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Role of support bio-templating

in Ni/Al,O; catalysts for hydrogen
production via dry reforming

of methane

Tayebeh Roostaei & Mohammad Reza Rahimpour™

Bio-templating, a synthetic approach inspired by nature, is an emerging area in material engineering.
In this study, waste leaves of Sycamore were utilized as a bio-template for producing alumina support
to prepare catalyst. The performance of Ni and Ce impregnated on bio-templated alumina support
was investigated in dry reforming of methane for the first time. The effect of process and catalytic
variables were examined in detail. The results showed that impregnation of 20% Ni and 3% Ce on the
bio-templated alumina led to improved Ni dispersion and achieving the maximum CH, conversion

of 88.7%, CO, conversion of 78.5%, and H, yield of 85.3%, compared to 84.4%, 75.6% and 83.4%

for the non-templated catalyst at 700 °C, respectively. Detailed characterization of the catalysts
revealed that the enhanced performance in the bio-templated catalyst could be attributed to smaller
Ni particles, superior dispersion of Ni on the support, the mesoporous structure of alumina, and

the larger surface area of support. Furthermore, analysis of the used catalyst showed reduced coke
formation on the catalyst surface and high stability of bio-templated catalysts, highlighting the main
advantage of bio-templated catalysts over non-templated ones. The findings presented in this study
contribute to the potential future applications of bio-templating materials and shed light on the
rational design of bio-templating materials.

Methane (CH,) and carbon dioxide (CO,) are two potent greenhouse gases (GHGs) with detrimental impact on
the environment, which directly contributes to climate change'. Increasing the GHGs emission has prompted the
search for solutions to address this environmental crisis®>. From a carbon economy perspective, transforming such
unfavorable gases into value-added products has gained much attention in environmental research®. Accord-
ingly, converting CH, and CO, into syngas (H, and CO), known as dry reforming of methane (DRM), has proven
to be multi-dimensional beneficial’. The main reason is the environmentally friendly nature of hydrogen as an
efficient energy carrier. In addition, hydrogen is a critical intermediate in producing several strategic products,
such as methanol, acetic acid, and ammonia*®. DRM, as presented in Eq. (1), emerges as an economical alterna-
tive compared to other reforming methods, mostly due to the elimination of the separation step at the end of the
process™!’. Aside from the mentioned benefits of DRM, it is a promising pathway for carbon capture and utiliza-
tion (CCU)!-13, If all hydrogen produced annually (currently 60Mt year') were supplied through DRM instead
of steam reforming, approximately 0.5Gt year! of CO, would be cut off immediately, approaching the 2030 target
in a decarbonization roadmap'*'*. The DRM produces syngas with an H,/CO molar ratio close to unity, which
is favourable to generate valuable chemicals, such as Fischer-Tropsch process and ammonia production!®-%,

DRM : CHy + CO; <> 2CO +2H,  AHjg4 = 247 kJmol ™! (1)

Nevertheless, the main challenge of DRM is carbon accumulation on catalyst’s surface, which occurs at high
reaction temperatures of an endothermic DRM process'?. Catalyst deactivation arises from undesired side reac-
tions of CH, decomposition, Boudouard reaction, and CO reduction®*?!. Hence, several studies have been done
on developing a catalyst to prevent or minimize carbon formation and catalyst deactivation.

Among various examined catalysts for the DRM process, noble metals like Ru*?, Pt**, Pd**, and Rh* showed
reduced coke formation and excellent performance in the DRM. Though, the problems associated with these
metals are their high cost, unavailability, and low stability in high reaction temperatures of DRM?*%’. In contrast,
the supported transition metals, especially Ni, have been extensively used as a potential alternative because of
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their high initial activity and relatively low cost?’-*!. However, the catalyst deactivation hindered the Ni-based
DRM commercialization.

To improve the stability of DRM catalysts, many approaches have been focused on evaluating different param-
eters, including reducing Ni particle size, dispersing Ni particles on support, employing highly porous support,
and adding a metal oxide as a promoter, such as Ce**™*, Y, La*, Mg?*"%, and B"’ to oxidize the formed coke
on the catalysts’ surface.

High Ni dispersion could be achieved by trapping the metal nanoparticles inside the mesoporous structure
of support. Consequently, the performance of the DRM catalyst strongly depends on the supporting material.
Appropriate support must also resist high temperatures and maintain metal dispersion during the reaction.
Despite numerous efforts by researchers, developing a catalyst with excellent resistance against coke formation
for the DRM process remains a significant challenge.

One approach to enhance the supporting material surface area and increase the structure porosity is using a
templating material in the catalyst support preparation. In this line, the choice of template plays a crucial role in
obtaining efficient material with the desired properties. This template could be synthetic materials, such as nano-
particles, porous materials, and surface-active materials, or natural materials, like DNA, proteins, butterfly wings,
and leaves. The later green templates derived from biological species, called bio-templates, are more desired in
preparing metal oxide catalysts since they are inexpensive, non-polluting, sustainable, mechanically and chemi-
cally adaptable, and naturally abundant®**’. Using green templates in synthesizing catalysts is a sustainable route
toward clean materials production by reducing the use of harmful materials and meanwhile having a porous
structure with a high surface area. Moreover, several articles have been published on synthesizing bio-template
materials?®-2$41-%3 but there are fewer reports on the application of these catalysts. Herein, we used Sycamore
waste leaves, with a highly porous structure, as the bio-template to prepare alumina support. Sycamore is a local
abundant tree in Iran and its leaves fall easily during autumn. The management of these bio-wastes is a major
challenge which was tried to address in the present study.

This study investigates the potential of a novel green alumina, prepared by the bio-template method using
waste leaves, as suitable supporting material for Ni active sites in the DRM process for the first time. The efficien-
cies of bio-templated and non-templated catalysts were compared, supported by appropriate characterization
techniques. Various catalytic and processing parameters, including the amount of active phase, promoter load-
ing, and reaction temperature, were examined. The results demonstrated the sintering and coke formation of
the bio-templated catalysts were slightly reduced compared to the non-templated catalysts, leading to improved
performance, and higher stability in long-term DRM reaction. To the authors’ best knowledge, there is no report
on the application of leaf-based catalysts in the DRM reaction. As a result, the findings of this study exemplify
the successful application of bio-template materials through the rational design of an effective catalyst.

Experimental

Materials

Aluminum triisopropylate (Al[OCH(CHj;),];), nickel (II)-nitrate hexahydrate (Ni(NO3),)0.6H,0), cerium (III)-
nitrate hexahydrate (Ce(NO;);-6H,0), hydrochloric acid (37 wt%), and ethanol (> 98) were provided by Merck
and used without further purification. Waste leaves of the Sycamore were collected from the local campus in
Iran and used as a bio-template (Fig. S1).

Pre-treatment of bio-template

The waste leaves were initially pre-treated to remove contaminants and get rid of inorganic ions. To this end,
the leaves were immersed in dilute acid (5% v/v HCI) overnight. Next, they were washed with deionized water
several times to remove acid, and then dried in an oven for 24 h. Consequently, the treated leaves were crushed
using a mini-laboratory electric grinder to form a fine yellow powder (Step I in Fig. 1).

Synthesis of final catalyst
The alumina support was prepared by the sol-gel method. For this purpose, 4 g AI[OCH(CHj;),]; precursor salt
was initially solved in 150 ml acidic water (pH=4) and stirred for 3 h at 80 °C, followed by standing at the same
temperature for 12 h. Subsequently, 2 g of the treated waste leaves were soaked in alumina precursor solution and
stayed at 80 °C overnight. Next, the solution was filtered and dried in an oven at 100 °C for 30 min and calcined
in a furnace at 800 °C for 3 h under air. The obtained white powder is designated as “Bio-Al” in the text (Step II in
Fig. 1). To investigate the effect of bio-templating, a non-templated (bulk) alumina sample was prepared using the
same procedure, except adding the bio-template. The non-templated Al,O; was named Bulk-Al in the manuscript.
The wet impregnation method was employed to introduce the active phase (Ni) and promoter (Ce) to the
prepared alumina. For this purpose, separated aqueous solutions of Ce(NO;),.6H,0 and Ni(NO;),.6H,0 with
0.05 M concentration were added dropwise to the suspension of prepared Bio-Al in the water simultaneously
while stirring at 40 °C for 4 h. The prepared solid pastes were then kept in an oven at 100 °C for 15 h. Finally, the
obtained samples were calcined at 650 °C for 3 h at a rate of 4 °C/min (Step III in Fig. 1). The calcined catalysts
were designated as (z)Ni-(x) Ce@Bio-Al for bio-templated catalysts and (z)Ni-(x)Ce@Bulk-Al and in the text, in
which z is Ni weight percentage with 10, 15, 20 and 25 wt% amounts, and x is Ce weight percentage with 0, 1.5,
3, and 4.5 wt% loadings. The amount of Ni and Ce loading ranges were chosen based on literature review>”*+%,
Figure 1 presents a schematic of catalyst preparation steps.

Catalyst characterization
Power X-ray diffraction (XRD, PHILIPS X Pert PW1730) with a Cu-Ka monochromatizer (40 kV, 30 mA) and
a Cu anode X-ray tube was used to analyze the crystalline phases of the samples. The catalyst morphology and
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Figure 1. A schematic of Ni-Ce@Bio-Al preparation process: (I) preparation of bio-template, (II) preparation
of Bio-Al support, (III) co-impregnating of Ni and Ce on Bio-Al to prepare the final catalyst.

structure were characterized by a field-emission scanning electron microscope (FESEM, TESCAN MI RA III)
and a transmission electron microscope (TEM, Philips CM120). Energy-dispersive X-ray spectroscopy (EDX)
analysis was used with a SAMX detector coupled with the FESEM instrument to measure the elemental com-
position of samples and their dispersions. Nitrogen adsorption-desorption isotherms were obtained using a
surface area and porosity analyzer BELSORP MINI II at 200 °C. The Brunauer-Emmett-Teller (BET) methods
and Barrett-Joyner-Halenda (BJH) models were used to calculate the specific surface areas of the mesopores
and pore-size distributions, respectively. Temperature-programmed hydrogen reduction (H,-TPR, NanoSORD
NS9) was used to study the reducibility of catalysts. The thermogravimetric analysis (TGA) technique was used
to determine the thermal stability and amount of deposited coke on the synthesized catalysts with the aim of
an SDT Q 600 instrument. Raman analysis was carried out to get information about the type of deposited coke
using Raman spectrometer (Technooran company- model Ram-532-004). The inductively coupled plasma optical
emission spectrometry (ICP-OES) technique was used to analyze the chemical compositions of final catalysts
(VISTA-PRO spectrophotometer instrument).

Catalyst activity in dry reforming of methane
To determine the effectiveness of the prepared catalysts in the DRM process, practical tests were carried out at
atmospheric pressure using an isothermal stainless steel fixed-bed reactor with a diameter of 1.6 cm and length
of 1 m (Fig. S2). An electric furnace was used to control the reaction temperature. In a typical experiment, 1 g of
the synthesized catalyst (catalyst size: 150-200 um) was loaded into the reactor. Subsequently, the catalyst was
reduced by elevating the reactor temperature to 750 °C for a duration of 1 h, using pure hydrogen with a flow
rate of 150 ml/min. In the next step, the reactor temperature was fixed to the reaction temperature (600, 650, and
700 °C) and pure nitrogen was passed till reaching this temperature. CH, and CO, were then introduced into
the reactor by the ratio of unity following the reaction’s stoichiometry, and a flow rate of 100 ml.min"! with the
constant gas hourly space velocity (GHSV) of 12,000 ml g.,,~* h™ for 1 h. Six injections of an online Bruker 450
gas chromatograph (GC) instrument with a TCD were taken to analyze the composition of the exited dry gas
stream at each reaction temperature. The TDX-01 column was used for gas separation and argon was applied as
a carrier gas. A schematic presentation of the set-up is shown in Fig. 2.

To evaluate the catalysts’ performance, CH, conversion (Xcp,), CO, conversion (Xco,), H, yield (Yy,), and
H,/CO ratio were calculated using Eqgs. (2)-(5), respectively *¢47.

Fctyin — FCHyou

Xc, x 100 @)

FcHyn

Fcoyy, — F
Xco, = —COL'I":CO COsou 5 100 (3)
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Figure 2. Schematic of experimental DRM set-up.
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where Fch,, Fco,.FH,, and Fco refer to CH, CO,, H,, and CO molar flow rates, and in and out subscripts
denote input and output streams, respectively.

Thermodynamic study

The thermodynamic analysis was conducted to understand the operating conditions in DRM and compare the
theoretical values with the experimental ones. Predicting the equilibrium conversions is helpful to determine
which reaction is complete and the extremum amount of each product*®. The DRM reaction (Eq. 1) was consid-
ered as the main reaction and three other reactions, including reverse water—gas shift reaction (Eq. 6), methane
cracking (Eq. 7), and CO disproportion (Eq. 8), were considered as the side reactions®.

Reverse water — gas shift : CO, + H, <> CO + H,0 AHjggx = 41 kJ mol ™! (6)
Methane cracking : CHy <> C + 2H, AHjggi = 75 kJ mol ™! (7)
CO disproportion : 2CO < C + CO, AH;%K = —175k] mol™! (8)

The equilibrium thermodynamic calculations were carried out using Aspen Plus software Version 12.1. The
thermodynamic model of Peng-Robinson thermodynamic was chosen for our system. Reactions 1, 6-8 with
feed ratio (CO,/CH,) of unity and pressure of 1 bar were considered in this simulation. Temperature was set
from 600 to 700 °C using sensitive analysis.

Results and discussion

Activity tests in dry reforming of methane

To investigate the effect of support bio-templating on DRM performance and optimize the Ni and Ce percentages,
the prepared catalysts with and without bio-template were tested at three temperatures (600, 650, and 700 °C).
CH, and CO, conversion, H, yield, and H,/CO ratio were calculated according to Egs. (2)-(5), respectively.
The results of CH, and CO, conversion for 10, 15, 20, and 25% Ni loading are shown in Fig. 3a to d. It is note-
worthy that the promoter had not added at this stage. The results indicate a clear increasing trend of CH, and

Scientific Reports|  (2023) 13:16972 | https://doi.org/10.1038/s41598-023-43782-8 nature portfolio



www.nature.com/scientificreports/

100 (b) 100 100

(a) 100

- =) -3
< = =]
1 1 1

CO, Conversion (%)

[
]
1

1
L4 S >
F20 20 4
0 0 -0

[ 15% Ni@Bio-Al

[ 10% Ni@Bio-Al
[ 110% Ni@Bulk-Al [115% Ni@Bulk-Al
L 80 80 o 0
3 9 %
S < & >
l//%lk//‘%l 60 S ; 60 - 60 5
) £ )
- - >
= = g
5 C 40 F40 O
£ ) — a
= =} =
&) o &)

T
154
>

650 700 600 650 700
Temperature (°C) Temperature (°C)
(c) 100 100 (d) 100 100
[ 20% Ni@Bio-Al [ 25% Ni@Bio-Al
[ 120% Ni@Bulk-Al [ ]25% Ni@Bulk-Al
80 - 80 80 4 L 80
g ' = = 1 3
S 604 i/ F6o S £ 60- Lo S
|- z 4 . 4
2 S S 2
S wl— g g -— g
U... 40+ F40 O o 404 La0 S
8 - = o
v o O 3
20 1 -20 20 L 20
0 0 0 Lo
600 650

700 600 650 700

Temperature (°C) Temperature (°C)

Figure 3. CO, and CH, conversion for (a) 10% Ni, (b) 15% Ni, (c) 20% Ni, and (d) 25% Ni loading on bio-
templated and non-templated catalysts (without Ce).

CO, conversion by enhancing the reaction temperature for all samples, regardless of the support structure and
Ni loading amount. This can be attributed to the endothermic nature of DRM (Eq. 1), meaning that raising the
temperature enhances the equilibrium conversion and leads to higher CH, and CO, conversion***°. Furthermore,
at higher temperatures, molecular collisions are more effective, further facilitating the reaction. For instance, by
boosting the temperature from 600 to 700 °C for 25% Ni loading, the CH, and CO, conversion were increased
by 25.2% and 27.5% for the bio-templated and 26.9% and 32.9% for the non-templated catalysts. Higher CH,
conversion than CO, conversion is due to reverse water gas reaction (Eq. 6).

Results of H, yield and H,/CO ratio are shown in Fig. 4a—d for different amounts of Ni loading. Regarding
products, H,/CO molar ratio is more than unity and less than 2 in all cases due to carbon accumulation. There-
fore, this catalyst is an appropriate option for applications where high amounts of hydrogen are needed. As can be
seen in this figure, the highest H, yield were obtained for 20Ni catalyst for both non-templated and bio-templated
catalysts. It is noteworthy that the highest H, yield is at 700 °C**>!. Regarding H,/CO ratio, in almost all Ni load-
ings, the minimum H,/CO ration was observed at 650 °C, either for the templated or non-templated catalyst.

By examining the effect of Ni loading amount, it is evident that increasing the Ni content from 10 to 20%
enhances CH, and CO, conversion, and H, yield. This improvement can be attributed to the availability of more
active sites and larger surface areas at higher Ni loadings. However, further increasing the Ni content (25%) has
a detrimental effect, resulting in decreased CH, and CO, conversion, and H, yield. This decline could be ascribed
to the agglomeration of Ni particles, leading to the loss of active sites and surface area. This agglomeration is more
pronounced in higher temperatures. In summary, loading 20% Ni demonstrated the best performance, either for
the bio-templated (CH, and CO, conversion, and H, yield of 80.7%, 56.4%, and 75.8% respectively, at 700 °C),
or the non-templated catalyst (CH, and CO, conversion of 75.4%, 52.1%, and 75.6% respectively, at 700 °C).

Figure 3 also highlights the remarkable influence of support bio-templating in achieving higher CH, and CO,
conversion, and H, yield regardless of Ni loading amount. This effect can be ascribed to multiple factors, includ-
ing the more porous structure of bio-templated alumina, smaller Ni particles and their better distribution on the
support in the case of bio-templated alumina compared with non-templated one, which have been confirmed by
the characterization results, presented in the subsequent sections. Consequently, the bio-templating approach
mitigates Ni particles’ agglomeration and is predicted to reduce coke formation and minimize catalyst deactiva-
tion. Details of excited gaseous products from the GC column are presented in Table S1.

To determine the effect of adding the promoter, different amounts of Ce (1.5, 3.0, and 4.5%) were loaded
on both bio-templated and non-templated catalysts. CH, and CO, conversion and H, yield were calculated for
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all Ni loadings amounts. The results for optimal Ni loading (20%) are presented in Figs. 5, S4, and S5. Moreo-
ver, other Ni loadings (10, 15, 25%) are shown in Figs. S3-S5. The figures demonstrate that the addition of Ce
promotes higher CH, conversion and H, yield. This can be attributed to the activation of CO, facilitated by
CeO, and a reduction in coke formation. When higher Ce loading is used (up to 3%), this increscent is more
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for non-templated catalysts) and H, yield (5.7% for bio-templated and 10.6% for non-templated catalysts) were
achieved at 20%Ni loading and 700 °C. However, further increasing the Ce content (4.5%) adversely affects both
CH, conversion and H, yield, possibly due to agglomeration of Ce particles.

Similar to the previous observations, a direct relationship between temperature and catalytic performance is
evident, which is due to the endothermic nature of DRM. Higher amounts of CH, conversion and H, yield were
obtained for the bio-templated catalysts compared with the non-templated ones for all Ce loading amounts.

In summary, the optimal CH, conversion and H, yield of 88.7% and 85.3% were achieved by loading 20%
Ni and 3% Ce on the bio-templated support and 84.4% and 83.4% on the non-templated catalysts, respectively
at 700 °C. The superior performance of the bio-templated catalysts can be attributed to the presence of smaller
Ni particles that are better distributed on the bio-templated support. For a better understanding, the optimized
catalysts, both with and without bio-template, underwent characterizations, which the results are presented in
the following section.

Characterization of the fresh optimized catalyst

In the present study, the alumina support was synthesized in the presence of waste leaves, as shown in Fig. 1.
These leaves served as a natural scaffold to improve the physical properties of catalysts. Additionally, a non-
templated support was prepared for comparison purposes. To investigate the structural and morphological
characteristics of both bio-templated and non-templated catalysts, various techniques were employed.

To evaluate the effect of bio-templating on catalysts’ morphology and structure, the FESEM analysis was
conducted. A comparison between the FESEM images of bulk alumina and bio-templated alumina (Fig. 6a
and b) shows that the non-uniform and low-porous structure of bulk alumina was remarkably affected by the
bio-template and resulted in a uniform and porous structure with spherical-shape particles and size range of
44.92-91.46 nm. Moreover, the overall morphology of the leaf was successfully retained within the alumina sup-
port, which is evidence of the successful synthesis bio-templating route. This observation is further supported by
the TEM image of the bio-templated alumina, as shown in Fig. 6¢, which confirms the formation of an ordered
and uniform mesoporous structure in the supporting material in the presence of bio-template. The TEM image
in Fig. 6d presents the presence of Ni and Ce on the porous structure of alumina.

The templated alumina serves as an appropriate support for immobilizing Ni and Ce particles while main-
taining the structure provided by the template. The agglomerated particles were observed after adding Ni to the
alumina (Fig. 7a). However, after the addition 3% Ce to the 20% Ni@Bio-Al surface (Fig. 7b), well-dispersed
particles with smaller sizes are observed.

To prove the presence of Ni and Ce in the prepared catalysts, EDX analysis was also conducted. The results are
presented in Fig. 7a and b for 20% Ni@Bio-Al with and without 3% Ce, respectively. As expected, Al, O, Ni, (and
Ce) components were detected in these samples, with a porous structure in their alumina mapping images, facili-
tating the effective dispersion of Ni or Ni-Ce particles on the alumina surface. The actual chemical compositions
of 3%Ce-20%Ni on the templated and non-templated support using ICP analysis is presented in Table S2. The
results show the presence of Ni and Ce, and highlight that bio-template did not affect the presence of Ni and Ce.

Figure 6. (a) FESEM images of non-templated, and (b) bio-templated alumina, (¢) TEM image of bio-
templated alumina, (d) TEM image of Ni-Ce@Bio-AL
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Figure 7. FESEM, EDX, and dot-mapping of (a) Ni@Bio-Al, (b) Ni-Ce@Bio-Al catalysts.

The XRD patterns of catalysts were obtained in the 20 range of 10-80°, in which all samples were well crystal-
lized. Both bio-templated and non-templated catalysts showed diffraction peaks at 20 = 45.2°, and 65.4° related to
Al O; (Fig. 8). The presence of alumina diffraction peaks in samples after impregnation with Ni and Ce indicates
that the crystal structure of alumina remained unchanged during the impregnation process. The peaks related
to NiALO, (at 37.5°) and Ni° (at 44.5° and 75.6°) were detected in both bulk and bio-templated samples. By
calcination of the samples at 650 °C, enough energy was obtained by Ni ions to overcome the surface barrier of
alumina and result in spinel structure from incorporating into alumina lattice. This results in reacting NiO with
Al,O; and forming NiAl,O,. The lower intensity of Ni’ and NiO peaks in the bio-templated catalyst confirms
the smaller size and better distribution of Ni in the templated support, which resulted in better performance of
bio-template catalysts in DRM. Meanwhile, the CeO, peaks could not be detected in both bio-templated and
non-templated catalysts due to its low content.

The TPR analysis was carried out to determine the reducibility of nickel species on the templated and non-
templated alumina surfaces and their interaction strength in the calcined catalysts®. As per Fig. 9, there is one
main peak at more than 700 °C with a small shoulder peak at 350-550 °C for all samples. The peak in the range
of 350-550 °C belongs to NiO species reduction with a low interaction with the alumina support. The peak at
more than 700 °C is attributed to the Ni species strong chemical interaction with alumina support (NiAL,O,),
which consists well with the XRD results. Shifting the highest peak to higher temperatures for bio-templated
catalysts presents a stronger interaction between Ni and Al. Therefore, the Ni particles are more properly dis-
tributed by bio-templating, which is consistent with XRD results Compared with the non-promoted catalysts,
the promoted catalysts showed a higher reduction temperature, which indicates much stronger metal-support
interaction which will result in a higher stability of the catalyst. Although adding Ce did not change the place of
peaks significantly, more hydrogen is consumed in the promoted catalyst, which shows a higher oxygen storage
capacity of 3% Ce-20% Ni@Bio-Al catalyst than 20% Ni@Bio-Al, and thus its lower tendency for coke deposition
during the DRM reaction. This indicates that bio-templating promoted the formation of Ni species that had a
strong interaction with the support, which is consistent with the XRD results.
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Figure 8. XRD spectrum of bio-templated and non-templated catalysts. The symbol () represents AL,Os, (¥)
NiALO,, (@) Ni’, and (*) NiO characteristic peaks.
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Figure 9. TPR profiles of bio-templated and non-templated catalysts.

The textural properties of catalysts with and without bio-template were determined via the N, adsorption-des-
orption analysis, which results are summarized in Table 1. The adsorption-desorption isotherms and the pore
size distributions are also shown in Fig. 10a and b, respectively. For all samples, the isotherm presented a typical
type IV curve with H3 shaped hysteresis loop. The hysteresis loops for all samples started at about 0.4, which
was characteristic of mesoporous material, as was confirmed by the FESEM and TEM analysis. The uniformity

Pore diameter (Using adsorption Pore volume (Based on BJH method)
Sample name BET surface area (m?*/gr) | branch) (nm) (cm?/gr)
Bio-Al 214.01 3.89 0.48
20% Ni@Bio-Al 173.23 4.03 0.44
3% Ce—20% Ni @Bio-Al 171.87 4.03 0.45
Bulk-Al 172.43 5.43 0.32
20% Ni@Bulk-Al 124.64 6.01 0.33
3% Ce-20% Ni @Bulk-Al 120.07 6.02 0.33

Table 1. N, adsorption/desorption results for bio-templated and non-templated catalysts.
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Figure 10. (a) N, adsorption/desorption isotherms and (b) pore size distribution of 3% Ce and 20% Ni on bio-
templated and non-templated catalysts.

of mesoporous structure is proven by the sharpness of the capillary condensation stage. Figure 10b illustrates a
narrow pore size distribution in approximately equal center points of 4.00nm for 20%Ni@Bio-Al and 3% Ce-20%
Ni @Bio-Al samples. The sharper peak in Bio-Al supporting material indicates a higher number of pores in this
confined range and a blockage of some pores by Ni and/or Ni-Ce particles, as indicated by the adsorption and
desorption diagrams. As per Table 1, the specific BET surface areas and pore volumes of each sample are different.
The bio-templated samples showed higher textural properties compared with the non-templated samples, which
shows the synergic effect of bio-template in increasing the surface area of catalyst. After impregnating Ni, the
surface area of templated catalyst decreased from 214.01 m?/g of pure AL,O; to 173.23 m*/g'*****. The BET surface
area of the promoted sample did not change significantly against the un-promoted one, which can be correlated
to the enhancement effect of CeO, particles on the dispersion of NiO active sites that caused smaller particles
and thus lower pore blockage of the supporting material. A slight reduction in surface area can be attributed to
the deposition of Ce inside the catalyst. Therefore, the pore volume and pore size of promoted catalysts become
somewhat smaller than un-promoted ones as still small pores of alumina support are not covered by active sites.

Stability test during long-term reaction
The time-on stream reaction tests were carried out for 30 h at 650 °C using the optimized 3% Ce- 20% Ni on
bio-templated and non-templated catalysts to evaluate their stability and coke resistance. Figure 11 shows the
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Figure 11. Time on stream reaction for bio-templated and non-templated catalysts.
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results for CH, conversion. The initial CH, conversions were 84.8% and 81.8% for the bio-templated and non-
templated catalysts, respectively. The methane conversion of bio-templated catalyst remained almost stable and
only a 1.76% reduction resulted after 30 h reaction, showing its good stability. It is while, the non-templated
catalyst experienced a 24.81% loss in CH, conversion after 30h, indicating its less stability compared to the bio-
templated catalyst. These results present less coke formation and sintering for the bio-templated catalyst, which
is consistent well with what expected from the TPR and XRD results of fresh bio-templated and non-templated
catalysts (Figs. 8 and 9) and stability is more in case of bio-templated catalyst as expected. Due to the higher
stability of the bio-templated catalysts, the characterization analysis was done for this catalyst after 30 h long-time
reaction to determine the factors participating in the catalyst deactivation, which are presented in the following.

The XRD patterns of the bio-templated catalyst before and after the reaction are depicted in Fig. 12. In the
pristine catalyst, the presence of Al,O;, NiO, Ni’, and NiAl,O, phases was confirmed. However, in the used
catalyst, additional carbon peaks emerged, indicating the formation of coke. Furthermore, the intensity of NiO
and Ni° peaks was higher, suggesting a larger particle size due to sintering. These results show that despite the
bio-templated catalyst experiencing slight sintering and coke formation during the 30 h DRM reaction, it has
good stability, which is in line with the FESEM, TGA, and BET results.

The N, adsorption/desorption isotherm of 3% Ce-20% Ni @Bio-Al after 30 h of the DRM reaction is illus-
trated in Fig. 13a. According to this figure, the type of isotherm is same as its fresh state (IV type with an H3
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Used

Intensity (a.u.)

20 (°)

Figure 12. XRD patterns of bio-templated and non-templated catalysts before and after DRM reaction. Symbol
(#) represents ALO;, (¥) NiALO, (@) Ni’, (H) C, (£2) NiO.

(b)
0.030 -
9] o
160 4 99 49
o 0.025 4 2
P / o
P o 9
120 1 B 4 0.0204 ° LY
2 2 A
@
> & }_ 0.015 \
80 rd = \
o @ 0.010 - 9
e %
40 4 A 0.005 - %,
wg—OQ’@’o °‘°~0-°.
o °'°~o-o‘o_ s
§ 0.000 NP
0 T T T T I T T T T
0.0 0.2 0.4 0.6 0.8 1.0 4 8 16 32 64
P/Pg ry/nm

Figure 13. N, adsorption/desorption isotherms and pore size distribution of 3% Ce-20% Ni@Bio-Al sample
before and after DRM reaction.
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hysteresis loop), showing that the bio-template catalyst’s structure did not change after 30h reaction. However, its
hysteresis loop becomes closer after the reaction, possibly due to the blockage of small pores by deposited coke
or the sintering of the catalyst at high temperatures. As a result, its BET surface area had reduced by 7.85% and
its pore size (Fig. 13b) and pore volume were increased slightly due to coke formation, which was also confirmed
by the XRD results (Table 2).

The FESEM and EDX results of 3% Ce- 20% Ni@Bio-Al are shown in Fig. 14 to determine the amount of
coke formation. According to the results of the elemental composition the elements of Al, Ni, Ce, C, and O
have been detected in this catalyst with a low carbon content of 4.91 wt% after 30 h DRM time-on-stream. This
observation is in line with the findings of the FESEM image, in which dark areas that present coke deposition
on the catalyst surface are not observed. The comparison between FESEM images of 3% Ce-20% Ni @Bio-Al
before and after the high-temperature DRM reaction indicates that some Ni particles are sintered and stuck
together after the reaction.

TGA analysis was used to evaluate the thermal stability of the catalyst and determine the amount of carbon
deposited on the catalyst’s surface after 30 h DRM reaction at 650 °C. Given that, the fresh catalyst was heated
to 1000 °C under Ar media with 20 °C/min heating ramp, while the used catalyst was heated to this temperature
using air molecules to burn the coke deposited on its surface. As presented in Fig. 15, the bio-templated catalyst
showed a sharp reduction in its weight percentage before 100 °C, which is caused by the desorption of H,O and
other adsorbed reactants™. For the case of the non-templated catalyst, the weight of the used catalyst initially
decreased until 200 °C (Fig. 15a) due to the desorption of adsorbed water molecules. Following this reduction,
an increment was observed in the weight of the non-templated catalyst between 200 °C and 600 °C due to re-
oxidation of the Ni active sites under oxidative atmosphere. In this case TGA profile is not reliable to determine
the type of coke and the Raman analysis was further done to analyze the type of carbon in non-templated cata-
lyst. From the Raman spectra in Fig. 15b two main peaks at 1361.098 cm™ (disordered sp* hybridized carbons
named D band) and 1588.67 cm™ (sp? hybridized graphite-like carbons named G band) are observed, which
are respectively correspond to amorphous and graphitic carbon!?-15°¢7, The sharp loss of weight after 600 °C is
the result of oxidation of deposited carbon on 3%Ce- 20%Ni@Bulk-Al after 30h DRM reaction at 650 °C. It was
assumed that there was no significant deposited carbon oxidation below 600 °C. The bio-templated catalyst’s
weight decreased slightly by only about 8.06% until the end of the analysis, representing the bio-templated cata-
lyst’s good thermal stability. It is while the total weight loss was 20.70% for the non-templated catalyst. Typically,
three types of carbon can be formed and detected using TGA analysis; amorphous carbon at about 320 °C, fila-
ment carbon in the range of 320-520 °C, and graphitic carbon at temperatures more than 650 °C. Considering
this, the detected deposited carbon on bio-templated catalysts is attributed to amorphous and filament carbon.

Sample name BET surface area (m*/gr) | Pore diameter (nm) | Pore volume (cm?/gr)
3% Ce-20% Ni @Bio-Al 150.07 5.1 0.48

Table 2. N, adsorption/desorption results of 3% Ce-20% Ni@Bio-Al sample after DRM reaction.
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Figure 14. FESEM and EDX of 3% Ce-20% Ni @Bio-Al catalyst after DRM reaction.
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Figure 15. (a) TGA profile of spent bio-templated and non-templated catalysts, (b) Raman spectra of spent
non-template catalyst.
Thermodynamic analysis of DRM
The results of thermodynamic equilibrium studies for CH,, CO, conversion, and H,/CO ratio in products at the
temperature range of 600-700 °C is shown in Fig. 16a and b. It is noteworthy that the feed ratio was CH,:CO,=1:1
and pressure was 1 atm.

It is evident that temperature has a significant effect on CH, and CO, conversions. The CH, and CO, conver-
sions are small at lower temperatures (600 °C), while they are enhanced by increasing temperature to 700 °C. For
the strong endothermic reaction of DRM, the equilibrium conversion of CH, and CO, increases dramatically
with increasing reaction temperature. Thus, high conversion is favored at high temperatures. The moderate
endothermic reactions, methane decomposition, and the reverse water—gas shift reaction, also increase with
temperature. The two carbon deposition reactions, the Boudouard reaction and the reverse carbon gasification
reaction, are exothermic and thermodynamically unfavorable at high temperatures. Therefore, high reaction
temperatures (i.e., 700 °C and above) are more favorable to increasing the equilibrium conversion of the main
reaction than that of the side reactions.

Comparing results in present work with the similar studies
For the sake of fair comparison, the performance of the best catalyst evaluated in the present study (20%Ni-
3%Ce on bio-templated alumina at 700 °C) with similar works in previous studies in the DRM reaction, Table 3
is presented. According to Table 3, CH, conversion varies between 54.5% and 94%, using different promoted or
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Figure 16. Equilibrium (a) CH, and CO, conversion, (b) H,/CO ratio as a function of temperature (CO,/
CH,=1,P=1 atm).

Scientific Reports|  (2023) 13:16972 | https://doi.org/10.1038/s41598-023-43782-8 nature portfolio



www.nature.com/scientificreports/

Support Active phase/promoter | Reaction condition CH, conversion | Ref
) CH;CO,=1:1
0, 4 2
ALO, éf g’;;‘ 5 T=700°C 545 19
R GHSV =30,000 ml/g h
. CH,CO,=1:1
ALO, R T=700°C 74 »
Vg GHSV =12,000 ml/g h
. CH;CO,=1:1
ALO, ;%’(}g‘ T=700°C 80 5
’ GHSV =52,000 ml/g h
Ni
ALO, 8% Ce CH,:CO, 32
. CH;:CO,=1:1
0, 4 2
ALO, s T=800°C 93 3
’ GHSV =6000 ml/g h
10%Ni CHA:CC?)Z: 1:1 i
ALO; 0.7%Fe T=700°C
e GHSV =24,000 ml/g h
CH;CO,=1:1
ALO, 25%Ni T=700°C 70% 5
GHSV =12,000 ml/g h
CH,CO;:N,=2:2:1
ALO, Ni T=700°C 88% 60
GHSV =37,600 ml/gh
CH;:COx:N,=1:1:4
ALO, 15% Ni T=700°C 76% ol
GHSV =72,000 ml/g h
. CH;:CO,=1:1
0, 4 2
ALO, Bio-templated | 207 ' T=700°C 88.7% "This work
’ GHSV =12,000 ml/ gh

Table 3. A comparison of the CH, conversion for similar studies.

unpromoted Ni-Al,O; catalysts and various operational conditions. A comparison between the achieved CH,
conversion in this work with similar studies, considering the reaction condition, shows higher activity of our
bio-templated Ni-Al,O; catalyst.

Conclusion

In the present study, the waste leaves of Sycamore were utilized as the scaffold to prepare alumina for catalyst
support, with the subsequent co-impregnating Ni and Ce on the bio-templated alumina. Comparing the activ-
ity of a bio-templated catalyst with a non-templated one in the same condition proved that the bio-templated
catalyst has higher efficiency and excellent stability in DRM reaction. The enhanced catalytic performance can
be attributed to higher surface area, improved Ni dispersion on support, and stronger Ni-Al interaction in bio-
templated catalyst compared to the non-templated one. The optimal catalytic performance was achieved with
20% Ni and 3% Ce loading at 700 °C for both catalyst types. The successful bio-template synthesis approach
was evident from the FESEM images, which reveals a uniform and highly porous structure. XRD, TPR, and N,
adsorption/desorption analyzes confirmed strong interaction between nickel and alumina and enhanced surface
area in templated catalyst. The templated catalyst showed enhanced stability, reduced catalyst deactivation by
coke formation and sintering during 30 h DRM.

Plant material

The waste leaves of Sycamore that fell in autumn were collected as the bio-template under the Environmental
Organization of Shiraz University by considering Institute of Standards & Industrial Research of Iran (http://
Www.isiri.com).
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All data generated or analysed during this study are included in this published article.
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