS-IN and 0.6 cm>-g~! for 3%Ni/Z-NS-IMP, respectively)
compared to that of the Z-NS support (0.23 cm?®-g~ "), indicating
inclusion of Ni nanoparticles between the nanosheets of Z-NS
occupied the mesopore value. Comparatively, Z-CON and 3%Ni/Z-
CON-IMP show similar N adsorption-desorption isotherms with
comparable surface area (of ~338 m?.g~!) and pore volume
(0of ~0.20 cm®-g~ 1) only with the presence of micropores, whilst 3%
Ni/Z-CON-IN shows a small hysteresis loop at high pressure with
higher surface area of 376 m?-g~!, suggesting the formation of
mesoporous structure/defects during the in situ encapsulation

synthesis for Ni incorporation [16]. This is evidenced by the pore
size distribution as well (Fig. S4(b)). Additionally, 3%Ni/Z-CON-IMP
shows a higher external surface area than the pristine Z-CON
support (i.e., 70 vs. 51 m?-g~ ), indicating the presence of Ni species
on the external surface, as suggested by TEM above. As shown in
Table S1, the Z-CON support shows a higher microporous volume
(Vmicro) than that of Z-NS (0.15 vs. 0.13 cm?®-g~ 1), suggesting the
high crystallinity of Z-CON due to higher hydrothermal tempera-
ture and longer aging time during the synthesis (180 °C for 72 h vs.
130 °C for 48 h).

3.2. Chemical properties of the materials

Fig. 2 presents the XPS characterization of the calcined catalysts
under investigation. For Ni/Z-NS-IMP catalyst, the binding energies
(B.E.) of Ni species located at 853.2 (Ni 2p32) and 870.6 (Ni 2p12),
respectively, corresponding to the NiO phases, whilst the B.E. at
858.8, and 876.3 eV are satellite peaks of NiO. Regarding Ni/Z-CON-
IMP, the Ni 2ps3/, showed peaks with a B.E. at 853.8 eV for Ni** (NiO)
and at 855.7 eV for Ni** (Ni(OH),) suggesting that the support
structure affected the chemical state of the impregnated Ni parti-
cles and possible interaction between the support Ni with the
zeolite framework during the calcination. For the two —IN catalysts,
only peaks for Ni>* 2p3j was detected at the B.E. of 855.1 eV (for Ni/
Z-NS-IN) and 856.6 eV (for Ni/Z-CON-IN), which is different from
the typical B.E. for Ni(OH); (i.e., 855.6—855.8 eV). Accordingly, these
species could be attributed to the formation of —O-Ni-O— linkages
in the zeolite framework since Ni was incorporated into the ZSM-5
framework via the in situ encapsulation method [21,22].

H,-TPR spectra of the Ni catalysts are shown in Fig. 3(a). Ni/Z-
CON-IN only showed the major reduction peak at the high temper-
ature range of 650—850 °C (corresponding to y-NiO [23]), confirming
the strong interaction between the encapsulated Ni particles and the
Z-CON framework, being in line with the XPS results discussed above.
In contrast, Ni/Z-CON-IMP showed the main reduction peak at low
temperatures centered at about 366 °C (i.e., @-NiO), suggesting NiO
weakly deposited on the external surface of Z-CON crystals.
Conversely, Ni/Z-NS-IN and Ni/Z-NS-IMP exhibited H,-reduction
behavior consistent with «-NiO (300—500 °C) and (-NiO
(500—650 °C, corresponding to bulk NiO species) and +y-NiO
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Fig. 2. XPS spectra of the calcined catalyst (a) Ni/Z-NS-IMP, (b) Ni/Z-CON-IMP, (c) Ni/Z-
NS-IN, and (d) Ni/Z-CON-IN.

(650—850 °C), suggesting that the 2-D nanosheet structure of Z-NS
strengthens the Ni-zeolite interactions. Table S2 shows that the total
amount of H, consumption of Ni/Z-NS-IN (0.260 mmol-g~') and Ni/
Z-NS-IMP (0.218 mmol-g~') are higher than that of Ni/Z-CON-IN
(0.199 mmol-g~') and Ni/Z-CON-IMP (0.134 mmol-g~1), suggesting
that the nanosheet structure benefited the accessibility of the sup-
ported Ni species to H, molecules, and this improved accessibility
could promote the reduction of the supported Ni species on the
carrier. It is worth noting that the -IMP catalysts showed lower
amounts of H, consumption than the -IN catalysts, which is due to the
aggregated large Ni particles prepared by impregnation in compari-
son with the encapsulated small Ni nanoparticles, in line with the
above TEM results.

NH3-TPD profiles of the zeolites and catalysts are shown in
Fig. 3(b), and all showed the NH3 desorption peaks in a temperature
range of 80—350 °C. The calculated total acidity of Z-NS, Ni/Z-NS-IN,

251

and Ni/Z-NS-IMP was about 0.275 mmol-g~', 0.153 mmol-g~!, and
0.163 mmol-g~ !, respectively, as shown in Table S2. In comparison
with the bare Z-NS, the Z-NS-supported Ni catalyst showed lower
NH3 desorption temperature and weak acidity (i.e., Lewis acid
sites), which was probably due to the interaction between Ni spe-
cies and the silanol groups of the zeolite support [24]. Similarly, the
measured total acidity of Z-CON, Ni/Z-CON-IN, and Ni/Z-CON-IMP
were 0.254 mmol-g~!, 0146 mmol-g~', and 0116 mmol-g~},
respectively, and Ni loading caused the decrease in NH3 desorption
temperature and total acidity. Additionally, 2’Al solid-state NMR
spectra of Z-CON, Z-NS and 3%Ni/Z-NS-IN were recorded to probe
the local Al environment in the zeolites under investigation
(Fig. S5). A relatively symmetric peak at 6{*’Al} ~55 x10~5, which
can be assigned to tetrahedral aluminum in the zeolitic framework
[25—27], was observed for all three samples. No evidence of extra-
framework Al species was observed. After Ni encapsulation within
Z-NS using the in situ method, no significant changes were found
for the chemical shift and shape of this peak, suggesting that Ni
inclusion did not interfere with the tetrahedral coordination in the
framework. Findings above show that the catalysts under investi-
gation have similar physicochemical properties, and thus compar-
ative assessment of their activities in ESR can be fair.

3.3. Catalytic ESR over different catalysts

The four Ni catalysts, that is, Ni/Z-NS-IN, Ni/Z-NS-IMP, Ni/Z-
CON-IN, and Ni/Z-CON-IMP, were reduced at 500 °C before catalytic
ESR. Note that the preliminary study showed that the catalyst
reduced at 500 °C (Fig. S6) showed the comparatively best catalytic
performance. The reduced catalysts were tested at 300—600 °C, and
the activity was presented in the form of ethanol conversion, Ha
yield, and gas product distribution, as shown in Fig. 4. For the -IN
catalysts here, reaction rates over them increased gradually by
increasing the reaction temperature, as evidenced by the improved
ethanol conversions and Hj yields (Figs. 4(a) and (b), the two -IN
catalysts achieved nearly complete ethanol conversions at 600 °C).
In detail, over Ni/Z-NS-IN, Xgthanol Was enhanced from 1.3% (at
300 °C) to 99.9% (at 600 °C) with Yy, increased from 11.6% (at
300°C) to 61.7% (at 600 °C). Comparatively, the Xgthanol and Yy, over
Ni/Z-CON-IN were increased from 1.1% to 99.9% and 0.53%—60.5%,
respectively, by increasing reaction temperature from 300 °C to
600 °C.

In addition to Hy, acetaldehyde (CH3CHO) was identified as the
major by-product at 300 °C over the two -IN catalysts (i.e., selectivity
to CH3CHO: 94.2% over Ni/Z-NS-IN and 88.3% over Ni/Z-CON-IN at
300 °C, Figs. S7(a) and (b). CH3CHO is the product from ethanol
dehydrogenation, obtained at low temperatures of 300—400 °C [28],
and it can further react with steam (H,0) to be converted to CO, CO,
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Fig. 3. (a) H>-TPR and (b) NH3-TPD profiles of the Ni/ZSM-5 catalysts under investigation.
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Fig. 4. Effect of temperature on the catalytic performance of -IN and -IMP catalysts in ESR at 300—600 °C: (a) Ni/Z-NS-IN, (b) Ni/Z-CON-IN, (c) Ni/Z-NS-IMP, and (d) Ni/Z-CON-IMP.

and light hydrocarbons of CH4 and CoHy4 at elevated temperatures. In
our systems, over the two -IN catalysts, increasing temperature to
500 °C reduced the selectivity to CH3CHO (e.g., to 45.7% for Ni/Z-NS-
IN and 75.8% for Ni/Z-CON-IN at 400 °C), whilst the total selectivity to
CO, CO, and hydrocarbons gently raised (Figs. S7(a) and (b)).
Comparative DRIFTS characterization of the two -IN catalysts was
conducted at 350 °C, and the similar surface species and in-
termediates during the ethanol conversion were obtained (Fig. S8),
which indicates that the reaction pathways over the two —IN cata-
lysts are similar. C—C bond cleavage on Ni sites in the catalysts
occurred with an increase in the reaction temperature [28], and at
600 °C, only CO, CH4, CO2 and H; were detected in the two systems
over the —IN catalysts (Figs. S7(a) and (b)).

Over the two -IMP catalysts, the reaction rates were higher than
that over the -IN counterparts, as shown in Fig. 4(c) and (d),
especially Ni/Z-CON-IMP which achieved rather high ethanol con-
version of ~93.9% and H; yield of 30.5% at only 400 °C (Fig. 4d).
According to TEM characterization above (Fig. 1), Ni nanoparticles
on the catalysts prepared by impregnation were deposited on the
external surface regardless of the zeolite morphology. Hence, the
good accessibility of Ni nanoparticles to the reactant molecules
could contribute to the high ethanol conversions compared with
the -IN catalyst (where the Ni particles are confined within the
zeolite structure). Regarding the production distribution (apart
from Hy) in the two systems using the -IMP catalysts (Figs. S7(c)
and (d)), the selectivity of CH3CHO was prone to be completely
converted to light hydrocarbon products at <500 °C. At 600 °C, the
ESR performance (regarding Xgthanol and Yy, ) of all catalysts were
comparable at about 99.9% and 65.0%.

The ESR stability tests of all the catalysts were performed at
550 °C for 48 h, as shown in Fig. 5. Regarding Xgthanol (Fig. 5(a)), the
-IN catalysts showed better stability than the -IMP catalysts. In

detail, Ni/Z-CON-IN presented a stable performance with almost
100% ethanol conversions until 42 h, followed by a slight deacti-
vation to ~97.6% at 48 h. For Ni/Z-NS-IN catalyst, Xgthanol Was stable
with 97.7% in the first 6 h and then showed a gradual decrease to
~88.4% at 48 h. Similarly, Ni/Z-NS-IMP catalyst showed stable
ethanol conversion of 100% within the first 6 h and then deacti-
vated significantly to ~69.0% over the 48-h experiment. The system
employing Ni/Z-CON-IMP showed the significant deactivation, in
which Xgthanol decreased considerably from 100% to ~50.2% during
the stability test. Based on the measured ethanol conversions from
the longevity tests, the -IN catalysts are clearly more stable than the
-IMP ones, which could be ascribed to the confinement effect of
zeolite to prevent the Ni sintering at high reaction temperature
[12]. However, regarding Yy, (Fig. 5(b)), the NS-supported Ni cat-
alysts showed higher H; yields than that of the Z-CON supported
catalysts regardless of the preparation methods. Specifically, Ni/Z-
NS-IN demonstrated a very stable performance with Yy, of ~65%
over the course of the stability test, while Ni/Z-CON-IMP showed a
decreased of Yy, from 66.0% to 47.8% through the 48-h ESR test,
which is caused by the decreased ethanol conversion. It is worth
noting that even though the Ni/Z-CON-IN catalyst showed stable
and high ethanol conversions (close to 100%), the Hy yield in the
system was comparatively low which was maintained at about 50%,
suggesting that significant proportion ethanol was converted to
byproducts (such as CH3CHO and CHyg, as shown in Fig. 5(e)). Hence,
the findings suggest that the combination of the encapsulation
strategy and the NS carrier was effective to promote H, production
via ESR.

In addition to Hy, other gas products including CO, CO;, CHg,
CoHg, and CH3CHO were detected during the stability tests at
550 °C, showing that CO, and CO as the main products (through
main ESR reaction, ethanol and acetaldehyde decomposition,
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water—gas shift reaction, methane steam reforming reactions [29])
from all the systems under investigation. C;H4 (from ethanol
dehydration), which could contribute to coke formation in the ESR
[30], was detected insignificantly due to the low acidity of the ZSM-
5 supports (Si/Al = 100), being in line with previous findings over a
Ni/SiO, catalyst [29]. CH3CHO (produced via dehydrogenation of
adsorbed ethanol [29]) is regarded as the key intermediate to form
CH4 and CO in ESR, especially at low temperatures of <450 °C
[31—33]. For Ni catalysts supported on Z-CON, ~12% and ~20%
of CH3CHO were observed over the Ni/Z-CON-IN and Ni/Z-CON-IMP
catalyst, respectively. Conversely, CH3CHO was negligible in the
systems over the Ni/Z-NS-IN and Ni/Z-NS-IMP catalyst, reflecting
the effect of the carrier structure on ESR. In detail, TEM analysis has
shown that (i) the Z-CON supports (Fig. 1(b)) are three-dimensional
micron-scale crystals and (ii) almost all the Ni species were mainly
supported on the outskirt and/or external surface (Fig. 1(e) and (f))
for Ni/Z-CON-IMP catalyst and part of Ni species in Ni/Z-CON-IN
was distributed on the edge of zeolite. Therefore, over the Ni cat-
alysts based on the Z-CON support, ethanol molecules could be
adsorbed rather easily to allow dehydrogenation in such area, and
the formed CH3CHO could desorb from the Ni surface readily after
the reaction and diffuse back to the bulk steam, explaining the
comparative significant presence of CH3CHO in the two systems
using Ni/Z-CON-IN and Ni/Z-CON-IMP. In contrast, the catalysts
based on Z-NS have small Ni nanoparticles (Fig. 1(c) and (d)) within
large mesopore volumes in the NS support (>0.4 cm>-g~ !, Table S1).
The accessible 2-D layered structure of the Z-NS catalysts could
allow diffusion of the intermediate CH3CHO within the lamellae to

be further decomposed on Ni active sites to give CO and CHy
(CH3CHO — CO + CHy), suppressing the diffusion of CH3CHO back
to the bulk reaction stream. The presence of CHy in the gas streams
suggests the direct ethanol decomposition reaction (CH3CH,OH —

CO + CHy4 + Hy) and CH3CHO decomposition reaction in the sys-

tems. Therefore, this enhanced mass transfer of intermediate

through the 2-D structure of NS and the confined small Ni nano-
particles (prepared via the in situ encapsulation synthesis)
contribute to the promoted H; production and high stability of Ni/
Z-NS-IN catalysts in ESR.

The crystallinity of the used Ni/Z-NS-IN and Ni/Z-CON-IN catalyst
reduced to 90.9% (from 97.2%) and to 92.6% (from 95.8%), respectively,
(Fig. S11) compared to the calcined samples, suggesting the insig-
nificant structure changes during the 40-h stability test. The TEM
micrographs of the used catalysts after the stability tests are shown in
Fig. 6. For the morphology of 3Ni/Z-NS-IN and 3Ni/Z-CON-IN, sig-
nificant changes were found between the used catalysts and the fresh
ones (calcined), as shown in Figs. 1 and 6. Compared to the Z-CON
support, Z-NS could suppress Ni sintering to some extents regardless
the catalyst preparation methods. Our previous study [12] has shown
the effectiveness of the encapsulation method for inhibiting Ni sin-
tering in dry reforming of methane. Here the Ni/Z-NS-IN catalyst
exhibited least significant Ni sintering after the 48-h of longevity test,
i.e., from about 5.6 nm (Fig. 1(c)) to about 8.7 nm (Fig. 6(a)). For the Ni/
Z-NS-IMP catalyst, Ni sintering after the reaction was found more
considerably from 7.8 nm (Fig. 1(d)) to about 13.3 nm (Fig. 6(b)). The
Z-CON support showed rather poor ability to suppress Ni sintering,
and the used Ni/Z-CON-IN catalyst showed large Ni particles (about
31.7 nm, Fig. 6(c)) distributed in the support after the stability test,
whilst TEM analysis was not able to show the Ni nanoparticles in the
fresh Ni/Z-CON-IN catalyst (Fig. 1(e)). The Ni/Z-CON-IMP catalyst
showed the most significant Ni sintering with very large Ni particles
(~43.6 nm) identified on the used Ni/Z-CON-IMP catalyst. Overall,
although Ni sintering (of the catalysts under investigation) seems
inevitable during the 48-h stability tests at high temperature, the
combination of in situ encapsulation synthesis with the Z-NS support
could contribute to suppress this process to obtain the high activity of
catalysts for ESR reaction.

Coke formation was found on all the catalysts (as evidenced by
TEM) which was reported to form via (i) methane decomposition,
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Fig. 6. TEM micrographs of the used catalysts after the stability tests at 550 °C: (a) Ni/Z-NS-IN, (b) Ni/Z-NS-IMP, (c) Ni/Z-CON-IN, and (d) Ni/Z-CON-IMP.

(ii) Boudouard reaction and (iii) ethylene polymerization [29,34].
The filamentous carbon or carbon nanotubes (CNTs) as the main
coke type were observed by TEM, which is crystalline (as evidenced
by the XRD analysis, Fig. S10), suggesting catalytic methane
decomposition as the main mechanism for coking in the systems
under investigation [35]. This is reasonable since Ni catalysts are
used for catalyzing methane decomposition as well, especially large
Ni particles (>7 nm) [36]. This is evidenced by the significant
presence of CNTs on the used Ni/Z-CON-IMP catalyst with the
comparatively largest Ni particles supported on its outer surface
(Fig. 6(d)), which contributed to the severe deactivation of Ni/Z-
CON-IMP (Fig. 5(a)).

To further assess carbon deposition on the used catalyst, TGA of
the used catalysts was performed, as shown in Fig. 7. The TGA
profiles of the used catalysts showed significant mass loss at
430—-590 °C, corresponding to the decomposition temperature of
CNTs [37], being consistent with the discussion above on carbon
deposition based on TEM characterization. The in situ encapsulation
synthesis method showed the effectiveness for reducing coke
deposition on the resulting catalysts due to the confinement effect
on the Ni particle growth. For example, the used Ni/Z-NS-IN and Ni/
Z-CON-IN catalysts showed the mass loss of ~16% and ~23 %,
respectively, whilst the two catalysts prepared by the conventional
impregnation method presented similar mass losses of about 32%.
Additionally, 2-D structure of the Z-NS support might (i) reduce
diffusion resistance of reactive species (such as CH3CHO and

methane as the precursors of coke) during ESR to alleviate coking
on the catalyst and/or (ii) suppress the growth of CNTs by trapping
them within its lamella structure (as shown in Fig. 6(a) and (b)).
Therefore, confinement effect on the small Ni particles and the
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Fig. 7. TGA profiles of the used catalysts after the 48-h ESR stability tests at 550 °C.
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reduced diffusion resistance (i.e.,, enhanced mass transfer) in 2-D
nanosheet lead to the suppressed coking over Ni/Z-NS-IN. It is
worth noting that Ni/Z-CON-IMP showed the most significant
deactivation during the ESR stability test (Fig. 5(a)), suggesting that
over Ni/Z-CON-IMP, metal sintering and coking were responsible
for the activity loss during ESR.

Based on the results discussed above (Figs. 4 and 5), the -IN
catalysts showed better ESR catalytic performances regarding sta-
bility than the -IMP catalysts, and Ni/Z-NS-IN presented the best
catalytic performance with 65.0% H; yield and 88.4% ethanol con-
version in a 48-h longevity test. Compared to the relevant state-of-
the-arts under similar conditions (Table S3), the Ni/Z-NS-IN catalyst
can be ranked top. For example, at comparable weight hourly space
velocities (WHSV), the Ni supported on Al,03 catalyst (prepared by
a one-pot synthesis method) showed 96% ethanol conversion and
82% H, yield at 500 °C (at 2773 h™'), but with significant coke
deposition (about 48%(mass) after the 4-h ESR test) [38], which
could affect the longevity of the catalyst significantly. Wang et al.
[39] prepared the Ni on silica catalyst using the in situ hydrothermal
synthesis method, and the catalyst gave 85% ethanol conversion
and 70% Hj yield at 400 °C through a 100-h ESR test. However, Ni
loading on the catalyst was significantly higher (up to 22%(mass))
than Ni/Z-NS-IN (with the Ni loading of only ~3 %(mass)). Kumar
et al. [40] prepared 10 %(mass) Ni on ZSM-5 (by wet impregnation)
for ESR at 600 °C, in which ethanol conversion of 98.5% and
H, selectivity of 72% were achieved. However, significant coking of
the catalyst was measured (i.e., about 25 %(mass) after a 6-h of ESR,
whereas it is 16 %(mass) on Ni/Z-NS-IN after 48-h). Other relevant
catalytic systems employing catalysts based on conventional
zeolite supports also experienced rather significant coking after
first few hours [10,41,42]. Hence, the combination of the in situ
(encapsulation) hydrothermal method and the 2-D Z-NS structure
is the key for the stable performance of the Ni/Z-NS-IN catalyst in
ESR with the contribution from the stabilized small Ni particles and
reduced diffusion lengths.

Kinetic studies (at low ethanol conversions of <15%) were con-
ducted to further evaluate the activity of the catalysts by calculating
the overall activation energy (E,, using Arrhenius equation) of ESR.
Fig. 8 shows the Arrhenius plots of the four catalysts under inves-
tigation. The calculated E, values of the -IN catalysts are 66 and
88 kJ-mol~!, respectively, for Ni/Z-NS-IN and Ni/Z-CON-IN, being
lower than that of the -IMP catalysts (i.e., 105 kJ-mol ™~ for Ni/Z-NS-
IMP and Ni/Z-CON-IMP for 93 kJ-mol~!). The results confirm that
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Fig. 8. Arrhenius plots to estimate E, of the catalytic ESR over the four catalysts under
investigation.

the reactant molecules were easier to be activated in the systems
employing the -IN catalysts than that over the -IMP catalysts,
suggesting that combination of the in situ encapsulation synthesis
with zeolite nanosheets is a good strategy to prepare active and
stable reforming catalysts for high temperature reactions.

4. Conclusions

This study investigated the effects of the carrier morphology and
catalyst preparation method on the performance of the resulting Ni
catalysts in ESR for H; production. The results from comprehensive
characterization showed that, compared to the conventional
impregnation, the in situ encapsulation method is more appro-
priate to immobilize small Ni nanoparticles within the zeolite
(ZSM-5) framework due to the confinement effect. It can constrain
the size and shape of Ni nanoparticles within the carrier and inhibit
aggregation and sintering during thermal treatments and ESR
catalysis. In comparison with the conventional ZSM-5 zeolite (Z-
CON, with the typical crystal size of 0.5—2.3 pm), 2-D ZSM-5
nanosheets (Z-NS) are more beneficial to prepare good reforming
catalysts. The lamella structure of Z-NS (consisting of laminated
thin sheets of 10—20 nm, with the crystal size of about 200 nm)
could offer high mesopore volume and accessibility to the Ni sites
within them with the reduced diffusion resistance and improved
molecular transport. The catalysis results suggest that the catalysts
prepared by the in situ encapsulation method could promote
ethanol conversion better than that by impregnation due to the
formation of small Ni nanoparticles which could reduce the acti-
vation barrier of ESR. Also, the catalysts based on Z-NS could
improve H yield compared to that based on Z-CON due to the
improved local mass transfer to suppress side reactions in ESR.
Accordingly, by combining the in situ encapsulation synthesis with
Z-NS, we prepared the encapsulated Ni in Z-NS catalyst (i.e., Ni/Z-
NS-IN) which showed the comparative best performance in this
study with a stable Hj yield of ~65% (at 550 °C) for 48 h. The Ni/Z-
NS-IN also showed good performance in mitigating sintering and
coking during ESR, e.g., ~16%(mass) coke disposition was measured
by TGA for Ni/Z-NS-IN, whilst about 32%(mass) was found for the
catalysts prepared by the conventional impregnation method. This
work demonstrates that tuning of the catalyst synthesis method
and carrier morphology could be a good strategy to prepare active
and stable reforming catalysts for high temperature reactions.
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