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A B S T R A C T   

The thermocatalytic decomposition (TCD) of methane is an attractive alternative to produce low-carbon 
hydrogen and solid carbonaceous materials. In this study, substituted LaNi1-xCuxO3 perovskite catalysts pre
pared via self-combustion method were investigated for methane TCD. The effect of Ni partial substitution with 
Cu, varying gas hourly space velocity, temperature and stability on methane conversions were evaluated. PXRD, 
H2-TPR, SEM-EDS, TGA, and XPS were used to characterize the catalysts. An increase in Cu loading to 50%, 
increase in temperature and decrease in GHSV resulted in an improvement in methane conversions to 92%. At a 
GHSV of 2400 ml/gcat.h, no significant deactivation was observed as the stability of the LaNi0.5Cu0.5O3 catalyst 
increased from 6 to 20 hours’ TOS with methane conversions maintained at 92% where carbon nanofibers were 
observed on the surface of the spent catalysts. The study demonstrates the potential to prepare LaNi1-xCuxO3 
catalysts and identify optimal testing conditions for the novel production of low-carbon hydrogen with minimal 
catalyst deactivation.   

1. Introduction 

The production of hydrogen from natural gas, which consists mostly 
of methane (CH4), is often associated with the simultaneous formation of 
carbon monoxide (CO) and carbon dioxide (CO2). Whilst the former may 
be readily used in conversion processes to produce methanol, dimethyl 
ether, olefins, synthetic fuels, and other value-added compounds, CO2 is 
a potent greenhouse gas that has been reported to contribute to climate 
change due to global warming. The current state-of-the-art route to 
produce hydrogen is the multistep steam methane reforming (SMR) 
process [1–3]. Conventionally, the process involves the use of steam to 
convert methane to synthesis gas, a mixture of hydrogen and carbon 
monoxide, at temperatures of 800–900 ◦C [4]. Thereafter, 
low-temperature and high-temperature water-gas shift catalytic re
actions are carried out to convert carbon monoxide to carbon dioxide 
and hydrogen. The products are then separated using pressure-swing 
adsorption (PSA) and/or cryogenic distillation, among other methods 
[5]. Other processes employed to produce hydrogen include: auto
thermal reforming (ATR), where steam and oxygen are reacted with 
methane to form syngas; and partial oxidation (POx), where syngas is 
produced from methane and hydrogen [5]. However, all the processes 

listed have the drawback of producing hydrogen that is not COx-free. 
Furthermore, such mature processes are associated with high eco
nomic and operational costs. As such, the hydrogen produced cannot be 
used directly in Proton Exchange Membrane hydrogen fuel cells (PEM) 
because the COx contaminants poison the Pt electrode [6,7]. Also, due to 
side reactions, the nickel-based catalysts conventionally used in these 
processes suffer from deactivation due to coke formation which covers 
the active catalytic sites. 

On the contrary, the thermocatalytic decomposition (TCD) of 
methane is a viable alternative and sustainable route to produce low- 
carbon or turquoise hydrogen. The latter refers to hydrogen produced 
directly from methane TCD [8]. Due to the anaerobic nature of the 
processes, TCD of methane has been reported to produce COx-free H2 
[9]. In addition, the process is associated with the simultaneous pro
duction of solid carbons such as nanocarbons as well as graphitic and 
amorphous carbons [8]. Albeit, carbon deposition often deactivates the 
catalyst, in TCD of methane, it can be fine-tuned to produce high-value 
carbons, thereby increasing the economic viability of the process [10]. 

While many catalysts have been investigated for the use in the TCD 
process, the optimal catalyst should ideally be able to operate for suit
ably long periods on stream under the formation of solids carbons 
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[11–15]. In literature, it has been discussed that mixed-metal catalysts 
have synergistic advantages where one metal acts as the hydrogen 
production site, while the other eases carbon diffusion to minimize 
deactivation [16]. An alternative method is to develop catalysts that 
have oxygen vacancies on the surface, which allow for the carbon spe
cies to be oxidized as they are formed on the catalyst surface, through 
the movement of oxygen in the crystal lattice. Perovskite catalysts, 
usually of the form ABO3, allow partial substitutions of the A and B sites, 
which can result in the formation of oxygen vacancies. This class of 
catalysts has a tunable, diverse structure as the A, B or O sites in the 
structure may be occupied by over 90% of the elements in the periodic 
table [17]. Perovskite catalysts have also been extensively investigated 
for the dry reforming of methane reactions but very few in literature 
have investigated perovskites for the methane TCD process [5,18–21]. 
Therefore, the focus of this article is the development of substituted 
perovskite catalysts of the form LaNi1-xCuxO3 with improved catalytic 
performance for the formation of COx-free, low-carbon or “turquoise” 
hydrogen. 

2. Methods and materials 

2.1. Catalyst synthesis 

The perovskite catalyst in the form LaNi1-xCuxO3, where x denotes 
the percentage loading of Cu, was prepared by the self-combustion 
method as described by Gallego et al. [22]. In short, glycine (>98.5% 
purity, NH2CH2COOH, Associated Chemical Enterprises, Johannesburg, 
South Africa), used as ignition promoter, was added to an aqueous so
lution of the metal nitrates with the appropriate stoichiometry. The 
following nitrate salts were used: Cupric nitrate trihydrate (99.9% pu
rity, Cu(NO3)2.3 H2O, Associated Chemical Enterprises, Johannesburg, 
South Africa), lanthanum nitrate hexahydrate (98% purity, La 
(NO3)3.6 H2O, Associated Chemical Enterprises, Johannesburg, South 
Africa), and nickel nitrate hexahydrate (98% purity, Ni(NO3)2.6 H2O, 
Laboratory BDH Reagents). Demineralized water was obtained from a 
water demineralization system (Thermo Fischer Barnstead Smart2Pure). 
The glycine amount was added to get a ratio of NO3/NH2 = 1. The 
resulting solution was slowly evaporated until a thick gel was obtained. 
Thereafter, the gel was heated, and subsequently ignited in a muffle 
furnace at 250 ◦C. The catalysts were then calcined at 700 ◦C for 8 h at a 
ramp rate of = 10 ◦C/min, which led to the formation of the perovskite 
structure. The catalysts were labelled according to the ratio of Ni to Cu i. 
e. LaNi0.5Cu0.5O3 denotes 50 wt% loading of both Ni and Cu whereas 
LaNi0.9Cu0.1O3 has 90 wt% loading of Ni and 10 wt% of Cu, respectively. 

2.2. Characterization 

Powder X-Ray Diffraction (PXRD) was used to determine the crys
tallinity of the catalysts using a Panalytical X’pert PRO PW 3040/60 
diffractometer with a Cu Kα anode (λ = 0.1542 nm) operated at a 
generator voltage of 40 kV and tube current of 30 mA. The diffraction 
pattern was obtained at 3–90 ◦ at steps of 0.026 ◦/s. Scanning Electron 
Microscopy (SEM) was used for morphological analyses of the catalysts 
using an Auriga Cobra focused-ion beam Zeiss Ultra operated at an 
accelerating voltage of 2 kV. The samples were coated with carbon to 
prevent charging prior to analysis. For SEM-EDS, the accelerating 
voltage was increased to 15 kV. Hydrogen Temperature Programmed 
Reduction (H2-TPR) was performed using a Micromeritics AutoChem II 
2920 analyzer (Micromeritics Instrument Corporation, Norcross, GA, 
USA). Each catalyst, 50 mg, was placed between two-pieces of quartz 
wool in a U-shaped quartz tube. Thereafter, the catalysts were degassed 
at 150 ◦C at 10 ◦C/min with a hold time of 15 minutes under a constant 
flow of argon at 50 ml/min. After degassing, the temperature was 
decreased to 50 ◦C and then a 10% H2/Ar mixture at 50 ml/min was 
introduced. The temperature was then increased to 900 ◦C at 10 ◦C/min 
and H2 consumption monitored using a calibrated thermal conductivity 

detector (TCD). The thermal stability of the fresh and spent catalysts was 
analysed using a Mettler-Toledo TGA/SDTA 851e analytical instrument 
where up to 10 mg of sample was loaded onto a platinum pan. There
after, the catalysts were heated at 10 ◦C/min from ambient temperature 
to 1000 ◦C in air at 90 ml/min and a nitrogen balance of 10 ml/min. X- 
Ray Photoelectron Spectroscopy (XPS) analysis was performed using a 
Thermo model ESCAlab 250 Xi instrument with a monochromatic Al Kα 
(1486.7 eV), 300 W X-ray power at < 10− 8 mBar pressure. 

2.3. Catalysts testing 

The catalysts were evaluated in a horizontal packed fixed-bed 
reactor, externally heated in a tube furnace. The reactor was made of 
stainless steel, with OD = 14 mm, ID = 12 mm and length 15 mm. Each 
catalyst was weighed out to 0.5 g and dispersed onto quartz wool, which 
acted as a stopper as well as gas dispersant. Argon was used as an inert 
gas to flush the system whilst the reactor attained the required tem
perature. The reactor was heated at 10 ◦C/min up to the required re
action temperature. 

Prior to activity tests, the catalysts were reduced under a pure stream 
of hydrogen for 1.5 hours at 700 ◦C. After reduction, the system was 
flushed with Argon until the set reaction temperature was reached. After 
the operating temperature was reached, the gas was switched over to a 
stream of 95% methane at the required gas flow for the experiments. 
Argon was used a diluent at 5% as well as acting as an internal reference 
standard. The outgoing gas concentrations were measured with an on
line GC, model SCION 456 equipped with a flame ionization detector 
(FID) and thermal conductivity detector (TCD) using nitrogen as a car
rier gas. 

Methane conversion was calculated based on the results from the GC 
according to the following equation: 

CH4 conversion [%] =
[CH4]in − [CH4]out

[CH4]in
∗ 100 (1)  

Where [CH4]in and [CH4]out denote the inlet and outlet molar concen
trations of CH4. 

3. Results and discussion 

3.1. Powder X-Ray diffraction 

The XRD diffractograms of the calcined LaNi1-xCuxO3 catalysts are 
shown in Fig. 1. The catalysts show diffraction peaks at 2θ = 23.4◦, 33◦, 

Fig. 1. XRD diffraction patterns of LaNi0.95Cu0.05O3, LaNi0.9Cu0.1O3, LaNi0.8

Cu0.2O3, and LaNi0.5Cu0.5O3 catalysts. LaNiO3 = ◆; La2CuO4 = □; CuO = ●. 
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40.7◦, 47.6◦, 53.3◦, 58.9◦, 68.9◦, and 78.9◦ which are indicative of the 
LaNiO3-like perovskite structure [23,24]. The diffraction pattern 
confirm the formation of rhombohedral LaNiO3 structure [25]. The 
partial substitution of Ni with Cu in the perovskites becomes apparent 
when the Cu loading is increased to 50% (x = 0.5), in the LaNi0.5Cu0.5O3 
catalyst, where the additional peaks at 2θ = 27◦ and 44.6◦ indicate the 
presence of La2CuO4 crystalline phases [24]. Furthermore, the peaks at 
2θ = 35.8◦ and 38.9◦ suggest the presence of CuO phases which indicate 
that the increase in Cu loading results in the formation of CuO nano
particles in the perovskite structure [26]. As such, albeit all the calcined 
catalysts exhibit the LaNiO3 perovskite-type phase, additional La2CuO4 
and CuO phases are formed upon calcination when the Cu loading is 
increased to 50%, respectively. 

3.2. Elemental composition 

The theoretical and experimental composition of the catalysts, 
determined using SEM-EDS, are shown in Table 1. For all the LaNi1- 

xCuxO3 samples the theoretical and nominal composition were in close 
agreement. For instance, the LaNi0.9Cu0.1O3 had a loading of 10 wt% Cu 
and 90 wt% Ni whereas the SEM-EDS analysis showed that there was a 
nominal loading of 9.5 wt% Cu and 90.5 wt% Ni, respectively. Similarly, 
the LaNi0.5Cu0.5O3 catalyst had a theoretical loading of 50 wt% Cu and 
50 wt% Ni whereas the nominal loading was found to be 49.8 wt% Cu 
and 50.2 Ni wt%. The SEM-EDS spectra of all the catalysts are shown in 
Figs. S1-S4. 

3.3. Electron microscopy 

The morphology of the catalysts is shown in the micrographs in Fig. 2 
below. All the catalyst samples have similar consistent irregular shapes 
with interconnected channels. Furthermore, an increase in the Cu 
loading from 10% in LaCu0.1Ni0.9O3 to 20% in LaCu0.2Ni0.8O3 and 50% 
in LaCu0.5Ni0.5O3 results in the formation of spherical nanoparticles that 
are dispersed over the bulk phase framework of the perovskite catalysts, 
Fig. 2e-h. The morphology of the perovskite catalysts shown is consis
tent with agglomerates that have been reported previously [23,27]. 

3.4. Hydrogen Temperature Programmed Reduction (H2-TPR) 

In the reduction of LaNiO3 typical perovskites, Ni cations are reduced 
to metallic Ni whereas La2O3 is formed after H2 reduction thereby 
essentially rendering Ni/La2O3 catalysts, as shown in Eq. 2-4 [5,28,29]. 
This is primarily because cations that occupy the A-sites in perovskite 
catalysts are less susceptible to reduction when compared to cations that 
occupy the B-sites. Furthermore, metallic Ni has been reported to be the 
active site for the decomposition of CH4 [23]. The reduction of Ni in 
perovskite catalysts has been proposed to occur via the following re
actions [30]: 

2LaNiO3 +H2→La2Ni2O5 +H2O (2)  

La2Ni2O5 + 2H2→La2O3 + 2Ni+ 2H2O (3)  

2LaNiO3 + 3H2→2Ni+ La2O3 + 3H2O (4) 

As such Ni3+ is reduced step wisely to Ni0 i.e., Ni3+ to Ni2+ then to 
Ni0 whereas La2O3 is formed as it occupies the A-site in the ABO3 

perovskite structure and is thus difficult to reduce at the set experi
mental conditions [29]. Therefore, due to the stable valence of the La 
A-site, two reduction peaks are anticipated due to the redox changes 
from Ni3+ to Ni0 as corroborated by the TPR profiles in Fig. 3. The alpha 
(α) peaks between 336 ◦C and 390 ◦C in the LaNiCuO3 catalysts are 
attributed to the reduction of Ni3+ to Ni2+ to form the La2Ni2O5 phase 
shown in Eq. 2 whereas the beta (β) peaks between 522 ◦C and 537 ◦C 
correspond to the reduction of Ni2+ to the Ni0 metallic phase which is 
active for CH4 thermocatalytic decomposition [23,31]. The reduction of 
the catalysts results in Ni0 particles dispersed on a La2O3 support as 
shown in Eq. 3. 

In the LaNiCuO3 perovskite catalysts, the reduction of Cu does not 
follow the same redox properties in pristine CuO due to its stabilization 
in the perovskites structure [21]. As such, the reduction of Cu2+ to Cu0 

overlaps with the reduction of Ni cations. Furthermore, the reduction of 
Cu0 occurs at lower temperatures thereby facilitating hydrogen spillover 
which enhances the reduction of Ni3+ to Ni2+ [24]. As such, the alpha 
peaks have been reported to be an overlap of Ni3+ to Ni2+ and Cu2+ to 
Cu+1 whereas the beta peaks represent an overlap of Ni2+ to Ni0 and 
Cu1+ to Cu0, respectively [32]. In all the catalysts, except LaCu0.5

Ni0.5O3, an increase in the copper loading results in a shift to a lower 
reduction temperature of the α peaks from 390 ◦C to 336 ◦C probably 
due to the ease of reduction of Ni3+ species after the formation of Cu0. A 
similar trend can be observed in the β peaks where the reduction tem
perature decreases gradually from 528 ◦C to 522 ◦C with an increase in 
copper loading. 

In the case of LaCu0.5Ni0.5O3, which has the highest copper loading, a 
similar trend in the ease of reduction shown by lower reduction tem
peratures of the α and β peaks can be observed in Fig. 3 and Table 2. 
However, due to the highest copper loading relative to the other cata
lysts, the hydrogen consumption was highest in the α peak which alludes 
to the reduction of Cu which then facilitates hydrogen spillover to the Ni 
cationic phases as shown by the consumption of 5.44 mmol/g in the α 
peak compared to 1.39 mmol/g in the β peak [33]. In the other perov
skite catalysts, the hydrogen consumption in the α peaks 
(2.91–3.14 mmol/g) was lower than in the β peaks (4.03–4.66 mmol/g), 
respectively. 

3.5. Catalytic performances 

3.5.1. Effect of partial substitution of Ni with Cu 
Previous studies such as the one conducted by Maneerung et al. 

varied the nickel content in perovskite catalyst with substitution by Co 
and Fe [21]. The study indicated, under pre-determined evaluation 
conditions, that the LaNi0.8Co0.2O3 catalysts exhibited good perfor
mance. Albeit nickel and cobalt are very good active sites for thermo
catalytic cracking reactions, the cost of Co is usually exorbitant. 
Conversely, Cu has also been shown to be a good catalyst when trying to 
minimize the formation of coke in the reforming process. As shown in 
the H2-TPR data, Cu promoted Ni reduction and enhanced hydrogen 
spillover resulting in higher CH4 conversions. 

As shown in Fig. 4, there is a direct correlation between the Cu 
loading and CH4 conversions i.e., an increase in the Cu loading in the 
perovskite catalyst results in an increase in CH4 conversions. As such the 
catalysts with 5% and 10% Cu loading, LaCu0.05Ni0.95O3 and LaCu0.1

Ni0.9O3, exhibited the lowest CH4 conversions which stabilized at 5% 
whereas the LaCu0.8Ni0.2O3 and LaCu0.5Ni0.5O3 had the highest 
comparative conversions at 10–20%, respectively. Furthermore, the 
catalysts had high initial CH4 conversions which dropped sharply within 
25 minutes which indicates rapid deactivation of the perovskite cata
lysts which may be due to a high GHSV (8400 ml/gcat.h), low residence 
time of CH4 or coke deposition [31]. For catalytic evaluation, a rela
tively high GHSV was employed to observe the effect, in accordance 
with literature, on the stability of the perovskite catalysts. Furthermore, 
apart from produced hydrogen and unconverted CH4, no by-products 
were detected in the effluent streams. As such, the single carbon atom 

Table 1 
Elemental loading of LaNi1-xCuxO3 catalysts.  

Catalyst Theoretical loading (Cu/Ni) Experimental loading (Cu/Ni) 

LaNi0.95Cu0.05O3 0.05 0.052 
LaNi0.9Cu0.1O3 0.1 0.11 
LaNi0.8Cu0.2O3 0.2 0.19 
LaNi0.5Cu0.5O3 1 0.99  
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in the CH4 molecule results in the formation of solid carbon as the only 
by-product [34]. In addition, the rapid deactivation of the catalysts may 
be due to the encapsulation of Ni0 active sites by solid carbon formed 
during CH4 decomposition which may be circumvented by use of 
fluidized-bed reactors where there is a continuous replacement of spent 
catalysts [35,36]. Furthermore, a study by Suelvels et al. found that 
deactivation by thermal sintering in fixed bed reactors was less than that 
caused by the formation of highly-ordered carbons [37]. 

3.5.2. Effect of GHSV 
Due to the relatively better catalytic performance by the LaCu0.5

Ni0.5O3 catalyst observed in Fig. 4 at 8400 ml/gcat.h and 900 ◦C, the 
effect of GHSV on CH4 conversion was investigated using this catalyst. 
Three different GHSV’s were evaluated whereas the effect on CH4 con
version is shown in Fig. 5. As previously highlighted, the sharp decrease 

in initial CH4 conversions may be attributed to the formation of coke on 
the catalyst surface [38]. At high GHSVs, the diffusion of CH4 in the 
catalyst pores is superseded by the formation of carbon on the surface, 
resulting in the formation of solid carbon allotropes on the active sites 
[39]. 

At the lowest GHSV tested, close to 92% CH4 conversion was ach
ieved for the full operation of up to 20 hours on stream. The stability of 
the catalyst is evident, as very little deactivation, with respect to CH4 
conversion, occurred over the evaluation period. The stability of the 
catalyst is also attributed to the very stable La2O3 support, which assists 
with carbon formations and diffusion. The diffusion of carbon species 
onto the surface is a very important step when trying to produce valued- 
added carbons. Liu et al. have shown that a Ni-based catalyst contributes 
to very high hydrogen yields, but a different transition metal is required, 
such as Fe, to produce nanotubes [40]. This is due to the diffusion of 

Fig. 2. SEM micrographs of: (a-b) LaCu0.05Ni0.95O3; (c-d) LaCu0.1Ni0.9O3; (e-f) LaCu0.2Ni0.8O3; and (g-h) LaCu0.5Ni0.5O3.  
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carbon onto the Fe, which is faster than on Ni, respectively. However, 
SEM analysis of the spent LaCu0.5Ni0.5O3 catalyst evaluated at 
2400 ml/gcat.h showed the formation of carbon fibres and filaments,  
Fig. 6. The simultaneous formation of solid carbons and sustained high 
CH4 conversion may be due to a tip growth mechanism where the 
reduced Ni0 active sites remain exposed and available for continuous 
CH4 decomposition [31,41]. 

The thermal stability of the spent LaNi0.5Cu0.5O3 perovskite catalyst 

was also tested as shown by the thermogram in Fig. 7. The TGA and 
derivative TGA profile exhibit three distinct weight loss steps. The 1.8% 
weight loss peak at 316 ◦C is due to the combustion of amorphous or less 
crystalline graphitic carbon whereas the minimal weight loss (0.2%) 
below 200 ◦C is due to physisorbed water or moisture [22]. The sharp 
weight change of 64.7% observed at 586 ◦C and 695 ◦C is attributed to 
the combustion of crystalline or highly ordered graphitic carbon. The 
TGA results further corroborate the SEM micrographs wherein fila
mentous carbon can be observed. Post 700 ◦C, complete oxidation of the 
solid carbon has occurred resulting in the perovskite-type catalyst which 
is stable up 1000 ◦C [42,43]. The TGA profiles of the pristine fresh 
catalysts in air are shown in Figure S5 where no more than 6% weight 
loss was observed which indicates that the perovskite catalysts have 
high thermal stability. 

The thermocatalytic decomposition of CH4 to hydrogen and solid 
carbons observed in Fig. 6 has been proposed to occur via a multistep 
process which can be broken down to elementary steps where there is 
dissociative adsorption of CH4 on the active sites of the catalyst. For 
instance, Chen et al. proposed the following mechanism: 

Methane dissociation: 

CH4 + 2S ↔ CH3 − S+H − S (5)  

CH3 − S+ S ↔ CH2 − S+H − S (6)  

CH2 − S+ S ↔ CH − S+H − S (7)  

CH − S+ S ↔ C − S+H − S (8)  

2H − S ↔ H2 + 2S (9) 

Dissolution/Segregation: 

C − S ↔ CNi.f + S (10) 

Diffusion of carbon through nickel: 

CNi.f ↔ CNi,r. (11) 

Precipitation/dissolution of carbon: 

CNi.r ↔ Cf . (12) 

Encapsulating carbon formation: 

nC − S ↔ Cencapsulating (13)  

Fig. 3. H2-TPR profiles of LaNi0.95Cu0.05O3, LaNi0.9Cu0.1O3, LaNi0.8Cu0.2O3, 
and LaNi0.5Cu0.5O3 catalysts. 

Table 2 
Reduction temperature and hydrogen consumption of the perovskite catalysts.  

Perovskite 
catalyst 

Peak 
Reduction 

temperature (◦C) 
Hydrogen consumption 

(mmol/g) 

LaNi0.95Cu0.05O3 
α 390 3.13 
β 528 4.66 

LaNi0.9Cu0.1O3 
α 371 3.14 
β 524 4.39 

La Ni0.8Cu0.2O3 
α 336 2.91 
β 522 4.03 

LaNi0.5Cu0.5O3 
α 364 5.44 
β 537 1.39  

Fig. 4. CH4 conversions of the perovskite catalysts at various Cu loading. GHSV 
= 8400 ml/gcat.h, T = 900 ◦C. 

Fig. 5. CH4 conversions of LaNi0.5Cu0.5O3 catalyst at GHSVs = 2400, 4200, and 
6000 ml/gcat.h. 
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Where S refers to an adsorption site on the catalyst, CNi,f denotes carbon 
dissolved in the front part of a nickel particle, CNi,r refers to carbon 
dissolved in the portion of the nickel particle that is in contact with the 
support, and Cencapsulating represents the carbon that encapsulates the Ni 
particles thereby deactivating the catalyst [44]. Due to the little deac
tivation of the LaNi0.5Cu0.5O3 after 20 h online, Fig. 5., it may assumed 
that the carbonaceous deposits are of nanofiber morphology [38]. 

XPS analysis of the fresh and spent LaNi0.5Cu0.5O3 catalyst was used 
to discern the surface composition of the constituents. Fig. 8a shows the 
XPS spectrum of La 3d where the peaks at 838.6, 837.7, 835.1, and 
833.1 eV binding energy (BE) are attributed to the La 3d5/2 orbitals [29, 
30,45]. The peaks are attributed to the La3+ state in A site of the 
perovskite. In the spent catalysts, a doublet peak can be observed at 
836.7 and 840.2 eV which have been assigned to La 3d5/2 photoelec
trons of the La2(C2O4)3 species. The shift in the photoelectrons may be 
due to the change in the coordination environment of La3+ as a result of 
the formed carbon filaments formed by the methane TCD reaction [29]. 
Due to the overlapping peaks of La 3d3/2 and Ni 2p3/2 peaks between 
870 and 845 eV as well as the insertion if Ni2+ and Ni3+ into the 
perovskite structure, the photoelectron peaks of Ni species were not 
detected on the surface of the fresh and spent catalysts. It has, however, 
been reported in literature that the peaks between 855 and 853 eV 
belong to Ni2+ and Ni3+ species which in this instance overlaps with La 
3d3/2 photoelectron peaks [45]. Furthermore, it can be seen from the 
spectrum in Fig. 8b that Cu 2p exhibits a photoelectron peak at 933.6 eV 
attributed to Cu 2p3/2. The satellite peak between 946 and 940 eV as 
well as the peak at 954 eV suggest that Cu2+ is the dominant species in 
the catalysts which is consistent with the H2-TPR results observed in 
Fig. 3 [46]. Interestingly, no Cu photoelectron peaks were observed in 
the spent LaNi0.5Cu0.5O3 catalyst which may allude to surface coverage 
by the carbon fibres observed in Fig. 6 [47]. Indeed, as shown in Table 3, 
92% of the surface on the spent catalyst consists of atomic carbon 

compared to 37.3% in the fresh catalyst. 
The O 1 s spectrum of the fresh LaNi0.5Cu0.5O3 is shown in Fig. 8c. 

The spectrum was deconvoluted to four main peaks with distinct BEs: 
533.3 eV which is due to the photoelectrons from O atoms in phys
isorbed moisture on the surface (Omoisture); 531.4 eV due to chemisorbed 
surface carbonate species in the basic A sites of the perovskite (Oads); 
529.1 and 528.3 eV which are assigned to metal oxides where oxygen 
atoms in the lattice of the structure are bonded to the cations (Olatt) [30, 
45,48]. The Oads species, chemisorbed surface oxygen, are generally 
attributed to oxygen vacancies which are more reactive than Olatt spe
cies [49]. Therefore, the surface concentration ratio of the more reactive 
Oads was calculated as a proportion of the atomic concentration over the 
total oxygen concentration i.e. Oads/Oall. The latter was found to be 
61.1% in comparison to a cumulative 33% (Olatt) and 5.9% physisorbed 
oxygen, Table 3. In the XPS spectrum of the spent catalyst, 100% of the 
O1s peaks belonged to the Oads species, at 532 eV, albeit the overall 
atomic concentration decreased to 6.4% from 46.7% in the fresh cata
lyst. Indeed, the Olatt species bonded to the cations were not detected on 
the surface which is consistent with the decrease in La3+ surface con
centration from 21% to 1.4% whereas no Cu2+ was detected in the spent 
catalysts. The formation of the carbon nanofilaments observed in 
Figs. 6–7 are further corroborated by the C 1 s XPS spectrum in the spent 
catalyst where a well-defined peak at 284 eV indicative of sp2 hybrid
ized graphitic-type carbon was observed, Fig. 8d [47]. This observation 
is consistent with the high surface composition of carbon as shown in 
Table 3. 

3.5.3. Effect of temperature 
The decomposition of CH4 to H2 and solid nanocarbons is an endo

thermic reaction as can be seen from Eq. 5 [50]. As such, an increase in 
temperature is expected to result in an increase in CH4 conversions. As 
shown in Fig. 9, a decrease in reaction temperature had the expected 
result of a decline in CH4 conversion. The stability of the catalyst under 
these conditions is evident, with very little loss in activity. For the tests 
run at 700 ◦C, the conversion decreased from a peak of 74–69%, while in 
the test at 800 ◦C dropped from 89% to 82%. Interestingly, for the re
action at 900 ◦C, there was no decrease in the conversions, as it main
tained the same conversion over the entire evaluation period. The effect 
of temperature on CH4 decomposition has also been investigated by 
Suelvels et al. where an increase in reaction temperature from 550 ºC to 
700 ºC resulted in an increase in CH4 conversions from 10.2% to 31.2%. 
However, at higher temperatures, the rate of carbon deposition in
creases which deactivates the catalysts [37]. Furthermore, a similar ef
fect of temperature on CH4 conversion has been previously observed i.e. 
using an LaNiO3 catalyst where Maneerung et al. reported that an in
crease in temperature increased CH4 conversions [31]. The study re
ported CH4 conversions of 42% at 600 ºC, 60% at 650 ºC, 65% at 700 ºC, 
80% at 750 ºC, and 92 ºC at 800 ºC. In addition, Gallego et al. also re
ported CH4 conversion of 60% at 600 ºC which increased to 80% at 700 
ºC using a LaNiO3 catalyst prepared using a self-combustion method,  
Table 4 [22]. Furthermore, Rivas et al. also noted an increase in CH4 

Fig. 6. SEM micrographs of spent LaNi0.5Cu0.5O3 catalyst evaluated at GHSV = 2400 ml/gcat.h, and T = 900 ◦C.  

Fig. 7. (a) TGA, and (b) Derivate TGA profiles of spent LaNi0.5Cu0.5O3 catalyst.  
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conversion with temperature in LaNi0.95Rh0.05O3 catalysts from 28% at 
450 ºC and 200 h− 1 to 50% at 650 ºC and 100 h− 1. A similar effect of 
temperature was observed for a co-precipitated LaNiO3 catalyst where 
CH4 conversion of 15% at 450 ºC increased to 30% at 650 ºC [38]. 

CH4 ↔ 2H2 +CsΔH = + 74.9kJ/mol (14) 

The thermodynamic limit for the decomposition of CH4 to H2 was 
modelled using HSC Chemistry software, 1 mol of CH4 was used as a 
feed, and stepwise increments for temperature up to 1000 ºC, Fig. 10. 
The data was compared with average conversion at each temperature 
from the experimental results, Fig. 9. The experimental conversions of 
catalysts tested was very close to the thermodynamic limit for the set 
temperature, at a given GHSV. 

4. Conclusion 

In this work, the thermocatalytic decomposition of CH4 to produce 

COx-free H2 was studied by investigating the effect of partial substitution 
of Cu into a LaNiO3 perovskite catalyst which was tested under various 
Cu loadings, GHSV’s and temperatures. It was found that increasing Cu 
loading to 50% in LaNi0.5Cu0.5O3 catalysts and decreasing GHSV en
hances CH4 conversion and stability with minimal deactivation. An 

Fig. 8. XPS spectra of (a) La 3d in fresh and spent catalyst, (b) Cu 2p in fresh catalyst, (c) O 1 s in fresh catalyst, and (d) C 1 s in spent catalyst.  

Table 3 
XPS surface composition and oxygen ratio of fresh and spent LaNi0.5Cu0.5O3 
catalyst.  

LaNi0.5Cu0.5O3 

catalyst  

At (%) Surface oxygen 
percentage (at%)a 

La Ni Cu O C Oads/Oall 

Fresh 11.2 ndb 4.8 46.7 37.3 61.1 
Spent 1.3 nd nd 6.4 92 100  

a Oall = Omoisture + Oads + Olatt 
b nd = not detected 

Fig. 9. CH4 conversions of LaNi0.5Cu0.5O3 catalysts at various temperatures. 
GHSV = 2400 ml/gcat.h. 
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increase in the testing temperature also increases CH4 conversions. 
Noteworthy, when compared to Cu loading and temperature, GHSV was 
found to have the most pronounced improvement in CH4 conversions. 
The conversion enhancement reached 92% which was sustained for over 
more than 20 hours of the catalyst on stream, even under a pure flow of 
CH4. Furthermore, XPS revealed high oxygen vacancies in the catalyst 
which may explain the comparatively large increase in CH4 conversions 
and stability which resulted in carbon nanofibers observed using SEM, 
XPS, and TGA. The results indicate that from a pure stream of CH4, 
sustainable, COx-free, low-carbon or “turquoise” hydrogen can be pro
duced without significant deactivation of the perovskite catalyst. 
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