Journal of the Energy Institute 105 (2022) 293-308

Contents lists available at ScienceDirect

Journal of the

energyinstitute

Journal of the Energy Institute

journal homepage: www.elsevier.com/locate/joel

ELSEVIER

Check for

The synergistic role of Ni-Co bimetallic catalyst for Hp-rich syngas | e
production via glycerol dry reforming

Mohd-Nasir Nor Shafiqah“, Sumaiya Zainal Abidin>“", Nurul Asmawati Roslan?,
Osarieme Uyi Osazuwa ", Issara Chanakaewsomboon ¢

& Faculty of Chemical and Process Engineering Technology, Universiti Malaysia Pahang, Lebuhraya Tun Razak, 26300, Gambang, Kuantan, Pahang, Malaysia
Y Centre for Research in Advanced Fluid & Processes (FLUID CENTRE), Universiti Malaysia Pahang, 26300 Gambang, Kuantan, Pahang, Malaysia

¢ Faculty of Chemical Engineering, Industrial University of Ho Chi Minh City, 12 Nguyen Van Bao St, Go Vap, Ho Chi Minh City, Viet Nam

4 Faculty of Environmental Management, Prince of Songkla University, Songkhla, Thailand

ARTICLE INFO ABSTRACT

Keywords:
Glycerol dry reforming
Ni-Co Bimetallic

A by-product of biodiesel manufacturing, glycerol, is known for its potential to generate syngas via the glycerol
dry reforming (GDR) reaction. This study evaluates monometallic and bimetallic Nickel-Cobalt (Ni-Co) (with
15%Co, 3%Ni-12%Co, 4.5%Ni-10.5%Co, 7.5%Ni-7.5%Co, 10.5%Ni-4.5%Co and 15%Ni loading) on Alumina

:}i?;inium dross (Al,03) support extracted from aluminium dross. The catalysts were prepared using an ultrasonic-assisted
Syngas impregnation process and used in GDR at temperatures ranging from 873 to 1173 K at stoichiometric feed
Hydrogen ratio. Analyses result showed that the diluting impact of Ni-Co bimetallic precursors resulted in a reduction of

metal crystallite size and improved Hy and CO, uptake. The conversion of glycerol and product yield were in the
order of 3%Ni-12%Co/Al;03 > 4.5%Ni-10.5%Co/Al,03 > 7.5%Ni-7.5%Co/Al,03 > 10.5%Ni-4.5%Co/Al;,03 >
15%Co/Al203 > 15%Ni/Aly03, with 3%Ni-12%Co/Al,03 having values of 75.6%, 64.7% and 44.8%, for glyc-
erol conversion, Hy and CO yield respectively. All catalysts achieved product ratios ranging from 1.20 to 1.44.
The high oxygen vacancies in Ni-Co bimetallic catalysts aided the reduction of carbon formation. Enhanced
Ni-Co particles dispersion on Al;O3 support reduced the agglomeration of metal particles, thus, creating smaller
crystallite size. The changes in binding energy peaks of Ni and Co were indicative of strong electronic interaction
which created Ni-Co bimetallic alloys. 3%Ni-12%Co was regarded as the best catalyst for this study since it was
effective in enhancing the conversion of glycerol and product yield.

1. Introduction the utilization of natural gas, which is unsustainable. Recently, hydro-

carbons like glycerol have become attractive feedstocks for production

Fossils fuels are extensively employed to meet global energy de-
mands. It is recorded that petroleum-based resources contribute to
almost 80% of energy consumption in the world and the demand for
natural gas worldwide is also expected to rise every year by 40% [1].
However, the downside effect, i.e., excess greenhouse gas emissions,
global warming, air pollution, and exhaustion of crude oil resources,
have prompted both the industrial and academic sectors to seek for re-
newables and viable eco-friendly alternatives. Therefore, future energy
sources are gravitating toward syngas (Hz and CO). The most conven-
tional and economical process for syngas production is the methane
(CHy4) reforming reaction and a lot of studies have been conducted in this
regard [2]. Nevertheless, one of the setbacks from these technologies is

of Hy rich syngas. Glycerol is always produced in excess during biodiesel
production, thus resulting in a decrease in its market worth. If syngas
can be produced from glycerol, value would be added to the process and
the cost of biodiesel production will reduce [3]. Glycerol dry reforming
(GDR) (as shown in Eq. (1)) is considered as an environmentally sus-
tainable method for producing syngas since it uses both CO; gas
(greenhouse gas) and glycerol (by-product from biodiesel production) as
feedstock.

C3H3O3 + CO, — 4CO + 3H, + HyO(AHYq, =292kJ mol ™) @

Despite these benefits, the key issues in the GDR reaction are catalyst
deactivation caused by carbon deposition and active metals sintering. To
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overcome these recurring problems, research in this field has focused on
designing effective metals and supports capable of improving catalytic
performance and reducing carbon deposition. The selection of support
can help to improve interaction, enhance catalyst reducibility and
mitigate the formation of carbon [4]. A wide variety of supports for
metal active sites has been tested in reforming reactions, ranging from
various acidic to basic supports. Alumina (Al,O3) is the most often used
support in reforming reactions because it is thermally stable and pos-
sesses high surface area. More also, the strong basic property of the
Al,O3 support enables better redox ability and storage of lattice oxygen
to enhance the catalytic performance [5].

Support materials for catalysts are commercially available, however
their added cost contribute to making the over cost of catalytic processes
reasonably high. Waste materials employed as support now attracts
attention from researchers since they are cheaper and promote a better
environment. For instance, Bepari et al. investigated solid waste from
thermal power plants known as fly ash as support in glycerol steam
reforming. The authors reported 98.6% of glycerol conversion under the
optimum conditions which was ascribed to the excellent Ni metal
interaction with fly ash support [6]. Recently, Roslan et al. discovered
that aluminium dross (AD) can be a waste material source of Al,03 for
catalytic studies [7]. The utilization of AD as catalyst support is poten-
tially advantageous to both the academic and industrial sectors. Hence,
using extracted Al;O3 from AD as support in reforming reactions is
considered an attractive alternative which can effectively reduce the
overall production cost compared to commercial Al;Os.

With respect to the catalyst activity, metals play a significant role in
reforming reaction by providing active sites for reaction to take place.
Ni-metal has been established for reforming reactions because it is
highly active towards hydrocarbon reforming and it possesses good
compatibility with a wider ranger of support. Also, Ni has the ability to
effectively crack C-C and C-H bonds while promoting side reactions that
results in enhnaced H; production [8]. Nonetheless, Ni-based catalysts
tend to deactivate during the reforming reaction due to carbon attack on
its active sites and thermal Ni sintering [9]. Thus, combining metallic
catalysts (bimetallic) can contribute to modifying the catalyt’s surface
structure which can potentially improve performance. Literature has
shown that Ni-Co bimetallic catalysts are active and can resist carbon
formation effectively because of the presence of Co which has high ox-
ygen affinity [10]. Morealso, Co-based catalysts are known to resist
carbon formation by controlling the oxidation rate of carbon at the
catalyst surface [11]. However, they are still prone to deactivation due
to metallic Co oxidation and spinel structural formations. Studies have
proposed Ni—Co bimetallic catalysts systems to minimize oxidation and
sintering of metallic Co and Ni [12].

Wang et al. report suggested that when bimetallic Co-Ni catalysts is
compared with its monometallic counterpart, it performed better with
regards to enhanced anti-sintering and coking resistivity due to
improved metal dispersion and metal-support interaction during the
glycerol steam reforming reaction [13]. Another study by Wang et al.
revealed the effect of transition metals/attapulgite catalyst on glycerol
steam reforming. Results showed that bimetallic catalysts outperformed
its mono-metallic counterparts due to enhanced catalytic properties
[14]. Application of catalysts on GDR reaction mainly focused on
Ni-based catalysts. Apart from that, there are also noble metals as active
metals such as Pt, Pd, Ir, Ru, Rh [15,16]. Promoters such as La, Re, Ag
and Ru has been reported in GDR previously [17-19]. As seen in
Table S1 (supplementary data), till date, there is no study available with
regard to the effect of bimetallic catalysts on GDR reaction. Thus, in the
present study, the effect of bimetallic Ni-Co catalyst towards enhancing
the physicochemical characteristics of the Ni—Co/Al,O3 catalysts has
been reported and evaluated in GDR reaction.
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2. Experimental
2.1. Catalyst preparation

2.1.1. Preparation of Al;O3 as support
The acid leaching-precipitation process was employed to synthesize
Al,03 as reported by Roslan et al. [20].

2.1.2. Preparation of mono-metallic and bimetallic catalysts

The selection of total metal loading as 15% is based on the screening
process which resulted in 15% as the best metal loading. 15% of metal
loading was also found to be adequate for the GDR reaction to produce
high product yield [18,19,21]. Monometallic 15%Ni/AlyO3 and 15%
Co/Al,03 was prepared using the ultrasonic-assisted impregnation
technique by adding Ni or Co nitrate precursors (Merck type) into a
beaker with distilled water. The solution was mixed with extracted
Al;O3 in an ultrasonication water bath for 4 h at 353 K. The resulting
sample was subsequently dried overnight and calcined in furnace at
1223 K for 5 h.

The same process was used to produce bimetallic Ni-Co/Al,O3 cat-
alysts with various bimetallic loadings; 3%Ni-12%Co, 4.5%Ni-10.5%
Co, 7.5%Ni-7.5%Co, 10.5%Ni-4.5%Co and 12%Ni-3%Co. A solution of
Ni and Co nitrate precursors (Merck) were mixed with 1 g of Al;Os,
placed in an ultrasonication water bath, and then dried in an oven
overnight. The sample was further calcined in a furnace at 1223 K for 5
h. The following list summarizes the samples of Ni-Co bimetallic cata-
lyst prepared for this work; 3%Ni-12%Co/Aly03, 4.5%Ni-10.5%Co/
Al03, 7.5%Ni-7.5%Co/Al303, 10.5%Ni-4.5%Co/Al»03 and 12%Ni-3%
Co/. A1203.

2.2. Catalyst characterization methods

The physical properties of the catalysts were analysed via Na-
adsoption of Micromeritics ASAP-2020. The mean crystallite size and
the crystalline phases of the catalysts (fresh and spent) were obtained
from the X-ray Diffractogram (using the Rigaku Miniflex II technique).
Patterns were recorded at 20 = 3°-80° (at 0.02° increment) with 1°
min~! scan speed. A Micromeritics AutoChem II-2920 equipment was
employed to ascertain the reduction capacity of the catalyst. Using a
Hydrogen temperature-programmed reduction (Hz-TPR) step, the pro-
cedure was carried out at 373 K for 30 min in a He flow (50 ml min 1) to
ensure all moisture and impurities contents are eliminated. This was
followed by sample reduction in a flow of 10% Hy/Ar mixture in the
temperature range 373-1173 K. Subsequently, the temperature was held
for 30 min at 1173 K before being allowed to cool to ambient temper-
ature. The process was repeated with the same equipment to obtain the
basicity of the catalysts sample by using CO» this time (CO,-TPD). The
desorption process carried out at 1073 K at a rate of 10 K min ~. Field
emission scanning electron microscope (FESEM) (JEOL/JSM-7800F
model) carried out at ambient temperature and between 5 and 15 kV
was employed to obtain the catalysts’ morphology and elemental
composition. Furthermore, the catalysts’ chemical composition was
obtained via the energy dispersion X-ray (EDX) linked to the FESEM
system. TGA Q500 unit was used to determine the carbon type deposited
and its quantity using the Temperature-programmed oxidation (TPO)
technique. For this process, 20% Oy/N; with flowrate of 100 mL min !
was purged through the process as the sample was heated from 373 to
1023 K before a 30 min period of isothermal oxidation.

A ULVAC-PHI 5000 unit for carrying out X-ray photoelectron spec-
troscopy (XPS) was used in this study. The excitation source was Al Ka
with X-ray power of 300 W and an energy resolution lower than 0.65 eV.
The internal composition of the catalysts samples was determined using
the transmission electron microscopy (TEM). During this analysis, the
samples went through an ultrasonic process for 30 min in ethanol. For
each analysis, a Philips CM 12 TEM microscope was used to analyse the
sample droplets after they had been placed on Cu micro-grid coated with
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thin carbon film and allowed to dry for 5 min.

2.3. Procedure for glycerol dry reforming (GDR)

GDR reaction catalytic testing was conducted in a fixed bed reactor
by varying the temperature (873, 973, 1073 and 1173 K) at CO3 to
glycerol ratio (CGR) of 1. Approximately 0.1 g of catalyst on quartz wool
was positioned in the temperature-controlled furnace in the reactor. The
feed streams to the reactor were mapped with mass flow meters to
control the flowrate effectively. Catalyst reduction was carried out using
50% Hy/N, as reducing agent in a total stream of 50 mL min ~* for 1 h.
Post reduction, HPLC pump was used to inject glycerol into the reactor
employing a flow motion downwards. At the outlet of the reactor, a gas
wash bottle with a drierite bed was positioned to absorb all moisture
content of the outlet gas. The flowrate of the product was monitored
with the bubble meter while sample gas was collected in a sampling bag.
120 mL min " and 72 L ges h™! were the feed gas flow rate and the gas
hourly space velocity (GHSV) utilized in an 8 h reaction time. The Gas
chromatography (GC) was employed to obtain the composition of the
exit gas. Schematic diagram of the experimental set-up for GDR reaction
was illustrated in the supplementary data (see Fig. S1). The following
Egs. (2)-(6) were used to calculate the glycerol conversion, products
yield (Hz and CO), and product ratio (Hz/CO) in the GDR reaction.

The conversion of glycerol into gaseous product:

2Fy, + 4Fcn,

x 100
8FC3HRO3

Xesngo, (%) = 2

Hydrogen and CO yield:

22X Fy,

Vi (%) = =
? 8 X F 105

x 100 3

_ Foo
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Co( 0) 3% FCleol
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Product formation rates:
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W )
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i = Hy, CO, CO5 and CHy4

yi = dry basis composition of product i

F; outler = molar flow rate of component i (mol sh
W = weight of catalyst (g)

Product ratio, Hy/CO:

H, _ T,

= 6
co rco ( )

3. Result and discussions
3.1. Textural properties

The physical properties of the Al;O3, mono- and bimetallic catalysts
are shown in Table 1. BET surface area of Al,03 support was 267.5 m?
g~ ! with the value decreasing to 165.3 m? g ! and 166.4 m? g~!, when
Ni and Co were incorporated into Al;O3 support to form the catalysts.
The decrease is ascribed to the dispersion of metal components on the
catalysts’ surface during ultrasonic impregnation. Partial pore-clogging
induced by the dispersion of metal oxides into the porous Al,O3 support
was responsible for the diffusion [22]. The investigation of Ny-phys-
isorption on the surface area of catalysts revealed minimal changes in
this order; Al,03 > 15%Co/Aly05 > 15%Ni/Al,O3 3%Ni-12%Co/Al,O5
> 4.5%Ni-10.5%Co/Al203 > 7.5%Ni-7.5%Co/Al;03 > 10.5%Ni-4.5%
Co/Al,03 > 12%Ni-3%Co/Al0s.

The incorporation of mono-metallic Ni and Co into Al,O3 support
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Table 1
Textural properties of mono- and Ni-Co bimetallic catalysts.

Catalyst BET surface Average pore Average pore Average metal
area (m? volume (cm® diameter particles size
g g (nm)" (m)*

Al,03 267.5 0.85 16.2 -

15%Ni/ 165.3 0.64 18.3 12.63
ALO;

15%Co/ 166.4 0.67 18.0 12.55
Aly03

3%Ni-12% 163.4 0.61 17.0 9.25
Co/Al,03

4.5%Ni- 161.3 0.60 16.7 9.68
10.5%
Co/Al,03

7.5%Ni- 159.1 0.58 16.4 10.32
7.5%Co/
ALO;

10.5%Ni- 158.7 0.55 16.1 11.16
4.5%Co/
ALO;

12%Ni-3% 155.0 0.51 16.0 11.45
Co/Aly03

a

obtained at p/p° equivalent to 0.99.

b From Barret-Joyner-Halenda desorption method.

¢ estimated with Scherrer model at the highest intensity values for NiO
(37.26°), Co304 (36.88°) and NiC0,04 (35.58°).

slightly enlarged the pore diameter because of the agglomeration and
subsequent expansion of Ni and Co metals, respectively. In contrast, the
pore diameter reduced with the introduction of the bi-metals suggesting
a well dispersion of the bi-metals in the catalyst support. According to
IUPAC classification, the physisorption isotherm for all examined cata-
lysts exhibited mesoporous type IV isotherm. In the multilayer adsorp-
tion of the mesoporous structure, the IV mesoporous isotherm was
evident indicative of the presence of hysteresis loop. The catalysts
classification was H1 hysteresis loop ascribed to narrow pore size dis-
tribution of the catalysts [23,24].

3.2. X-ray diffraction (XRD)

XRD analyses of AlpO3, Co/Al;03, Ni/Al203, and Ni-Co/Al;O3 at
various loadings are shown in Fig. 1. For each sample, XRD peaks for
v-Aly03 were detected at 32.62°, 37.51°, 39.50°, 42.63°, 45.75° and
67.12° (JCPDS: 04-0858). For the Co/Al;O3 catalyst, the representative
peaks for Co304 were detected at 31.76°, 36.88°, 45.55°, and 55.51°
(JCPDS: 74-2120). The peaks for CoAl;04 spinel (JCPDS: 82-2246) was
also visible in the Co/Al,03 catalyst at 59.25° and 65.13°. This peak can
be attributed to the strong interaction between Co and Al,O3 support
[25]. Meanwhile, NiO (JCPDS: 78-0643) peaks were discovered at
37.26°, 43.26° and 62.88° for the Ni/Al,O3 catalyst. The peaks assigned
for spinel NiAl,O4 phase (JCPDS: 10-0339) were presented at 37.26°
and 75.38°. The spinel phase of CoAl,04 and NiAl,O4 were formed at
high calcination temperature as a result of intense interaction between
metal and support (see Egs. (7) and (8)) [26].

CoO + Al,03— CoAl, 0, )

NiO + Al,O3—NiAlL O, ®

Fig. 1(d)-1(h) illustrates XRD patterns for Ni-Co/Al;O3 at various
metal loadings. The diffraction line for Al;03, Co304, CoAl304, NiO and
NiAl,04 were visible in all bimetallic catalysts. The peaks’ intensity for
Co304 and CoAl04 increased consistently with the amount of Co pre-
sent in each Ni—Co catalyst. Similar trend was observed for the peaks of
NiO and NiAly04. The spinel composite crystalline oxide (NiCo04)
(JCPDS:20-0781) peaks were formed for the Ni-Co/Al,O3 catalysts
during the calcination step at 31.13°, 35.58°, 43.26°, 48.61° and 65.17°
as shown in Eq. (9) [26,27].
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Fig. 1. XRD for fresh catalysts including (a) Al,Os, (b) 15%Co/Al;03, (c) 15%Ni/Al;03 (d) 3%Ni-12%Co/Al,03, (e) 4.5%Ni-10.5%Co/Al,03, (f) 7.5%Ni-7.5%Co/

Al,03, (g) 10.5%Ni-4.5%Co/Al,03 and (h) 12%Ni-3%Co/Al,O5.

NiO +2C00 +0.50,—NiCo,0, (C))

The average metal particle sizes of the mono- and bimetallic Ni-Co
catalysts are tabulated in Table 1. The Scherrer model gave the average
crystallite size (d;) calculated by employing the most intense metal peak
(NiO (37.26°), Co304 (36.88°) and NiCo204 (35.58°) (Eq. (10)).

~ 0942
" Pcosd

dy(nm) (10)

A, P, 0, represents wavelength, line broadening at half maximum
intensity and, Bragg angle, respectively.

The changes in the average metal particle sizes for each catalyst
follows the trend; 15%Ni/Al;03 (12.63 nm) > 15%Co/Al,O3 (12.55
nm) > 12%Ni-3%Co/Aly03 (11.45 nm) > 10.5%Ni-4.5%Co/Al;03
(11.16 nm) > 7.5%Ni-7.5%Co/Al03 (10.32 nm) > 4.5%Ni-10.5%Co/
Aly03 (9.68 nm) > 3%Ni-12%Co/Al;03 (9.25 nm). The bimetallic cat-
alysts have smaller average crystallite size compared to the mono-
metallic catalysts due to the diluting effect of bimetallic precursors
that prevent Ni and Co particles from agglomerating. The reduction in
crystallite size confirms that the Ni-Co bimetallic alloys was formed due
to the solid phase reaction of Ni and Co oxides [27]. With an average
metal particle size of 9.25 nm, 3%Ni-12%Co/Al,03 had the smallest
average metal particle size of all the catalyst loadings, indicative of
higher metal dispersion. Increased cobalt content in the bimetallic
Ni—Co reduces the intensity of the NiCo204 peaks, resulting in increased
dilution of both metals and simultaneously improvement in the metal
dispersion. This observation is supported by reduction in the crystallite
size of the 12%Ni-3%Co/Al;O3 catalyst from 11.45 nm to 9.25 nm of the

296

3%Ni-12%Co/Al»0j3 catalyst, showing better metal dispersion when Co
content was higher in the catalysts. The higher amount of Co metal in
Ni—Co bimetallic catalysts results in smaller crystallite size which is in
line with studies by Dachenkoy et al. This phenomenon was due to the
gradual replacement of Ni atoms by Co atoms in the crystal lattice,
resulting in the formation of solid solutions [28].

3.3. Hjy- temperature programmed reduction (H2-TPR)

Fig. 2 illustrates the Ho-TPR profiles for all catalysts in this study.
Fig. 2(a) shows three characteristics peaks for the Co/AlyO3 catalyst. The
first peak at 633.3 K represents the two-step reduction of Co304 (see Eq.
(11) and Eq. (12)) while the peak located around 793.5 K is ascribed to
the reduction of Co particles, that were evenly dispersed on the Al;O3
support [29]. Additionally, the peak detected at temperature beyond
850 K is linked to the reduction of the spinel structure of CoAl;04 during
the dispersion of Co on the AlyOs support [25]. TPR peaks for the
Ni/Aly,O3 (Fig. 2(b)) was linked to the metal oxides and spinel metal
oxides reduction. In the first reduction peak, the reduction of NiO to
metallic Ni (refer to Eq. (13)) revealed weak metal and support inter-
action. The second peak at 974.2 K is assigned to reduction of well
dispersed NiO which had stronger interaction with the support [30].

C0304+H2—>3C00+H20 (ll)
CoO + H, — Co + H,O 12)
NiO + H, — Ni + H,0 13
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— — — — - Deconvoluted peak I Deconvoluted peak III

Deconvoluted peak IV

Deconvoluted peak I1

(€)

TCD Signal (a.u.)

(d)

(©)

(b)

Temperature (K)

Fig. 2. H,-TPR analyses of (a) 15%Co/Al,03, (b) 15%Ni/Al,03, (c) 3%Ni-12%
Co/Al;03, (d) 4.5%Ni-10.5%Co/Al;03, (e) 7.5%Ni-7.5%Co/Al;03, (f) 10.5%Ni-
4.5%Co/AL,03 and (g) 12%Ni-3%Co/Al,Oj.

For the Ni-Co bimetallic catalysts, four distinctive peaks were seen.
Peak I and peak II ranging from 300 to 800 K were attributed to the
reduction of single metal oxides such as NiO and Co304. Meanwhile,
peaks IIT and IV detected at higher temperature (<800 K) were ascribed
to the reduction of the spinel phase of bimetallic samples, CoAl;04,
NiAl,04 and NiCO204, which are all consistent with the XRD analysis.

Literature shows that the particle size coupled with the degree of
interaction influence the reduction temperature of metal oxides [31,32].
All the bimetallic catalysts possessed metal phases having their most
obvious peak at high temperatures with the trend identified as Co con-
tent increases. 3%Ni-12%Co/Al;03 with the highest Co loading recor-
ded higher reduction temperature in relation to the other catalysts
because of its smaller crystallite size and this enhanced the interaction
between the metal and the support [33]. Moreover, these reduction
profiles suggest the formation of bimetallic phases in the catalysts. This
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is because the low reduction temperature in the Ni-Co/Al,O3 is obvious
in peak I and II which corresponds to Co304 and NiO reduction,
respectively. The reduction in the bimetallic Ni-Co/Al,O3 catalysts
promoted the metal oxides to form Ni-Co alloy [34,35]. The shift in the
reduction profiles indicative of the formation of Ni-Co bimetallic alloys
was also observed in previous studies [33-36].

In addition, the amount of Hy consumption for each catalyst was
summarized in Table 2. The changes in the Hy consumption (mmol Hy
g{alt) increased in the order 15%Ni/Al;O3 (128.8) < 15%Co/Al;O3
(132.5.5) < 12%Ni-3%Co/Al,03 (153.2) < 10.5%Ni-4.5%Co/Al;,03
(178.4) < 7.5%Ni-7.5%Co/Al;03 (183.6) < 4.5%Ni-10.5%Co/Al;03
(226.1) < 3%Ni-12%Co/Aly03 (245.7). The bimetallic catalysts
exhibited higher Hy consumption compared to mono-metallic catalysts
due to the incorporation of Co into the Ni-metal catalyst thereby
enhancing the dispersion of the Ni derivatives. This phenomenon is
linked to the decrease in the reduction temperature. The increase in
dispersion of Ni with addition of second metal Co can be credited to the
impact of dilution from Ni-Co alloy that prevents both metals particles
from agglomerating. This situation leads to a greater reducible surface,
most likely because of higher dispersion of the metallic phase and
smaller particles size. Also, it increases the H; adsorption into the
catalyst surface [37]. The rise in Hy uptake in the bimetallic catalysts
was indicative of improved degree of reduction of the active metal
oxide.

3.4. CO; temperature-programmed desorption (COz -TPD)

The catalysts basic strength was evaluated by CO2-TPD analysis. In
general, the desorption temperature and COy desorption peaks can be
used to determine the basic strength of the catalysts [38]. Fig. 3 illus-
trates the CO,-TPD profile for mono- and bimetallic catalysts, while data
for the total basicity is tabulated in Table 3. Basic sites at < 523 K
represents weak sites, while, between 523 and 900 K and >900 K cor-
responds to medium and strong basic sites, respectively [39]. All the
catalyst exhibits peaks for basic sites, most notably in the weak and
medium regions. Surface hydroxyl and its species in the Al;03 support
are responsible for this behaviour [39]. The presence of desorption
peaks at <523 K is attributed to the basic sites with low strength for the
removal of adsorbed moisture, with the Ni-Co/Al;O3 catalysts possess-
ing higher intensity of these peaks. In the region with medium sites,
several peaks appear in Ni/Al;03 and Co/AlyO3 catalysts while peaks
with high intensity appears in the bimetallic samples. For the strong sites
which represents low coordinates adsorption of O sites, Ni/Al,O3 ex-
hibits a wide peak in this region [38]. Regardless, the CO,-TPD
desorption curve of 3%Ni-12%Co/Al;O3 exhibited three well-resolved
desorption peaks centred at 363 K, 779 K and 1037 K for weak, me-
dium, and strong sites, respectively.

The amount of CO; desorbed from the catalysts’ surfaces during

Table 2
H, consumption and reduction peak temperature.

Catalyst Reduction temperature of reduction H, consumption
®) (mmol Hy gat)
I I 111 v
15%Co/Al,03 619.3 786.5 8727 - 112.4
15%Ni/Al,03 578.7 719.2 - - 91.2
3%Ni-12%Co/ 831.3 9487 1061.2 1228.8 245.7
Al,03
4.5%Ni-10.5% 712.2 8559 1022.6 1207.4 226.1
Co/Al,04
7.5%Ni-7.5% 639.9 760.6 1013.1 10925 183.6
Co/Al,03
10.5%Ni-4.5% 673.6 740.5 976.8 1042.6 178.4
Co/Aly03
12%Ni-3%Co/ 390.4 696.1  970.3 1068.4  153.2
Al,03
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Table 3
The amount of CO, uptake for each catalyst based on CO,-TPD analyses.

Catalyst CO,, uptake (mmol CO, gemt)
Peak I (weak Peak II (medium Peak III (strong ~ Total
site) site) site)
15%Co/Al;03 63.6 123.6 15.1 202.3
15%Ni/Al;03 53.2 68.4 78.0 199.6
3%Ni-12%Co/ 102.5 215.4 32.6 350.5
Al,03
4.5%Ni-10.5% 78.2 194.5 21.4 294.1
Co/Al,03
7.5%Ni-7.5%Co/ 82.3 182.2 20.3 284.8
Al,03
10.5%Ni-4.5% 80.4 150.3 18.7 249.4
Co/Al,03
12%Ni-3%Co/ 81.7 144.7 17.5 2439
ALO;

analysis is summarized in Table 3. Ni-Co bimetallic catalysts achieved
higher COy desorption compared to Ni/Al;03 and Co/Al,O3 catalysts.
Study by Turap et al. which agreed with the present analysis also re-
ported high basicity for Ni-Co bimetallic catalysts compared to its
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mono-metallic counterpart suggesting that the introduction of Co
improved the catalytic properties [40]. In addition, the trend for CO4
uptake is also similar with Hy uptake during H,-TPR analysis. It was
further confirmed that catalysts with smaller crystallite size have higher
metal-support interaction thereby possessing the ability to absorb more
CO3 during TPD analysis. There is a direct relationship between adsor-
bed CO4 and the suppression of carbon formulated in-situ reaction. As a
result, it potentially inhibits the occurrence of catalyst deactivation
resulting in high catalytic performance with less coke formed [6].

3.5. Field emission scanning microscopy-energy dispersive X-ray (FESEM-
EDX)

Fig. 4 illustrates FESEM-EDX images and elemental mapping
composition of fresh 15%Co/Al;03, 3%Ni-12%Co/Al;03, 7.5%Ni-7.5%
Co/Al,03 and 10.5%Ni-4.5%Co/Al,03 catalysts which was carried out
to determine the distribution of metal and their composition on the
catalysts surface. Based on FESEM images, the metals were scattered
uniformly over the catalyst showing random distribution of the atom
with the Ni-Co bimetallic catalysts showing better homogeneity than
the mono-metallic Co/Al;03. The bimetallic structure of Ni-Co helps to
reduce the agglomerative effect of Ni and hence, produce highly
dispersed metals on the support surface [41]. Furthermore, 3%Ni-12%
Co/Al,03 shows a highly homogeneous and well-dispersed Ni—Co on the
Al;03, support leading to the reduction of the crystallite size and
strengthening of the metal-support interaction. The EDX mapping for
each element of Co/Al;03 and different Ni-Co loading further confirms
reduced agglomeration for the bimetallic catalysts. Also, the introduc-
tion of Co into Ni metal reduces the sintering impact and further en-
hances Ni dilution into the support. This observation is evident in the 3%
Ni-12%Co/Al,03 catalyst which contained the highest amount of Co,
hence, creating the best synergistic Ni-Co bimetallic effect.

Table 4 summarizes the elemental composition and Fig. 5 illustrates
the EDX spectrum for the fresh 15%Co/Aly03, 3%Ni-12%Co/Al;0s3,
7.5%Ni-7.5%Co/Al;03 and 10.5%Ni-4.5%Co/Al;0O3 catalysts. Based on
the elemental composition in Table 4, the Ni and Co metal weight
percent were similar to the theoretically prepared catalysts. For
example, 15%Co/Al;03 contained around 15.14% of Co, 3%Ni-12%Co/
Al;03 with 2.97% of Ni and 12.05% of Co. Similar amount of Ni and Co
were also discovered for 7.5%Ni-7.5%Co/Al,03 and 10.5%Ni-4.5%Co/
Al,O3, respectively. In addition, oxygen (O) element marked the highest
composition followed by aluminium (Al) atom which were approxi-
mately within 2:3 ratio, confirming the configuration of alumina, Al;Os3.
Also, the percentage of O elemental component for each catalyst are
summarized in Table 4.

3.6. Catalytic evaluation in the GDR reaction

The influence of temperature on the GDR reaction was determined at
temperature ranged 873 K-1173 K and reactants ratio, Fco, : Fe,n,0, =
1:1. As illustrated in Fig. 6(a), glycerol conversion increased signifi-
cantly with increasing temperature due to the endothermicity of the
GDR [42,43]. For all catalysts, the highest glycerol conversion occurred
at 1073 K and drops slightly at 1173 K. This behaviour is in agreement
with several findings from previous GDR studies [19,20,42]. The
sequence of conversions (glycerol) followed the order; 3%Ni-12%
Co/Aly03 > 4.5%Ni-10.5%Co/Aly03 > 7.5%Ni-7.5%Co/Al,03 > 10.5%
Ni-4.5%Co/Al;03 > 15%Co/Al,03 > 15%Ni/Al;03 and remained un-
changed for all reaction temperature. It is notable that bimetallic cata-
lysts have higher glycerol conversion than their mono-metallic
counterpart. This trend can be likened to the sequence of Hy uptake in
the TPR analysis (see Table 2). Therefore, increasing Hy uptake and
quantity of active metallic sites of Ni and Co could result in higher
reactant conversions. Wang et al. reported similar findings in glycerol
steam reforming over Ni/ATP and several other combinations of bime-
tallic catalyst. The authors explained that bimetallic catalysts convert
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Fig. 4. FESEM-EDX images and compositional element mapping of fresh catalysts (a) 15%Co/Al,03, (b) 3%Ni-12%Co/Al;03, (c) 7.5%Ni-7.5%Co/Al,03 and (d)

10.5%Ni-4.5%Co/Al;03.

Table 4
Elemental composition from EDX analysis.

Catalyst Elements weight (%)

Ni Co Al (6]
15%Co/Al,03 - 15.14 32.23 52.63
3%Ni-12%Co/Al;03 2.97 12.05 30.45 54.53
7.5%Ni-7.5%Co/Al,03 7.52 7.60 31.71 53.17
10.5%Ni-4.5%Co/Al;03 10.53 4.45 31.88 53.14

more glycerol than single Ni/ATP due to their high reducibility [14].
More also, the increased basicity of the bimetallic catalysts contributed
to improved catalytic activity, because the higher CO, uptake facilitated
gasification of the carbonaceous species on the catalysts’ surface. For all
temperatures studied, 3%Ni-12%Co/Al;03 bimetallic catalyst exhibited
the highest glycerol conversion. Glycerol conversion improved from
65.9% to 75.6% with temperature increment from 873 to 1073 K and
reduced to 72.5% at 1173 K. Furthermore, this result is also in agree-
ment with the reducibility and basicity studies carried out where the 3%
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Ni-12%Co bimetallic catalyst had the highest respective values, hence,
confirming the effect of catalyst reduction and improvement of its basic
site as a means to enhance the GDR activity.

Fig. 6(b) and (c) describes the temperature effects on the product
yield (Hz and CO), respectively, at temperature from 873 to 1173 K. The
trend for products yield is similar to glycerol conversion where, Hy and
CO yield increased substantially with increasing temperature within
873-1073 K and decline at 1173 K. Comparative analysis between cat-
alysts shows that all product yields followed the same trend as reactant
conversion in the order; 3%Ni-12%Co/Al,03 > 4.5%Ni-10.5%Co/Al;,03
> 7.5%Ni-7.5%Co/Al303 > 10.5%Ni-4.5%Co/Al,03 > 12%Ni-3%Co/
Al,O3 > 15%Co/Al;03 > 15%Ni/Al;03. Also, 3%Ni-12%Co/Al;,03
recorded the highest Hy and Co yield at 1073 K with values of 64.7% and
44.8%, respectively. The increasing amount of glycerol conversion
resulted in the improving Hy and CO yields, which occurred as a result of
the decomposition of glycerol at high reaction temperatures (Eq. (14))
[3]. However, recent study on GDR by Bulutoglu et al. suggested that the
Hy and CO yields where enhanced from the decomposition of glycerol
and the methane dry reforming side reaction (Eq. (15)) [15].
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C3HyO3 — 3CO + 4H, (AHjyg, = 251kJ mol™") a4

CH, + COy - 2CO + 2H, (AH3, =247kI mol ™) 15)

Fig. 6(d) represents the effect of temperature on the Hy/CO ratio for
each catalyst where the ratio increased from 873 to 1073 K and decline
at 1173 K. The trend for Hy/CO ratio is also consistent with the findings
from glycerol conversion and Hj yield, in which the ratio starts to drop
beyond 1173 K. Furthermore, the findings reveal that the increase in
temperature enhances the rate of the water-gas-shift reaction [21]. The
obtained value Hy/CO ratio was in the range of 1.20-1.44, depending on
the catalyst and the reaction temperature utilized. The process yields a
favorable Hy/CO ratio for downstream generation of hydrocarbons
useful as feedstock for the Fischer-Tropsch synthesis [44].

The apparent activation energy derived from the Arrhenius plot is
widely used in reforming processes to justify the reactiveness of catalysts
without applying associated kinetic models [32]. From Fig. 7, the rate of
glycerol consumption against reciprocal of reaction temperature shows
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a linear relationship with correlation coefficient (R?) around 0.97 to
0.99 (Table 5). The amount of apparent activation energy was summa-
rized as follows; 15%Ni/Al,03 (69.35 kJ mol ™) > 15%Co/Al,03 (68.25
kJ mol 1) > 12%Ni-3%Co/Al;03 (62.26 kJ mol 1) > 10.5%Ni-4.5%
Co/Aly03 (61.31 kJ mol 1) > 7.5%Ni-7.5%Co/Al,05 (58.46 kJ mol 1)
> 4.5%Ni-10.5%Co/Aly03 (55.77 kJ molfl) > 3%Ni-12%Co/Al;03
(54.41 kJ mol™!). Notably, the order of E, for glycerol consumption is
parallel to the trend of glycerol conversion (see Fig. 6(a). The catalytic
improvement in Ni-Co bimetallic catalysts further explained this
observation.

For further verification of the Ni-Co bimetallic catalyst activity in
this current research, the catalytic performance was compared with
transitional and noble promoted catalysts recently reported in literature.
From Table 6, bimetallic 3%Ni-12%Co/Al,03 recorded higher glycerol
conversion and Hj yield at the same operating condition with promoted
5%Re-15%Ni/CaO [18] and 3%Re-15%Ni/SBA-15 [45]. More also,
Ni-Co bimetallic catalyst from this work achieved higher conversion
compared to noble metal promoted catalyst 3%Ag-15%Ni/Al;O3 using
the same operating parameters [19]. Notably, GDR reaction from pre-
vious literature was conducted with lower GHSV 36 L g{alt h7l in
contrast to this current work with 72 L g{alt h~!. Thus, 3%Ni-12%
Co/Al,03 could be regarded as a promising catalyst and exhibited a
comparable performance with noble metal catalysts.

3.7. Evaluation on spent catalysts

3.7.1. X-ray diffraction (XRD)

Spent catalysts analysis (XRD) was conducted post-reaction (at T =
1023 K and Fco, : Fe,ms0, = 1 : 1) to ascertain the catalysts’ phase sta-
bility. From the XRD results presented in Fig. 8, the presence of a tiny
peak at 20 = 26.38° is indicative of graphitic carbon (JCPDS: 75-0444)
[25]. With respect to the intensity of the graphite peak, the amount of
carbon formed in the bimetallic catalysts is less than its mono-metallic
counterpart. 3%Ni-12%Co/Al,O3 had the smallest graphite carbon
peak compared to other catalysts. Meanwhile, the graphitic carbon
formation on the spent catalysts cannot be totally eliminated because of
high-temperature glycerol cracking. For the spent Co-metal catalysts,
peaks at 36.88° and 45.55° were detected representing the Co3O4 phases
(JCPDS: 74-2120). This phase is linked to the re-oxidation of Co? during
the dry reforming reaction [46], whereas for the Ni-metal catalysts,
representative peaks of Ni® (JCPDS: 87-0712) occurs at 44.76°, 51.97°
and 76.49°, respectively, which is associated with complete formation of
Ni° phase from reduction of NiO during the H, reduction process [47].
For Ni-Co bimetallic catalyst, the Ni’ phase peaks were detected in
consistency with Ni/Al,Os catalysts.

In contrast to Co/Al;,O3, the Ni-Co bimetallic catalysts have three
peaks at 42.75°, 48.61° and 56.14° corresponding to Co® phase, which
suggests that Cos04 phase was completely reduced to Co®. Interestingly,
the Co® retained its active phase throughout the reaction, even under
oxidizing conditions, owing to the synergistic Ni—-Co metal interaction.
The incorporation of Co into Ni helps to enhance the reduction of Ni into
its active metallic state [41]. The NiCo204 peaks in the spent catalysts of
Ni-Co bimetallic samples gradually repositioned towards higher angles
(33.01°, 36.75°, 44.76°, 48.61° and 67.73°), suggesting that Ni-Co alloy
was formed during the process [27].

3.7.2. X-ray photoelectron spectroscopy (XPS)

Fig. 9(a) represents the XPS of the spent 15%Co, 15%Ni, 3%Ni-12%
Co, 7.5%Ni-7.5%Co and 10.5%Ni-4.5%Co catalysts, while Table 7
summarizes the binding energies for all XPS peaks in order to determine
oxidation state and surface atomic composition of the catalysts. Ac-
cording to XPS analysis of the spent catalysts, Ni, Co, Al, C and O ele-
ments were present in the catalysts. In addition, the presence of Al 2p
was detected between binding energy (BE) of 77.5 eV and 78.6 eV,
which confirmed the presence of the Al;03 support [48].

Fig. 9(b) shows the Co 2p spectra for selected spent catalysts with
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Gaussian deconvolution. There are three notable peaks for the Co 2ps/2
region at BE between 780.5 and 795.3 eV for 15%Co/Al»03, 3%Ni-12%
Co, 7.5%Ni-7.5%Co and 10.5%Ni-4.5%Co catalysts. These peaks
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Table 5
Summary of apparent activation energy for glycerol conversion for GDR
reaction.

Catalyst Pre-exponential Apparent activation energy, R?
factor, A (s 1) E, (kJ mol™)

15%Ni/Al,03 0.046 69.35 0.97

15%Co/Al,03 0.031 68.25 0.97

3%Ni-12%Co/ 0.022 54.41 0.99
Al,03

4.5%Ni-10.5% 0.048 55.77 0.98
Co/Al,03

7.5%Ni-7.5% 0.028 58.46 0.99
Co/Al,05

10.5%Ni-4.5% 0.037 61.31 0.99
Co/Al,03

12%Ni-3%Co/ 0.025 62.26 0.98
Al,03

represent Co304 and a shake-up satellite for Co 2ps/2 [34]. On the other
hand, a similar number of peaks is seen under the Co 2p;» within the
range of 792.3 eV and 808.6 eV belonging to metallic Co® and satellite
for the Co 2p;,, region. Additionally, there are satellite peaks visible
between the two notable peaks which originated from the shake-up
process of electrons [49]. Apparently, the detection of the Co species
is consistent with the XRD findings. With the introduction of Ni to the
catalyst system, Co 2p3/» and Co 2p; /2 peaks moved to higher BE with
maximum peaks recorded around 792.3 eV (Co 2p3,2) and 806.3 eV (Co
2p1,2). The movement of Co 2p peaks to higher BE is indicative of a
decrease in the electron density of the Co species, thus signifying the
formation of Ni—Co in the bimetallic catalysts [34].

XPS spectra for Ni 2p species are represented in Fig. 9(c). The low
binding energy peak can be assigned to Ni 2ps,, (872.8-874.7 eV) and
the high energy peak is ascribed to Ni 2p;,» (878.7-880.9 eV) [50].
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Table 6
Comparison of performance of selected promoted catalysts with the same operating conditions.
Catalysts Operating Parameter Catalytic performance Ref
T(K) Feed ratio GHSV (L g{alt Y Glycerol conversion (%) H, Yield (%) CO Yield (%) H,/CO ratio
5%Re-15%Ni/CaO 973 1 36 54.2 48.5 - - [18]
3%Re-15%Ni/SBA-15 973 1 36 57.0 51.0 - - [45]
3%Ag-15%Ni/Al,03 973 1 36 33.4 26.0 80.0 0.44 [19]
3%Ni-12%Co/Al,05 973 1 72 71.8 62.5 43.6 1.43 This work
530.1-530.7 eV and 532.1-532.6 eV. The smaller peak (Peak Op)
O Ao, described the surface lattice oxygen, while the larger peak (Peak Op)
b
: Cir,0°" was related to adsorbed surface oxygen [54]. The amount of oxygen
N1 . .
) vacancies can be estimated from the percentage of adsorbed oxygen,
® NiCo® Coxy (refer to Eq. (16)) that originated from oxygen vacancies that
M Co0, trapped the carbonate species existing on the catalysts’ surface.
A NiALO,

Intensity (a.u.)

80

Fig. 8. XRD analyses of spent catalysts including (a) 15%Ni/Al,03, (b) 15%Co/
Al03, (¢) 3%Ni-12%Co/Al;03, () 7.5%Ni-7.5%Co/Al,03 and (d) 10.5%Ni-
4.5%Co/Al,05 after GDR at T = 1073 K and Fco, : Fc,n0, = 1:1

Based on the deconvolution peaks, At Ni 2p3/2 region, two prominent
peaks were detected (representing Ni2™ and NiAl,0,) located around
856.6-862.7 eV (Ni/Al,03), 856.0-862.1 (3%Ni-12%Co/Al303),
856.3-862.3 (7.5%Ni-7.5%Co/Al;03) and 856.4-862.6 (0.5%Ni-4.5%
Co/Al203). Also, two deconvoluted peaks at higher Ni 2p; /5 were also
detected in the range 878.7-880.9 eV belonging to metallic Ni® and
NiAlyOy4, respectively [51]. As observed in the Co 2p spectra, a peak shift
is also seen in the Ni species. The introduction of Co into Ni causes Ni 2p
peaks to shift to lower BE. The changes of the Ni peaks to lower BE and
Co to higher BE in the bimetallic catalysts compared to its mono-metallic
counterpart suggests there is a strong electronic interaction between the
bi-metals species thereby forming Ni-Co bimetallic alloys. In the course
of the electronic interaction, there is electron transfer from Co to Ni
which results in higher BE of Co 2p3/; in the bimetallic catalyst [30].
More also, the electron density transfer from Co to Ni contributes to the
catalyst’s ability to maintain its performance. Hence, carbon deposition
on the metal surface was reduced with increased oxidation leading to
further improvement in the catalytic activity [52].

In addition, the atomic ratios of Ni/Al;03, Co/Al,O3 and Ni-Co/
Al,03 were evaluated to reveal the effect of the bimetallic components
on the dispersion of metal over Al,O3 support. The increase in atomic
ratio was in the following order; 15%Ni/Al;03 (0.15%) < 15%Co/Al;O3
(0.18%) < 10.5%Ni-4.5%Co/Al203 (1.76%) < 7.5%Ni-7.5%Co/Aly03
(1.83%) < 3%Ni-12%Co/Al;,03 (2.25%). This trend corresponds to the
improved dispersion of the Ni-Co bimetallic catalyst when compared to
its mono-metallic counterpart. Bachiller-Baeza et al. also observed an
improvement in the atomic ratio of the bimetallic catalysts, proving that
bimetallic catalyst has a favorable impact on metal particle size [53]. 3%
Ni-12%Co/Al;03 exhibited the highest atomic ratio, consistent with the
catalyst’s smaller particle size and stronger metal-support interaction.
This observation aligns with BET and Hy-TPR analysis, which demon-
strated superiority in the catalytic performance compared to the other
catalysts.

O 1s bands for spent catalysts are described in Fig. 9(d). Peak Oy, and
Op were achieved by fitting into two Gaussian peaks at around
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where Ag,and Ag,are integrated peak Oy, and O, respectively.

The amount of oxygen vacancies for spent catalysts is listed as fol-
lows; 15%Ni/Al,03 (25.1%) < 15%Co/Al>03 (25.5%) < 10.5%Ni-4.5%
Co/Aly03 (64.4%) < 7.5%Ni-7.5%Co/Al203 (70.7%) < 3%Ni-12%Co/
Al»03 (75.2%). Also, increased oxygen vacancies on the catalyst surface
could result in more active sites for CO5 adsorption, which would help to
mitigate carbon formation on the catalyst surface. The 3%Ni-12%Co/
Al,Og3 catalyst had the highest oxygen vacancies further clarifying the
high catalytic performance and reduced carbon formation during the
GDR reaction. Literature revealed that Ni-Co bi-metal catalyst possess O
species resulting from Co oxygen affinity which aids removal of carbon
and increases catalysts and process stability [40]. Also, for all bimetallic
catalysts, Al 2p and O 1s peaks are similar further explaining the elec-
tron transfer between the bi-metals in the reduction process [55], in line
with the Hy-TPR analysis.

Fig. 9(e) presents the extended C 1s spectra with all samples pos-
sessing two peaks. Peak C; located at low binding energy detected at
284.6 eV, is assigned to graphite carbon which is sp2-bonded (C=C),
whereas the peak Cjj located around 285.3 eV is ascribed to amorphous
carbon (C-C) sp3—bonded [56,57]. The 3%Ni-12%Co/Aly03 catalyst
recorded the lowest carbon formation which was consistent with the
amount of oxygen vacancies recorded for each catalyst. The carbon
suppression of the bimetallic catalysts could be attributed to its small
crystallite size, high oxygen vacancies and strong basic characteristics
[11]. For the crystallite size analysis, there is a direct relationship be-
tween the carbon formation rate and the catalysts’ crystallite size [58,
59]. This is consistent with the order of crystallite size reported in the
XRD analysis of the fresh catalysts. Moreover, high adsorbed CO, also
contributed to the catalyst’s high carbon resistivity since the CO,
oxidized carbon species on the catalyst surface. The bimetallic catalysts
had higher reactive filamentous carbon compared to Ni/Al;O3 and
Co/Aly03 (refer to Fig. 9(e)). The formation of filamentous carbon is
more favorable compared to graphitic carbon because filamentous car-
bon is more reactive and easier to remove through oxidation processes.
This is in direct contrast to graphitic carbon that can block the catalysts
active sites and reduce catalytic activity [5,59].

3.7.3. Temperature-programmed oxidation (TPO)

TPO revealed the derivative weight loss and weight loss represen-
tations for the spent catalysts (refer to Fig. 10 and Fig. 11). Referring to
Fig. 10, two obvious peaks; peak 1 (P1) at 400-600 K and peak 2 (P2) at
< 600 K are seen for all the spent catalysts. According to literature, peaks
in this region indicates carbon oxidation [60]. P1 represents the
non-crystalline reactive amorphous carbon oxidation, while P2 is the
less reactive graphitic carbon [61]. The formation of both amorphous
and graphitic carbon via TPO was also verified by XPS analysis.
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Fig. 9. (a) Overall XPS spectra, (b) Co 2p, (c) Ni 2p, (d) O 1s, (e) C 1s of spent catalysts after GDR at T = 1073 K and Fgo, : Fe;pz0, =1:1

According to the reaction mechanism of this study, the carbon deposi-
tion on the catalyst’s surface accumulated during glycerol decomposi-
tion and methane cracking. Nevertheless, the graphite peak intensity in
the bimetallic catalysts significantly lessened, which is consistent with
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the XRD evaluation previously discussed.

Also, the percentage weight loss declined in the order of 15%Ni/
Aly,O3 (34.27%) > 15%Co/Alx03 (32.66%) > 12%Ni-3%Co/Al,03
(27.71%) > 10.5%Ni-4.5%Co/Aly03 (25.59%) > 7.5%Ni-7.5%Co/
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Fig. 9. (continued).
Table 7
Summary of binding energies for XPS peaks of mono- and bimetallic Ni-Co catalysts.
XPS Spectra Binding energy (eV) Peaks Ref.

15%Co/Al,03 15%Ni/Al,03 3%Ni-12%Co/Al;03 7.5%Ni-7.5%Co/Al,03

10.5%Ni-4.5%Co/Al,05

Al 2p 77.8 77.5 78.6 78.3
Ni 2p3/2 - 856.6 856.0 856.3
862.7 862.1 862.3

Ni 2p12 - 874.7 872.8 873.4
880.9 878.7 879.6

Co 2p3/2 780.5 - 787.6 781.7
783.8 792.3 784.1

787.2 795.3 788.2

Co 2p1/2 792.3 - 804.2 798.1
797.9 806.3 802.8

802.7 808.2 805.9

Cls 285.4 285.3 285.5 285.3
284.6 284.6 284.6 284.6

Ols 532.6 532.1 532.2 532.1
530.7 530.4 530.1 530.4

78.1 Al,O3 [53]
856.4 Ni?' [39,75]
862.6 NiAl;04

873.7 Ni°

879.8 NiAl,O4

782.1 C0304 [33,45]
787.8

791.9

797.3 Co®

803.4

806.9

285.5 Amorphous carbon [71,72]
284.6 Graphitic carbon

532.5 Surface adsorbed oxygen [69]
530.5 Co0304/NiAl,04 and/or Al,03
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Al;03 (23.46%) > 4.5%Ni-10.5%Co/Aly03 (21.88%) > 3%Ni-12%Co/
Aly03 (18.12%) (see Table S2 in the Supplementary Data). The reduc-
tion of carbon confirmed the effectiveness of the coke resistance bime-
tallic catalysts because of its high oxygen vacancies and strong basic
characteristics. The high CO5 adsorbed by the bimetallic catalysts
enhanced the basicity of the catalysts. As a result, the adsorbed CO; by
the catalysts aided the oxidation of carbon species [62]. Hence, the
reduction of carbon formed when the 3%Ni-12%Co/Al;O3 catalyst was
employed compared to catalyst with different loading.

3.7.4. Transmission electron microscopy (TEM)

Fig. 12 shows the TEM images of spent samples after 8 h of reaction
at 1073 K using 15%Ni/Al;03, 15%C0/Al;03 and 3%Ni-12%Co/Al,03
catalyst. Ni and Co particles are the dark dots incorporated on AlyO3
support. Some agglomerations are detected on the mono-metallic cata-
lysts, making the size of Ni and Co bigger (refer to Fig. 12(a) and (b)).
The changes in metal particle size are as follows; 15%Ni/Al,03 (12.63
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nm-13.49 nm), 15%Co/Al;03 (12.55 nm-13.37 nm) and 3%Ni-12%Co/
Al503 (9.25 nm 8.66 nm). The reduction in particles size for the Ni-Co
bimetallic catalysts is due to visibly less agglomeration, suggesting that
Ni-Co alloy improved metal distribution over the Al;O3 support. The 3%
Ni-12%Co catalyst had the smallest crystallite size. Thus, 3%Ni-12%Co
catalyst exhibited improved sintering resistibility compared to the
mono-metallic catalyst. Graphite and carbon nano-filaments (CNF) were
clearly visible in all spent catalysts. This observation was in agreement
with both XPS and TPO analyses. CNF carbon has less impact on cata-
lytic activity since it can easily be oxidized from the catalyst surface
when compared to graphitic carbon [63]. CNF can be removed through
gasification with CO, thereby allowing accessibility of reactants to the
catalyst’s active metal site [64]. For the graphitic carbon, it interrupts
the accessibility of reactants to the active site by encapsulating the
surface of the active metal.

Due to glycerol and methane decomposition at high reaction tem-
perature carbon formation is unavoidable during the GDR reaction,
however, carbon deposition was significantly reduced with the use of
the bimetallic catalysts (refer to Fig. 12). This observation is in line with
the previous discussion related to the XRD, XPS and TPO characteriza-
tions. The formation of graphitic and CNF has also been reported in
other studies using different types of catalysts such as promoted Re-Ni/
CaO [18], Ag-Ni/Al,05 [19] and La-Ni/Al,03 [65].

4. Conclusions

The effect of Ni-Co/Al;03 bimetallic catalyst with respect to the
physicochemical properties and catalytic activity on the GDR reaction
was examined by varying reaction temperature. Mono-metallic (15%Ni/
Aly03 and 15%Co/Aly03) and bimetallic Ni-Co/Al;O3 catalysts with
various loading were prepared by employing the ultrasonic-assisted
impregnation method.

From the characterization studies, metal crystallite size reduced from
12.63 nm to 9.25 nm with the introduction of bimetallic Ni-Co which is
linked to the diluting effect of the bimetallic precursors and enhanced
metal dispersion of the catalyst. The increasing consumption of Hy up-
take during Ho-TPR indicates that metal-support interaction was more
prominent in the bimetallic samples. A similar trend was notable in CO»-

90
9

2

< 80

= 15%Co/ALO,
2  I5%Ni/ALO,

3%Ni-12%Co/ALO,

34.
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Fig. 11. Weight loss from TPO studies of the spent catalysts post GDR at T = 1073 K and Fco, : Fen,0, = 1:1
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Fig. 12. TEM micrographs of the spent (a) 15%Ni/Al;03, (b) 15%Co/Al,03 and (c) 3%Ni-12%Co/Al,O3 after GDR at T = 1073 K and Fco, : Feago, = 1:1

TPD analysis in which the Ni-Co bimetallic catalyst acquired more CO2
uptake than its mono-metallic counterpart. FESEM-EDX analysis also
indicated that the dispersion and distribution of the Ni and Co particles
were extensive on the AlyO3 support.

According to the results, the catalytic performance followed the
order; 3%Ni-12%Co/Al,03 > 4.5%Ni-10.5%Co/Aly03 > 7.5%Ni-7.5%
Co/Al;,03 > 10.5%Ni-4.5%Co/Aly,03 > 15%Co/Al,03 > 15%Ni/Al,03.
3%Ni-12%Co/Alp03 bimetallic catalyst exhibited the best catalytic
performance with 75.6% of glycerol converted, 64.7% of Hy and 44.8%
of CO yield, respectively. The Co® also maintained its active phase
throughout the reaction even in oxidizing condition due to the syner-
gistic Ni-Co metal interaction as reported in the XRD analysis of the
spent catalysts. Although, carbon was formed on all spent catalysts, the
Ni—Co bimetallic catalysts reduced the amount of total carbon formed by
exhibiting high oxygen vacancies and strong basic attributes. According
to the TEM analysis, Ni—Co alloy particles achieved less agglomeration
compared to its mono-metallic counterpart, suggesting that Ni-Co alloy
improved the metal-metal dispersion on catalyst support.

In summary, 3%Ni-12%Co/Al;O3 achieved excellent GDR catalytic
performance attributed to its small crystallite size, high oxygen va-
cancies and strong basic nature compared to other catalysts utilized in
this study.
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