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Cu-doped LaNiO3 perovskite catalyst for DRM:
revisiting it as a molecular-level nanocomposite†

Akbar Hossain,a Kalyan Ghorai, a Trilochan Bhunia,a Jordi Llorca, b

M. Vasundhara, c Parthasarathi Bera, d Aathira Bhaskaran,e Sounak Roy, e

Md. Motin Seikh f and Arup Gayen *a

Dry reforming of methane (DRM) was extensively studied on Cu-doped LaNiO3 catalysts. The main

findings of this work are as follows: (i) thermal switching of the catalyst phase between the parent

perovskite and molecular-level nanocomposite of individual components formed in situ during DRM,

(ii) reusability of the catalyst with enhanced activity, and (iii) regeneration of the catalyst phase at a lower

temperature than that required for the formation of the parent perovskite. The present investigation

provides an extensive analysis and understanding of the DRM reaction using Cu-doped LaNiO3

compared to the result reported by Moradi et al., (Chin. J. Catal., 2012, 33, 797–801) and hence provides

new insights into its catalytic activity. Phase-pure LaNi1�xCuxO3 catalysts, specifically LaNi0.8Cu0.2O3,

exhibited high catalytic activity towards the DRM reaction (97% CH4 and 99% CO2 conversion with an

H2/CO ratio of B1.4–0.9). Remarkably, although the initial perovskite phase primarily decomposed into

its component phases after DRM, its catalytic activity was barely affected and maintained even after

100 h. The regeneration of the initial perovskite from the disintegrated binary phases via annealing at

temperatures even lower than the synthesis temperature together with the amazing retention of

activity was very intriguing. The parallel activity of the pristine perovskite and its degraded binary mix-

tures makes it difficult to identify the actual components responsible for the DRM activity.

Accordingly, we have explained the sustained activity of the degraded perovskite catalyst in the context

of nanocomposite formation at the molecular level in the reforming atmosphere with the availability of

Ni0 and NiO, as revealed by the thoroughly characterized samples in the as-prepared, aged, and

regenerated forms.

1. Introduction

Energy generated from fossil fuels is limited compared to the
demand of daily activities in modern life, making it necessary to
explore other possible sources of energy. Furthermore, the indis-
criminate use of fossil fuels has resulted in an imbalance in the

environment. Especially, greenhouse gases, predominantly CH4

and CO2, produced from the burning of fossil fuels threaten
human health. According to extensive research carried out in
the last several years, green H2 energy can be one of the potential
substitutes for fossil fuels. Currently, hydrogen energy is regarded
as a future energy source owing to its extremely ecofriendly nature
and high energy output. For the production of H2, a number of
catalytic processes are available, including dry reforming of
methane (DRM), steam reforming of methane (SRM), photoche-
mical, photoelectrochemical, and electrochemical processes.
Among them, DRM is one of the most commonly used methods
because of the ease of catalyst synthesis, low cost, and prolonged
catalyst activity. It has the additional benefit of consuming two
significant greenhouse gases (CH4 and CO2) while generating
effective feedstock syngas (H2 + CO) and producing H2 at a
relatively higher rate. In recent years, DRM has attracted the
attention of industrial and academic researchers for its numerous
applications in industry,1,2 environment fields3–7 and academic
studies.8,9 Syngas is used for a variety of purposes, such as H2

production,10–13 diesel production via the Fischer–Tropsch
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method,14,15 preparation of methanol,16–18 and reduction of iron
ore to get sponge iron.19–21 However, the DRM reaction has some
major drawbacks such as coke deposition22–25 and instability of
the catalyst in the reaction atmosphere. The DRM process involves
the following reactions:16,26–32

Methane reforming: CH4 + CO2 2 2CO + 2H2

DH = 247 kJ mol�1 (1)

Reverse water gas shift reaction: CO2 + H2 2 H2O + CO
DH = 41 kJ mol�1 (2)

Methane cracking: CH4 2 C + 2H2 DH = 75 kJ mol�1

(3)

Boudouard reaction: 2CO 2 C + CO2 DH = �172 kJ mol�1

(4)

According to the aforementioned reactions, it can be concluded
that CH4 cracking (eqn (3)) and CO decomposition (eqn (4)) are
the main causes of coke deposition. Among the transition
metal oxide-based catalysts, nickel-containing catalysts are
generally highly active and durable for the DRM reaction. Noble
metal catalysts such as Ru,33–35 Pt,36–38 and Rh39–42 are also
highly active, stable, and produce lower amounts of coke
during DRM. However, although noble metal catalysts show
excellent catalytic activity in DRM, they are not considered
because of their high cost and small-scale availability. Alterna-
tively, transition metal oxide-based catalysts are excellent repla-
cements for noble metal catalysts given that they are more
affordable and widely available. The primary issue with nickel-
based catalysts is that they are prone to coking, which causes
the active phase to quickly deactivate and reduces the reactivity
and durability of the catalysts during the DRM reaction.
Transition metal oxide-based catalysts must also be modified
to increase their catalytic activity, durability, and coke resis-
tance or reduce coke deposition. Due to the crucial role played
by the catalyst in the reaction medium, substantial research has
been conducted globally to develop promising catalyst systems
with high catalytic activity, high durability, and high coking
resistance.

The scientific community has focused on formulating some
suitable modified transition metal-based oxide catalysts such
as perovskite, spinel, hercynite, and pyrochlore for the DRM
reaction. Shahnazi et al. showed the effect of partial substitu-
tion of Ni by Mn in the LaNi1�xMnxO3 perovskite catalyst43

synthesized via ultrasonic spray pyrolysis on the DRM reaction
for 10 h in the temperature range of 600 1C to 800 1C. They
obtained B50% CH4 conversion and 85% CO2 conversion with
an H2/CO ratio of 1.1. The gas hourly space velocity (GHSV) of
the input gases was 15 000 mL gcat

�1 h�1. Jahangiri et al.
synthesized an Fe-substituted LaNiO3 catalyst44 via the sol–gel
method and analysed its catalytic role. They investigated the
activities of the catalyst as a function of temperature in the
range of 600–800 1C. Their results revealed that all the doped
systems were comparatively less active in terms of DRM activity
for 20 h. Kim et al. prepared an LaNi0.34Co0.33Mn0.33O3

catalyst30 modified with Co and Mn at the B site via a

microwave-assisted Pechini method to investigate the role of
tri-metal substitution at the B site, keeping the A site
constant. Almost 92% CH4 conversion was achieved (GHSV =
12 000 mL gcat

�1 h�1), but the activity of the catalyst was only
stable for 14 h. Valderrama et al. reported the synthesis of the
LaNi1�xMnxO3 catalyst,45 doping Mn at the Ni site and tested its
DRM activity. The as-prepared LaNi0.2Mn0.8O3 catalyst showed
the highest activity at 750 1C, reaching CH4 and CO2 conversion
of 77% and 84%, respectively, with an H2/CO ratio close to unity
at GHSV of 15 000 mL gcat

�1 h�1. Hu et al. showed the catalytic
role of the Ni/MgO catalyst in the dry reforming of methane.46

In their report, the observed conversions of CH4 and CO2 were
91% and 98%, respectively, and the H2/CO ratio was 0.92 for
120 h of reaction at GHSV of 60 000 mL gcat

�1 h�1. A similar
study was performed by Song et al. by doping Mo in the
Ni/MgO catalyst.47 Their Ni–Mo/MgO catalyst was durable for
as long as 850 h with 75% CH4 and 80% CO2 conversion
and the H2/CO ratio was reported to be 0.86 at GHSV of
60 000 mL gcat

�1 h�1. Wang et al. reported the DRM
activity of La(CoxNi1�x)0.5Fe0.5O3,48 where the H2/CO ratio was
reported to be 0.92 with CH4 and CO2 conversions of 70%
and 80%, respectively, for x = 0.1 composition at GHSV of
36 000 mL gcat

�1 h�1. In an earlier report, Moradi et al. reported
the catalytic activity in the DRM reaction of Cu-doped LaNiO3

prepared via the sol–gel method using propanoic acid as fuel.49

The 20% Cu-doped sample, LaNi0.8Cu0.2O3, was reported to be
the most active catalyst, converting 73% of CH4 and 90% of CO2

with an H2/CO ratio of 0.8. However, they tested their catalyst
for only 20 h and the decomposition of the parent Cu-
substituted perovskite to individual oxides and metallic Ni
was observed. Also, further studies on this catalyst system
pertaining to its phase regeneration, i.e., its long-term durabil-
ity pattern, were not performed, which was supposed to show
high DRM activity. In this regard, it will be worth exploring Cu-
doped LaNiO3 catalysts for their DRM activity in detail by
synthesizing materials via various routes. Thus, in this study,
extensive characterization of the pristine, aged and regenerated
catalysts was carried out to understand the origin of their
activity and establish structure–activity correlations. The find-
ings indicated that the catalyst synthesized via the sol–gel route
was superior to that prepared via the solution combustion
synthesis and conventional ceramic processes. It was also
observed that the DRM activity was sustained even after decom-
position of the pristine catalysts into simple binary oxides of
their constituent elements together with metallic nickel, result-
ing a molecular-level nanocomposite a couple of hours after the
commencement of the catalysis reaction. Most importantly,
the starting catalyst phase could be easily regenerated from
the decomposed phases through in situ oxidation at a tempera-
ture lower than that required for the synthesis of the parent
perovskite. This reversibility of the pure and decomposed
phases of the aged catalyst by in situ thermal treatment is a
remarkable outcome of this study. The origin of these thermally
switchable catalysts with very efficient conversion ability was
explained based on the plausible microstructural viewpoint of
Cu-doped LaNiO3 perovskite catalysts.
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2. Experimental
2.1. Chemicals

For the synthesis of the requisite series of LaNi1�xCuxO3 (x =
0.1, 0.2, 0.3, 0.4, 0.6, and 0.8) materials the corresponding
metal nitrate salts, La(NO3)3�6H2O (Spectrochem, purity
499.99%), Ni(NO3)2�6H2O (Merck, purity 498%), Cu(NO3)2�
3H2O (Sigma Aldrich, purity Z98%), and citric acid monohy-
drate, C6H8O7�H2O (Merck, purity 499%), which served as the
purposed fuel and chelating agent, were used as-received. The
solvent in the synthetic procedure was Millipore water (ultra-
pure water).

2.2. Preparation of materials

Sol–gel synthesis was used to produce a series of LaNi1�xCuxO3

(x = 0.1, 0.2, 0.3, 0.4, 0.6, and 0.8, named CuXLNO, X = 10–80,
the atom percentage of Cu-doping, i.e., X = 100x) perovskite-like
materials, as shown schematically in Scheme S1 (ESI†). Stoi-
chiometrically, the relevant metal nitrates were added to a
beaker containing 50–60 mL of Millipore water, and then
stirred for around 2 h to dissolve the metal nitrates thoroughly
and form a homogeneous solution. To stop the metal ions from
being hydrolysed, the solution was given a 2 mL boost of
concentrated nitric acid. Subsequently, the homogenous
solution was stirred, while a stoichiometric amount of citric
acid monohydrate was added to the solution, which served as a
chelating agent and fuel (metal : citric acid = 1 : 4 molar ratio).
Specifically, for the preparation of Cu20LNO, 1.763 g of
La(NO3)3�6H2O, 0.196 g of Cu(NO3)2�3H2O, 0.947 g of
Ni(NO3)2�6H2O, and 7.6905 g of C6H8O7�H2O were added. After
vigorous swirling, the resultant solution was left overnight to
form a homogenous mixture. The metal–citrate gel was formed
by heating it to 80–100 1C for around 50 min, during
which time the water evaporated, where the heating rate was
B10 1C min�1. After completion of evaporation, the xerogel
began to gradually break apart into a fluffy pile. Subsequently,
the fluffy mass was ground to a powder using a mortar and
pestle and calcined at 800 1C for 3 h in static air in a muffle
furnace at a heating rate of 10 1C min�1 to remove the nitrate
residue and other types of impurities, obtaining the appropri-
ate selective samples.

To compare the catalytic activity of the Cu20LNO catalyst,
the solution combustion synthesis (SCS) method was also used
to prepare a catalyst named Cu20LNO SCS. The preparation of
Cu20LNO SCS involved the combustion of a stoichiometric
composition of metal nitrate salts with organic fuel, typically
1.732 g of La(NO3)3�6H2O, 0.1928 g of Cu(NO3)2�3H2O, 0.93 g of
Ni(NO3)2�6H2O, and 2.5 g of organic fuel, oxalyldihydrazide
(C2H6N4O2, ODH) (Merck India) dissolved in the minimum
volume of Millipore water in a borosilicate dish. Then, the
homogenized solution was transferred into a preheated muffle
furnace controlled at B600 1C. Initially, the solution started
boiling with frothing and foaming, leading to the formation of
a fluffy mass within a few minutes after complete dehydration.
Using a mortar and pestle, the fluffy mass was thoroughly
ground into powder to get the Cu20LNO SCS catalyst.

2.3. Characterization

The perovskite phase of the nano-sized perovskites was con-
firmed by powder X-ray diffraction (XRD). The XRD diffraction
pattern of each sample was recorded using a Bruker D8
Advance diffractometer with CuKa radiation (l = 1.5418 Å)
generated at 40 kV and 40 mA using a 1D position-sensitive
LYNXEYE detector at a scan rate of 1 s per step in the 2y range
of 101 to 801.

The textural properties, namely specific surface area (SBET),
pore volume, and pore size (as well its distribution), were
measured using N2 sorption isotherms in an Autosorb iQ2
gas sorption apparatus (Quantachrome Instruments, USA).
Prior to the measurement, the catalyst sample was degassed
at 100 1C for 4 h in a FLOVAC degasser tube under vacuum
(0.3 Torr). The multi-point BET technique was used to calculate
the surface area, while the non-local density functional theory
(NLDFT) approach was used to calculate the pore size distribu-
tion and pore volume of the catalysts.

Field emission scanning electron microscopy (FESEM) and
energy dispersive X-ray analysis (EDX) (JEOL, Model: JSM-
5600LV (Japan)) were used to evaluate the surface morphology
and elemental composition of the catalysts, respectively.

High resolution transmission electron microscopy (HRTEM)
analysis (JOEL, Model: JEM-2100 (Japan)) was performed to
investigate the surface morphology and microstructure of the
catalysts at an accelerating voltage of 200 kV.

Two chosen catalysts were subjected to X-ray photoelectron
spectroscopy (XPS) for surface characterization using a SPECS
spectrometer with an AlKa source (1486.6 eV) operated at 150 W
and a Phoibos 150 MCD-9 detector and analysis chamber with a
pressure below 10�7 Pa. The samples were pressed into pellets
with a diameter of 10 mm and a sample region of 2 mm �
2 mm was examined. The pass energy and energy step of the
hemispherical analyzer were set at 25 eV and 0.1 eV, respec-
tively. A SPECS Flood Gun FG 15/40 was used to stabilise the
charge. With reference to the C 1s binding energy value of 284.8
eV, the data were analysed using the PeakFit v4.12 software.

Thermogravimetric analysis (TGA) was performed using a
PerkinElmer Pyris Diamond TG/DTA instrument to ascertain
the coke deposited on the surface of the aged sample during
the DRM. The sample was heated to 900 1C at a heating rate of
10 1C min�1 in an N2 environment.

2.4. Catalytic activity test

The DRM tests were carried out in a reaction set up fabricated
in our laboratory, the details of which can be found in a recent
report in the literature.50 In short, the DRM reaction was
carried out at 800 1C by adding 100 mg of catalyst (mesh
size of E85–100) in a down flow quartz micro-reactor
placed vertically in a tubular furnace. CH4 and CO2 were
mixed in a 1 : 1 (mol mol�1) ratio using helium as the carrier
gas and a diluting agent (total flow = 56 mL min�1) with
the CH4 : CO2 : He ratio of 1 : 1 : 3.6 to maintain a GHSV of
34 000 mL gcat

�1 h�1. All the gases used for the DRM reaction
were of ultrahigh purity grade (99.999%). The gaseous mixture
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from the reactor outlet was analysed using a quadrupole mass
spectrometer (OMNIStar gas analysis system), which gave the
ion current (A) values against the specific m/z (m = mass of the
gas, z = charge on the ion) value of the component gases (X)
from the gaseous mixture. The CH4 and CO2 conversion values
were calculated using the formula below considering the initial
(i.e., before reaction, AX,in) and steady-state (after B1 h of
reaction at a particular temperature (AX,out) ion current values
for each component X with a fixed m/z value.

% of CH4 conversion ¼
ACH4 ;in � ACH4;out

ACH4;in
� 100 (5)

% of CO2 conversion ¼
ACO2;in � ACO2;out

ACO2;in
� 100 (6)

H2 yield ð%Þ ¼
AH2;out

2ACH4 ;in
� 100 (7)

CO yield ð%Þ ¼ ACO;out

ACH4;in þ ACO2;in

� �� 100 (8)

H2 selectivity ð%Þ ¼
AH2;out

2 ACH4;in � ACH4;out

� �� 100 (9)

CO selectivity ð%Þ ¼ ACO;out

ACH4;in � ACH4;out

� �
þ ACO2;in � ACO2;out

� �

� 100

(10)

The H2/CO ratio was calculated from the ratio of
AH2;out

ACO;out
for

each ion current value. The reproducibility of the experimental
data was verified, which suggested the experimental error was
within �3%. It should be mentioned that there was no need to
rectify the m/z = 28 amu signal for CO2 cracking or the CH4

cracking contribution to the production of H2.

3. Results and discussion
3.1. Powder XRD analyses of the as-prepared perovskite
catalysts

The powder XRD patterns of CuXLNO (X = 10–80) are presented
in Fig. 1, where it is evident that up to x = 0.6, the pure
perovskite phase was achieved. Subsequently, the anticipated
perovskite phase appeared together with certain impurities,
including NiO, CuO, and La2O3, as the concentration of Cu
increased. The diffraction peaks of the primary LaNi1�xCuxO3

phase are observed at the 2y values of 23.21, 32.71, 33.41, 41.41,
42.31, 47.21, 52.61, 53.21, 58.61, 59.51, 68.61, 69.71, 781, and
79.41, which match the lattice planes of (012), (110), (104),
(202), (006), (024), (122), (116), (214), (018), (220), (208), (134),
and (128), respectively, of the perovskite (JCPDS PDF2 #
880633). The Scherrer sizes of the as-prepared LNO, Cu10LNO,
Cu20LNO, Cu30LNO, Cu40LNO, Cu60LNO, and Cu80LNO sam-
ples are 16.2, 23.9, 24.2, 23.3, 17.4, 56, and 63 nm, respectively.
The peaks at the 2y values of 27.31 and 31.21 correspond to

La2O3, at 43.21 to NiO and 36.21, 39.41 and 491 to CuO
impurities. No impurity phases were detected at lower
Cu-doping. However, the impurity-related peaks became appar-
ent at higher Cu-doping percentages over 60%.

3.2. Screening of materials for DRM

All the as-prepared samples were subjected to an initial cataly-
tic activity test for 10 h to determine the best catalyst and
their catalytic activity is shown in Fig. 2(a)–(c). The CH4 con-
version by the as-prepared LNO, Cu10LNO, Cu20LNO,
Cu30LNO, Cu40LNO, Cu60LNO, and Cu80LNO samples was
72%, 92%, 97%, 93%, 92%, 80%, and 77%, respectively. The
corresponding CO2 conversion by the samples was 85%, 95%,
99%, 97%, 93%, 91%, and 90%, respectively. In all cases, the
H2/CO ratio for this catalytic reaction was found to vary from
0.6 to 1.9. Thus, it is evident that all the doped catalysts showed
superior DRM catalytic activities to the parent LNO system,
which followed the order of Cu20LNO 4 Cu30LNO 4
Cu40LNO 4 Cu10LNO 4 Cu60LNO 4 Cu80LNO 4 LNO.
Thus, by partially replacing Ni with Cu in LaNiO3, all the as-
prepared catalysts belonging to the perovskite series demon-
strated higher catalytic activities than the parent LNO, among
which Cu20LNO showed the highest activity toward DRM. In
this regard, the atomic percentage of Cu-doping was
significant.

To shed further light on the Cu20LNO perovskite catalyst
system and determine its durability in the reforming atmo-
sphere, a constant 100 h DRM reaction was conducted using
this catalyst. The CH4 conversion, CO2 conversion, and H2/CO
ratio of the Cu20LNO catalyst are shown in Fig. 2(d)–(f) for
100 h DRM reaction, respectively. According to the conversion
graph, Cu20LNO demonstrated the remarkable conversion of
97% for CH4 and 99% for CO2 over the duration of DRM
reaction lasting 100 h, with the H2/CO ratio ranging from
1.4 to B0.9. The fact that the H2/CO ratio first exceeded unity
indicates the existence of the Boudouard reaction (eqn (4)),
where CO was transformed to carbon and carbon dioxide. As a
result, the total amount of CO was reduced and the H2/CO ratio

Fig. 1 Powder XRD patterns of as-prepared CuXLNO (X = 10–80, the
atom percentage of Cu doping) perovskite materials.
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reached 1.4 within the first 10 h of the reaction. Coke deposi-
tion in the reaction medium often causes the reaction to slow
down, but the Boudouard and reverse Boudouard reactions
occur simultaneously, efficiently supporting the catalytic activ-
ity of the catalyst in the reaction medium. As projected, the H2/
CO ratio gradually approached unity. The H2/CO ratio value
greater than unity was also thought to originate from the
methane cracking process. However, in that case, there should
have been a decrease in methane conversion due to hindrance
by coke formed via cracking, as previously reported in the
literature.50 The fact that the deposited coke had no effect on
the reaction activity suggests that the Boudouard reaction is the
key factor for a higher H2/CO ratio rather than methane
cracking. The yield of H2 was in the range of 87% (at the
beginning of reaction) to 78% at the end of 100 h DRM
reaction, whereas the CO production varied from 85% to 79%
during this time on stream activity. The variation in H2 selec-
tivity was minimal, maintaining an average value of 92%
with an average CO selectivity of 90%. The reaction was
terminated after 100 h of continuous operation, and the
aged catalyst was cooled in a helium atmosphere to room

temperature. To determine the changes in the catalyst after
the DRM reaction and comprehend the structure–activity cor-
relation, the aged catalyst was characterized thoroughly and
compared with the as-prepared catalyst (Table 1).

The apparent activation energies of the reforming reaction
associated with the various forms of Cu20LNO and pristine
LNO were calculated to correlate them with the activity data. In
the kinetic investigations, the fixed-bed flow reactor was loaded
with 30 mg of catalyst that had been diluted with 70 mg of
purified silica of the same mesh size (85–100), keeping the

Fig. 2 Catalytic activities of as-prepared CuXLNO (X = 0–80) perovskite materials for 10 h (upper panel) and 100 h (middle panel) of the DRM reaction:
(a) and (d) CH4 conversion, (b) and (e) CO2 conversion, (c) and (f) H2/CO ratio, and (g) and (h) H2/CO yield and selectivity, respectively (reaction
conditions: CH4 : CO2 : He = 1 : 1 : 3.6, GHSV = 34 000 mL gcat

�1 h�1, 800 1C).

Table 1 DRM reaction data of as-prepared catalysts

Catalyst

CH4 conversion (%) CO2 conversion (%) H2/CO ratio

10 h 100 h 10 h 100 h 10 h 100 h

Cu10LNO 92 — 95 — 1.7 —
Cu20LNO 97 97 99 99 1.4 0.9
Cu30LNO 93 — 97 — 1.5 —
Cu40LNO 92 — 93 — 1.9 —
Cu60LNO 77 — 91 — 1.7 —
Cu80LNO 75 — 90 — 1.4 —
LNO 72 — 85 — 0.7 —
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other experimental conditions unchanged. The temperature
was varied in the range of 400–460 1C to keep the conversion
below 20%. The Arrhenius plots of LNO and the various
Cu20LNO catalysts are shown in Fig. 3. The apparent activation
energies (considering the formation rates of H2 in the above-
mentioned temperature range) calculated from the slopes of
the Arrhenius plots are 105.5 kJ mol�1 for LNO, 81.5 kJ mol�1

for the as-prepared Cu20LNO, 66.7 kJ mol�1 for the aged
Cu20LNO, and 74.8 kJ mol�1 for the regenerated Cu20LNO
(see Fig. 3(a)). Noticeably, the calculated apparent activation
energies for the production of CO were comparatively lower
than that for the production of H2, which are 72.7 kJ mol�1

(LNO), 54.0 kJ mol�1 (as-prepared Cu20LNO), 37.3 kJ mol�1

(aged Cu20LNO) and 54.0 kJ mol�1 (regenerated Cu20LNO) (see
Fig. 3(b)). It is evident that pure LNO had the maximum
activation energy (105.5 kJ mol�1 and 72.7 kJ mol�1 for H2

and CO production) and the aged form of the Cu20LNO catalyst
had the lowest activation energy barrier (66.7 kJ mol�1 and
37.3 kJ mol�1 for H2 and CO production) among the different
forms of the catalyst, respectively. Thus, it can be concluded
that once aged, the Cu20LNO catalyst transforms into its most
activated form. Although higher than the aged catalyst, the
regenerated form of the catalyst also has a lower apparent
activation energy value than the as-prepared catalyst.

3.3. Powder XRD analyses of various forms of Cu20LNO
catalyst: relationship with the DRM activity behaviour

Fig. 4 shows the powder XRD patterns of all forms of the
Cu20LNO catalyst. It clearly proves that the characteristic
diffraction pattern of the perovskite phase was completely
suppressed with the appearance of several diffraction peaks
in aged sample. These new peaks correspond to the simple
binary oxide phases, as assigned in the figure, which obviously
emerged due to the degradation of the original perovskite
phase. It can also be pointed out that the same structural
transformation (powder XRD patterns not included here) was
observed after 10 h of reaction. These phases exactly corre-
spond with ICDD PDF # 831349 for La2O3 (*), 897128 for Ni (J),
140481 for NiO (K), 782076 for CuO (}), and 832034 for

La(OH)3 (’). Numerous studies have demonstrated that the
catalyst typically breaks down into its component oxides in the
reaction environment,26,35,37–43 losing its parent oxide phases.
For instance, the catalyst of the same composition45 broke
down into its separate oxide phases together with metallic
nickel in the reaction environment. The decomposed compo-
nents were identified to be La2O3 (*), as presented by the peaks
at 2y values of 26.21, 281, and 48.71, CuO (}) at 2y values of 36.21
and 42.41, NiO (K) at 2y values of 31.71, 44.21, 51.61 and 55.31
and metallic nickel at a 2y value of 44.31. However, their study
was not focused on regenerating the aged catalyst and its
catalytic behaviour and the issue of repeated usability. The
desirable feature of the Cu20LNO catalyst system in the present
study is that the aged (in the DRM reaction environment)
catalyst formed by the decomposition of the primary phase
could be regenerated completely by heating in static air for 3 h
(see Fig. 4). Thus, it is expected that the parent perovskite phase
and the fragmented phase formed from the decomposition of
the parent oxide into distinct individual oxide phases together
with metallic nickel will exhibit comparable activity behaviour,
as shown later.

Fig. 3 Arrhenius plots for the production of (a) H2 and (b) CO for LNO, as-prepared Cu20LNO, aged Cu20LNO, and regenerated Cu20LNO catalysts
(reaction conditions: CH4 : CO2 : He = 1 : 1 : 3.6 and GHSV = 113 300 mL gcat

�1 h�1).

Fig. 4 Powder XRD patterns of as-prepared, aged, and regenerated
Cu20LNO perovskite catalysts.
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The aged and regenerated Cu20LNO catalysts possessed
Scherer sizes of 13 and 23.4 nm, respectively. Thus, the increase
in surface area (from 35 to 54 m2 g�1 on ageing) values from the
BET measurement (discussed in Section 3.4) is well supported
by the shrinkage of the size of the catalyst in the DRM reaction
environment.

Structural refinement of the powder XRD patterns of the two
phases was carried out to evaluate the structural identities of
the pristine and regenerated phases. The FullProf Suite soft-
ware was used to refine the XRD patterns. To properly index
both the pristine and regenerated phase patterns during ana-
lysis, the rhombohedral (R%3c) space group was needed. The
absence of any signs of extra reflection in the refined patterns
confirms their phase purity. Fig. 5 displays the refined patterns
of the pristine and regenerated samples. The phase identities of
the pristine and regenerated samples obtained by the refine-
ment results are consistent with accounts in the literature.
Table 2 provides the structural and refinement parameters for

both phases. It is apparent that the peaks in the diffraction
pattern of the regenerated phase of the catalyst are not as
intense as in the pristine phase. This is merely due to the
amount of sample used for diffraction, given that a smaller
quantity of regenerated sample was used. This supports the
structural congruity between the pristine and regenerated
phases, as reported in our earlier article.50

Subsequently, the regeneration of the catalyst was done
in situ to further guarantee that the catalytic activity remained
the same after its regeneration. Firstly, we performed the DRM
test on the Cu20LNO sample for 10 h at 800 1C. After stopping
the reaction, the gas lines were cleaned with helium (He) gas for
30 min. Then, the catalyst was regenerated at 800 1C (giving
more importance to the synthesis temperature) for 3 h with
zero air flow in place of the He gas flow. Fig. 6 presents the
catalytic activity data of the as-prepared and regenerated
Cu20LNO catalysts, suggesting the near complete retention of
activity on regeneration. The activity test of the regenerated
Cu20LNO was done using similar reaction conditions, where it
must also be noted that regeneration at even lower tempera-
tures of 600 1C and 700 1C resulted in similar activity (shown in
Fig. 13), which is quite intriguing. Given that the H2/CO ratio of
the as-prepared catalyst was greater than unity, it suggests the
presence of the Boudouard reaction, which converts CO into
carbon and carbon dioxide. Consequently, within the first 10 h
of the reaction, the H2/CO ratio reached 1.5 and the overall
amount of CO decreased. However, the H2/CO ratio progres-
sively approached unity for the 100 h reaction.50 In the case of
the regenerated catalyst, the H2/CO ratio varied from 1.3 to 1. In
this case, the Boudouard reaction was predominant over the
reverse water gas shift reaction (RWGS) during the initial hours.
However, after B5 h of the commencement of the reaction, the
H2/CO ratio reached close to unity, indicating the lower extent
of both the side reactions (see Fig. 6).

Thus, in the perovskite catalyst system further evaluated in
this investigation, the intimate mixture at the molecular level of
individual oxides and metallic nickel corresponding to the

Fig. 5 Rietveld powder XRD patterns of (a) as-prepared and (b) regener-
ated Cu20LNO catalysts. The experimental data, computed pattern, dif-
ference curve, and Bragg position are represented by the open red circles,
black lines, bottom blue lines, and vertical magenta bars, respectively.

Table 2 Structural and Rietveld refinement parameters of the Cu20LNO (LaNi0.8Cu0.2O3) perovskite catalyst material in the as-prepared and
regenerated forms

Catalyst Cell parameter Bond length (Å) Bond angle (1) Atomic coordinate

Cu20LNO a = 5.460 Å Ni/Cu–O: 1.943(9) Ni/Cu–O–Ni/Cu: 162.22 Atom x y z
As-prepared b = 5.460 Å La 0.00000 0.00000 0.25000
Rhombohedral c = 13.167 Å Ni 0.00000 0.00000 0.00000
R%3c V = 339.98 Å3 Cu 0.00000 0.00000 0.00000

g = 1201 O 0.55500 0.00000 0.25000
RBragg = 3.32%
Rf = 2.36%
w2 = 2.75

Cu20LNO a = 5.465 Å Ni/Cu–O: 1.944(0) Ni/Cu–O–Ni/Cu: 162.50 La 0.00000 0.00000 0.25000
Regenerated b = 5.465 Å Ni 0.00000 0.00000 0.00000
Rhombohedral c = 13.161 Å Cu 0.00000 0.00000 0.00000
R%3c V = 340.42 Å3 O 0.55410 0.00000 0.25000

g = 1201
RBragg = 6.11%
Rf = 3.39%
w2 = 3.20
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pristine perovskite phase is the actual performer in the
observed DRM activity under the selected reaction conditions.
We coined the terminology ‘‘molecular-level nanocomposite
perovskite’’ catalyst for this intimate mixture of component
phases. The molecular-level nanocomposite formed by the
individual oxides together with metallic nickel is what we
propose to be responsible for the observed high DRM activity
behaviour. Under the chosen reaction conditions, this nano-
composite is the actual performer in the perovskite catalyst
system in enhancing the DRM activity, while other oxides such
as La2O3 act as a support30,32,48–50 and CuO promotes the DRM
activity inside the reaction medium.49 The decomposition-
regeneration process is reversible given that the aged catalyst
phase can be restored to its pristine perovskite phase. A
reforming atmosphere mediated the first phase, while a calci-
nation step mediated the second phase.

3.4. BET surface area analyses

Fig. 7 displays the BET N2 adsorption–desorption isotherms of
the as-prepared CuXLNO (where X = 10, 20, and 30) and aged
and regenerated Cu20LNO materials and the corresponding
inset contains their pore size distribution graphs. Table 3
includes the surface areas, pore volumes, and pore size dis-
tributions of the catalysts. The N2 gas adsorption–desorption
isotherms of the as-prepared, aged, and regenerated Cu20LNO
catalysts, which ranged from P/P0 values of 0 to 1, revealed that
the amount of N2 gas adsorbed was lower at a low relative
pressure and progressively increased at a high relative pressure,
indicating the formation of a type IV isotherm with an H3-type
hysteresis loop. The surface areas of the Cu10LNO, Cu20LNO,
Cu30LNO, aged Cu20LNO, and regenerated Cu20LNO catalysts
were determined to be approximately 26, 35, 31, 54, and
51 m2 g�1, respectively. Compared to all the other catalysts in
the series, Cu20LNO possessed the maximum surface area,
which contributes to its maximum DRM activity. After ageing
in the reaction media, the surface area of the Cu20LNO catalyst
increased to 54 m2 g�1 from 35 m2 g�1. This may be because the
catalyst cracked down into its constituent oxide components
and its particle size decreased to 13 nm, which was confirmed
by additional XRD analysis. An increased surface area in the
DRM atmosphere is crucial for improving methane conversion.

The regenerated catalyst possessed an increased surface
area of 51 m2 g�1. The high catalytic activity of this form of
the catalyst is well-supported by its increased surface area in
comparison to the as-prepared catalyst.

To gain better insight, the production rates of H2 and CO
were calculated per unit area and per unit mass of catalyst (see
Table 3). Based on the BET specific surface area, the aged
Cu20LNO catalyst exhibited the lowest H2 and CO production
rates of 0.100 � 10�3 and 0.096 � 10�3 mol h�1 m�2 g owing to
its highest surface area (54 m2 g�1), respectively. In contrast,
the Cu10LNO catalyst possessed the lowest surface area
(26 m2 g�1) with the maximum H2 and CO production rates
of 0.195 � 10�3 and 0.189 � 10�3 mol h�1 m�2 g, respectively.
As discussed in the screening of the catalysts (Section 3.2), the
Cu10LNO and Cu30LNO catalysts could convert a maximum of
B93% methane, and hence were not considered further in the
DRM tests. The conversion of methane at the experimental
temperature of 800 1C was the same for the different forms of
Cu20LNO, and the H2 and CO production rates were also similar
with values of 53.5 � 10�3 and 51.5 � 10�3 mol h�1 g�1,
respectively.

3.5. FESEM analyses

The surface morphologies and elemental contents of the as-
prepared, aged, and regenerated catalysts were examined using
FESEM microscopic analysis. According to the FESEM studies,
it was observed that Cu20LNO existed as a highly aggregated
combination of cubic, spherical, and hexagonal shaped nano-
particles, as presented in Fig. S1(a)–(d) (ESI†). The morphology
of the aged Cu20LNO sample is shown in Fig. S1(g)–(j) (ESI†).
The morphology of the aged catalyst was altered from its initial
shape to a semi-spherical or rod shape, which may be the result
of the catalyst decomposing or the catalyst sample being
reduced in the reaction atmosphere. It should be noted that
the aged sample contained some aggregated Cu20LNO, which
had a spherical shape. The surface morphology of the regener-
ated Cu20LNO catalyst resembles that of the as-prepared
catalyst, as shown in Fig. S1(k)–(n) (ESI†). The smooth surface
of the catalyst was regained upon its regeneration. It was found
that the regenerated Cu20LNO catalyst was a highly aggregated
combination of nanoparticles with hexagonal, spherical, and
cubic shapes based on the FESEM experiments. The EDX

Fig. 6 (a) CH4 conversion, (b) CO2 conversion, and (c) H2/CO ratio of the as-prepared and in situ regenerated Cu20LNO catalyst materials for 10 h of
DRM reaction (reaction conditions: CH4 : CO2 : He = 1 : 1 : 3.6, GHSV = 34 000 mL gcat

�1 h�1, 800 1C).
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analysis of the as-prepared, aged, and regenerated Cu20LNO
samples indicated the presence of La, Cu, Ni, and O elements,
as shown in Fig. S1(e), (f) and (o) (ESI†). The as-prepared

Cu20LNO catalyst material was observed to possess a smooth
and transparent surface, whereas the smoothness of the aged
sample decreased, which was probably because the catalyst was

Table 3 Textural characteristics of different CuXLNO (where X = 10, 20, and 30), aged and regenerated Cu20LNO catalysts with the production rates of
H2 and CO per unit area (BET specific surface area) and per unit mass of the catalyst

Catalyst
Specific surface
area (m2 g�1)

Pore volume
(cm3 g�1)

Pore
size (nm)

Production rate of H2 � 103 Production rate of CO � 103

(mol h�1 m�2 g) (mol h�1 g�1) (mol h�1 m�2 g) (mol h�1 g�1)

Cu10LNO 26 0.073 1.58 0.195 50.7 0.189 49.3
Cu20LNO 35 0.101 1.58 0.152 53.5 0.146 51.5
Cu30LNO 31 0.071 1.58 0.165 51.3 0.163 50.4
Aged Cu20LNO 54 0.144 1.38 0.100 53.5 0.096 51.5
Regenerated Cu20LNO 51 0.139 1.36 0.104 53.5 0.100 51.5

Fig. 7 N2 adsorption–desorption isotherms and pore size distribution curves (in the inset) of (a) Cu10LNO, (b) Cu20LNO, (c) Cu30LNO, (d) aged
Cu20LNO, and (e) regenerated Cu20LNO.
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being reduced as it aged. It was observed that the smooth
surface of the catalyst reappeared upon the regeneration of the
aged catalyst.

3.6. HRTEM analyses

The microstructures of the as-prepared and aged Cu20LNO
were examined by TEM and HRTEM investigations and the
results are presented in Fig. 8. It can be observed from this
figure that the as-prepared Cu20LNO has an uneven spherical
and hexagonal morphology, as well as some cube-like particles
according to Fig. 8(a), in contrast to its altered granular-like
grouped asymmetrical sphere morphology, shown in Fig. 8(e),
as it is aged in the DRM reaction medium. A lattice fringe (d
spacing) of 0.272 nm, which corresponds to the (110) lattice
plane of the Cu20LNO catalyst, can be seen in the HRTEM
image (Fig. 8(c)) of the as-prepared Cu20LNO sample. The
obtained data matches well with the XRD result of pure
Cu20LNO. Alternatively, the (102) NiO lattice plane corresponds
to the 0.23 nm lattice fringe and the 0.27 nm lattice fringe is
attributed to the (002) lattice plane of La2O3 in the aged
Cu20LNO sample, as displayed in Fig. 8(g). The XRD examina-
tion of the Cu20LNO sample obtained after the DRM reaction
further supports this result, which shows that pure Cu20LNO
transformed into various oxide phases following the DRM
reaction. The selected area electron diffraction (SAED) pattern
of the pure Cu20LNO catalyst is shown in Fig. 8(d) and the
corresponding lattice planes of the aged Cu20LNO catalyst are
indicated in its SAED pattern, as demonstrated in Fig. 8(h). No
clear signature of carbon nanotubes is observed from the
HRTEM analysis.

3.7. XPS analyses

To comprehend the components present and their oxidation
states in the freshly prepared and aged Cu20LNO samples, XPS
investigations were conducted and the results are presented in

Fig. 9. The as-prepared, aged, and regenerated Cu20LNO cata-
lysts contain La, C, O, and Cu according to the XPS survey
spectra (not shown). The Ni 2p3/2 core level peak cannot be seen
properly as it overlaps with the La 3d3/2 core level peaks.
However, Ni 2p1/2 core level peak together with its satellite
peak was observed in the survey spectra of all the catalysts.

The La 3d and Ni 2p core level spectra of the as-prepared,
aged, and regenerated Cu20LNO were recorded simultaneously
due to the overlap of their La 3d3/2 and Ni 2p3/2 core level
regions, as shown in Fig. 9(a). A relatively strong peak at around
855 eV compared to the surrounding peaks is observed in the
spectra of catalysts, which suggests the presence of Ni species
in the La 3d core level area. The La 3d core level region of the as-
prepared catalyst shows La 3d5/2,3/2 doublet peaks at 835.2 and
851.9 eV, respectively, which correspond to La(OH)3 species
present in the catalyst. The observed significant tail peaks with
considerable intensities at around 833.6 and 850.2 eV are
attributed to La2O3. These values are in good agreement with
the literature.51,52 These doublet peaks are associated with
several initial and final states related to 3d94f1 (lower binding
energy) and 3d94f0 (higher binding energy). The broad intense
peak at around 855.0 eV is composed of both the La 3d3/2 3d94f0

final state of the La3+ species and Ni 2p3/2 of the Ni3+

species.51,53 The broad intense peak at 863.5 eV contains
satellite peaks of Ni3+ and La3+. The peaks at 872.2 and
880.4 eV are attributed to Ni 2p1/2 of the Ni3+ species and
related satellite, respectively. In the case of the aged catalyst,
the nature of the La 3d + Ni 2p spectral region is slightly
different from that of the pristine catalyst. The intense 3d5/2

peak at 835.4 eV signifies the existence of La(OH)3 species on its
surface. There is a small tail peak at 833.9 eV related to La2O3.
In the XRD pattern of the aged catalyst, the peak due to La(OH)3

is observed, which agrees well with the XPS observations of the
aged catalyst.51,52 The decrease in the relative intensity of the
peak at around 855 eV and low-deep valley at around 853.4 eV

Fig. 8 (a) and (e) TEM images, (b) and (f) HRTEM images, (c) and (g) zoomed portion of HRTEM images and (d) and (h) SAED patterns of as-prepared and
aged Cu20LNO catalysts.
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compared to that of the as-prepared catalyst indicates the
presence of reduced Ni species such as Ni metal and Ni2+ on
the surface of the aged catalyst formed during DRM reaction,
which is consistent with the powder XRD findings (see Fig. 3).
The La 3d core level spectrum of the regenerated catalyst looks
similar to that of the as-prepared catalyst. However, the peaks
related to La(OH)3 at 835.3 and 852.0 eV became prominent,
which is due to the regeneration process of the catalyst.
Fig. 9(b) displays the Cu 2p core level spectra of the as-
prepared, aged, and regenerated catalyst, respectively. It con-
tains a peak at 933.5 eV together with satellite peaks at 941.5
and 943.5 eV, indicating the presence of Cu2+ species.54–56 The
satellite peaks are characteristics of transition metal oxides.
There is no significant change in the Cu 2p spectral feature in
the aged catalyst. However, the catalyst was regenerated, as
evident from the corresponding Cu 2p core level spectrum of
the regenerated catalyst. Further, the Cu2+ peaks are found to
be intense and sharp compared to that of the as-prepared
catalyst, which is attributed to the regeneration process of the
catalyst, as observed in the La 3d + Ni 2p spectra. The C 1s core
level spectra of the as-prepared, aged, and regenerated
Cu20LNO catalysts indicate presence of different carbon spe-
cies on the catalyst surface, as displayed in Fig. 9(c). Corre-
spondingly, the core level peaks at 284.9, 286.2, and 289.1 eV
are associated with C–C/C–H, C–O, and carbonate species
(CO3

2�). The intensity of the C–O species gets increased at
the cost of carbonate species in the aged catalyst. There is no
significant change in the C 1s core level spectrum of the

regenerated catalyst with respect to the as-prepared catalyst,
confirming the regeneration of the catalyst.50 The O 1s
core level spectra of the as-prepared and aged Cu20LNO cata-
lysts are broad, whereas the regenerated catalyst shows a
distinct peak in the low binding energy region, as presented
in Fig. 9(d). The peaks observed at 528.6, 530.5, 531.7, 532.5,
and 533.4 eV are associated with La–O, Cu–O, adsorbed hydro-
xyl (OH�), adsorbed carbonate, and adsorbed water species,
respectively.57,58 In the regenerated catalyst, the presence of the
intense and separated La–O peak is because of the regeneration
process of the aged catalyst.

The relative surface concentrations of La, Ni, and Cu of the
as-prepared, aged, and regenerated catalysts were estimated
using the following relations:59

CLa ¼

ALa

sLalLa
ALa

sLalLa
þ ANi

sNilNi
þ ACu

sCulCu

(11)

CNi ¼

ANi

sNilNi

ALa

sLalLa
þ ANi

sNilNi
þ ACu

sCulCu

(12)

CCu ¼

ACu

sCulCu
ALa

sLalLa
þ ANi

sNilNi
þ ACu

sCulCu

(13)

Fig. 9 XPS profiles of (a) La 3d + Ni 2p, (b) Cu 2p, (c) C 1s, and (d) O 1s core level regions of the different forms of the Cu20LNO catalyst.
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where C, A, s, and l are the surface concentration, peak area,
photoionization cross-section, and mean escape depth, respec-
tively. The integrated areas of the La 3d5/2, Ni 2p1/2, and Cu 2p
peaks were considered to estimate their concentrations,
whereas the photoionization cross-sections and mean escape
depths were obtained from the literature.60,61 The relative sur-
face concentrations (at%) of La, Ni and Cu in Cu20LNO are
shown in Table 4.

It is clear from this table that an increase in the Cu surface
concentration and simultaneous decrease in the La and Ni
surface concentrations were observed in the aged catalyst,
indicating the segregation of Cu on the surface of the aged
catalyst. However, the surface concentrations of La and Ni were
found to increase in the regenerated catalyst.

3.8. Superiority of sol–gel method over ceramic and solution
combustion methods

According to the foregoing findings, it is anticipated that any
synthetic route leading to a nanocomposite of the requisite
components of nanodimensions will show similar DRM beha-
viour. In this case, the question of the activity of a physical
mixture of the catalyst arises. According to the stoichiometry of
the Cu20LNO perovskite, can a finely mixed physical mixture
(PM) of independently synthesised nanosized oxide compo-
nents (Cu20LNO PM) exhibit the same activity as the in situ
generated oxide nanocomposites? The catalyst composition
was exactly the same as the nanocomposite that was generated
in situ, and then subjected to a reforming environment above
450 1C, when metallic nickel, the missing component of the
PM, is expected to be formed. The possibility of preparing a
catalyst system corresponding to the perovskite composition by

mixing the component oxides, and then comparing the activity
of this physical mixture (Cu20LNO PM) with the sol–gel made
catalyst was the second factor considered. The La2O3, CuO, and
NiO oxides prepared via a similar sol–gel route50 were mixed
thoroughly in a mortar and pestle for 3 h with the addition of
acetone at intervals. To compare the activity of the physical
mixture with that of the in situ produced catalyst during the
first 10 h of the reforming reaction, one portion was employed
immediately for the DRM process under similar reaction con-
ditions. The other portion of the catalyst was calcined at
1200 1C for 3 h, as followed in the conventional ceramic
method (CM). With a small quantity of NiO as an impurity,
the desired perovskite phase was produced in this sample,
named Cu20LNO CM, according to the XRD analysis (see
Fig. 10(a)). The pure phase of the catalyst was also formed
when synthesized via a one-step solution combustion method
(see Fig. 10(b)).

The DRM activities were tested using the prepared catalysts
with different compositions, namely Cu20LNO, Cu20LNO PM,
Cu20LNO CM and Cu20LNO SCS, under the identical reaction
conditions. It is interesting to note that the sol–gel method is
superior to both the CM and SCS methods. In particular, the
catalyst synthesized via the ceramic approach demonstrated
B70% CH4 conversion and 89% CO2 conversion, with an H2/
CO ratio of 1.3 during the 10 h of DRM reaction (see Fig. 11),
which are much lower than that by the catalyst prepared using
the sol–gel method. Nevertheless, this activity of perovskite
prepared by the ceramic technique is rather remarkable and
unavailable in the literature. The SCS-synthesized catalyst
showed B65% CH4 conversion and B85% CO2 conversion
with the H2/CO ratio of 1.3. Surprisingly, in the case of PM,
almost no DRM activity was observed (data not included in the
figure). After 10 h of DRM reaction, analysis of the powder XRD
pattern of PM did not reveal any indication of metallic nickel.
As a result, Ni0 was only formed during the decomposition of
the perovskite phase, which must be present for the catalyst to
exhibit DRM activity whether it is synthesized via the sol–gel
method, traditional ceramic method or solution combustion.
We already noted that the physical combination of the compo-
nent phases had no beneficial effect on the DRM activity.

Table 4 Surface concentrations (at%) of La, Ni and Cu in the as-prepared,
aged, and regenerated Cu20LNO catalysts

Form of Cu20LNO catalyst

Surface atomic concentration (at%)

La Ni Cu

As-prepared 0.59 0.28 0.13
Aged 0.51 0.26 0.23
Regenerated 0.53 0.27 0.2

Fig. 10 Powder XRD patterns of Cu20LNO materials synthesized via (a) ceramic and (b) solution combustion methods.
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Therefore, it is natural to conclude that Ni0 is only formed when
the perovskite phase decomposes, which can happen via the
sol–gel, traditional ceramic route, or solution combustion
methods. This finding led us to conclude that the spatial
distribution of the component phases is more significant than
their simple presence in the catalyst matrix.

Table 5 presents a comparison of the Cu20LNO catalyst
with similar types of catalysts available in the literature
with respect to parameters such as methane and carbon dioxide
conversion, H2/CO ratio, GHSV, temperature and duration
of time on stream activity. Most of the durability tests
were carried out at 800 1C or in a few cases at 750 1C. The
Ni–Mo/MgO catalyst was found to be the best catalyst.47 Besides
this catalyst, the DRM activity of the present LaNi0.8Cu0.2O3

catalyst is comparable to the Ni/MgO catalyst, although the
GHSV was almost double in the latter case.46 The activity of the
La(Co0.1Ni0.9)0.5Fe0.5O3 perovskite catalyst48 is also comparable
to the Cu-doped perovskite catalyst in this study, but they
merely tested their catalyst for 5 h. Thus, the catalytic activity
data in Table 5 suggests the commendable activity behaviour of
the present catalyst in the dry reforming of methane.

3.9. Insights into catalyst regeneration: effect of variation of
the calcination temperature

It has already been noticed that the aged perovskite catalyst can
be regenerated completely by calcination at the reaction tem-
perature of 800 1C. The fact that all the characteristic diffrac-
tion peaks of the regenerated catalyst are at the same 2y
position as the fresh catalyst clearly indicates that it underwent

complete phase regeneration (see Fig. 12). The XPS studies also
demonstrated the similarity of the La 3d + Ni 2p, Cu 2p, C 1s,
and O 1s core level spectra of the as-prepared catalysts with the
regenerated catalyst. Therefore, these findings suggest that the
catalyst can be applied in a cyclic fashion, and hence has
promising potential application in the DRM reaction. Even
more interesting, this catalyst could be successfully regenerated
through calcination in air even at lower temperatures of 700 1C
and 600 1C (with minor impurities of NiO, peak at 43.21) for 3 h
(see Fig. 12). The synthesis of the Cu20LNO CM catalyst via the
ceramic route required a much higher temperature for phase

Fig. 11 Activities of the Cu20LNO (synthesized via SG, CM, and SCS methods) catalyst materials for 10 h of DRM reaction: (a) CH4 conversion, (b) CO2

conversion and (c) H2/CO ratio (reaction conditions: 800 1C, CH4 : CO2 : He = 1 : 1 : 3.6, GHSV = 34 000 mL gcat
�1 h�1).

Table 5 Comparison of the DRM activity of the Cu20LNO catalyst with relevant catalysts reported in the literature

Catalyst CH4 conversion (%) CO2 conversion (%)
H2/CO
ratio GHSV (mL gcat

�1 h�1) Stability tested (h)
Temperature
(1C) Ref.

LaNi0.34Co0.33Mn0.33O3 92 96 1.20 12 000 14 800 30
LaNi0.6Mn0.4O3 50 85 1.10 15 000 10 800 43
LaNi0.8Fe0.2O3 50 40 0.80 15 000 20 800 44
LaNi0.2Mn0.8O3 77 84 1.10 15 000 14 750 45
Ni/MgO 91 98 0.92 60 000 120 800 46
Ni–Mo/MgO 75 80 0.86 60 000 850 800 47
La(Co0.1Ni0.9)0.5Fe0.5O3 70 80 0.92 36 000 5 750 48
LaNi0.8Cu0.2O3 73 90 0.84 — 20 750 49
LaNi0.8Cu0.2O3 97 99 1.4 to 0.9 34 000 100 800 This work

Fig. 12 Powder XRD patterns of as-prepared and regenerated (at various
temperatures) sol–gel-synthesized Cu20LNO catalyst.
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formation, and hence the regeneration of the phase was
achieved through calcination at the same temperature of
1200 1C (see Fig. 10(a)). However, for the regeneration of the
SCS catalyst, the calcination temperature was chosen to be the
lowest, namely 600 1C (see Fig. 10(b)), to maintain similarity
with the sol–gel-made sample.

Fig. 13 shows the DRM activity of the sol–gel-synthesized
Cu20LNO catalyst regenerated at various calcination tempera-
tures under the same reaction conditions. It is clearly evident
that the catalyst forms regenerated at lower (than synthesis)
temperatures of 700 1C and 600 1C show similar CH4 and CO2

conversion values and H2/CO ratios to the sample regenerated
at 800 1C. Thus, the DRM activity was practically the same
irrespective of the regeneration temperature. The regeneration
temperatures did not compromise the catalytic activity except
for a slight variation in the H2/CO ratio (see Fig. 13(a)–(c)). In
ideal cases, the H2/CO ratio should be unity. This variation in
H2/CO ratio occurs due to some side reactions, thermodynami-
cally feasible at the reaction temperature, happening inside the
reaction medium. The H2/CO ratio varied from 1.4 to 1.1 for the
catalyst regenerated at 800 1C, preferably indicating the occur-
rence of the Boudouard reaction. The H2/CO ratio gradually
reaching unity implies a gradual decrease in the Boudouard
reaction in the DRM reaction medium. In the case of catalyst
regenerated at 700 1C, the H2/CO ratio ranged from 0.9 to 1.1.
This suggests that the reverse water gas shift reaction (RWGS)
occurs slightly in the first stage. Moreover, the RWGS steadily
reduced until the H2/CO ratio approached unity. The H2/CO
ratio for the catalyst that underwent regeneration at 600 1C is in
the range of 1.1 to 0.9 (see Fig. 13(c)), which is quite close to
unity, suggesting a slight occurrence of both the Boudouard
and RWGS reactions.

3.10. TGA studies

The carbon deposition on the catalyst surface in the long run
(100 h of DRM reaction) was assessed via thermogravimetric
measurement of the aged form of Cu20LNO and compared with
that of the pristine sample (see Fig. 14). With a gradual increase
in the temperature to 900 1C, there was no loss of mass for the
sample that was initially prepared. However, there were two
instances of mass loss for the aged sample, with the smaller
one starts occurring at 348 1C and the larger one starts

occurring at 490 1C. The removal of carbon from the catalyst
surface, most likely as CO2, accounts for about 34% mass loss.

The impact of carbon structure on the dry reforming activity
and stability in the Ni–carbon composite catalysts over meso-
cellular silica (MS) synthesized using the catalytic chemical
vapor deposition (CCVD) technique was investigated by Don-
phai et al.62 According to their reports, the temperature of
CCVD synthesis has an important effect on both the activity
and stability of the catalysts by affecting the amorphous carbon
to CNT transition. The mass loss at 300–400 1C was ascribed to
amorphous carbon, less stable CNTs at 400–540 1C, and very
stable CNTs at 540–750 1C. However, in the Ni–CNT composite
catalysts, the less stable CNTs and amorphous carbon partially
enveloping the nickel clusters could be gasified or hydroge-
nated by methanation. Two instances of mass loss were
reported by Xu et al.63 The oxidation of amorphous carbon is
responsible for the peak at approximately B500 1C, while that
of carbon nanotubes is responsible for the peak at approxi-
mately B640 1C. Therefore, amorphous carbon is formed more
easily at lower temperatures, and finally transforms into gra-
phite carbon at higher temperatures. It seems that the structure
of the deposited coke has a greater influence than its content.64

Methane conversion is said to be slowed down when active
types of catalyst particles are encased in carbon, both graphitic

Fig. 13 Catalytic activities of the Cu20LNO catalyst regenerated at various temperatures: (a) CH4 conversion, (b) CO2 conversion, and (c) H2/CO ratio.

Fig. 14 TGA curves of the as-prepared and aged Cu20LNO catalysts.
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and amorphous carbon layers.65 The XRD and HRTEM exam-
inations of the aged Cu20LNO catalyst in this study did not
reveal any evidence of crystalline forms of carbon, likely indi-
cating the amorphous nature of the coke produced. The TGA
study indicated that the mass loss was completed at around
500 1C. This again supports the nature of the deposited coke to
be amorphous.44,50 It is also plausible to believe that the carbon
that form remained separate from the catalyst crystallites or
particles and combined with them to produce the nanocompo-
site. Fig. 15 shows a schematic representation of one potential
reversible in situ structural transition that could arise. Without
substantially changing their initial positions within the per-
ovskite structure, the starting perovskite Cu20LNO (left) decom-
posed to the component metal/metal oxides in situ in the
reforming reaction (right), and subsequently positioned at the
corresponding locations of the metal ions in the structure of
the pristine perovskite. When heated in air at about 600 1C, the
components can be easily switched back to their original
perovskite structure due to their closeness (Batomic dimen-
sion). Additionally, it seems that a structure like this will
facilitate the easy removal of the deposited amorphous carbon
species during calcination, leaving an unaltered catalyst sur-
face. As a result, the DRM activity is the same in both phases.
The consistent conversion behaviour over an extended period
of 100 h also indicates synchronous Boudouard and reverse
Boudouard processes.30–32 Although the former process results
in the deposition of coke, the latter step also takes place
simultaneously to facilitate the smooth functioning of the
DRM process. The process of methanation and the RWGS
reaction, which may not be totally ignored, is also indicated
by the sustained DRM activity.16 Briefly, the Cu20LNO catalyst
can be considered a nanocomposite at the molecular level,
which is composed of the individual oxide components con-
forming to Cu20LNO and a definite portion of metallic Ni.
Based on these findings, the observed high DRM activity
behaviour is attributed to the individual oxides together with
metallic nickel, forming a molecular-level nanocomposite,
which are the actual performers in the perovskite catalyst
system in enhancing the DRM activity under the chosen

reaction conditions, where other oxides such as La2O3 act as
a support and the presence of CuO promotes the activity inside
the reaction medium. The active phase of the DRM, the ensuing
Ni0/NiO nanocomposite, remains highly dispersed on the sur-
face of La2O3.45 This simple La2O3 support is well-defined
structure on which small metal particles, produced by in situ
reduction in the DRM atmosphere, are uniformly distributed.
Tiny metal particles help to inhibit the deposition of carbon,
while enhancing the stability and activity of the catalyst. Coke
formation may be inhibited via an alternative route. The
carbonaceous species deposited on the Ni particles reacts at
first with the supports to produce La2O2CO3–CuO in situ.45 This
is subsequently decomposed to liberate CO2, thereby regener-
ating fresh La2O3 and re-establishing Ni activity towards CH4

reforming. This nanocomposite exhibited reversible thermal
switching involving the parent perovskite and the nanocompo-
site, which accounts for the high DRM activity of the Cu20LNO
catalyst.50

4. Conclusions

In the current study, nano-sized Cu-doped LaNiO3 (LNO) cata-
lysts were prepared using the conventional one-pot citric acid
sol–gel method. The as-prepared catalysts adopted the rhom-
bohedral phase, which was supported by the XRD analyses. The
preliminary test of DRM was performed at 800 1C for 10 h. The
most active Cu20LNO catalyst was used in the DRM reaction for
a long period of 100 h at the same temperature with a feed ratio
of 1 : 1 : 3.6 = CH4 : CO2 : He and GHSV = 34 000 mL gcat

�1 h�1.
The individual oxides/metal, La2O3, Ni, NiO, CuO, and La(OH)3,
were formed by the decomposition of the catalyst in the DRM
reaction environment, as demonstrated by carefully analysing
the Cu20LNO catalyst in both its as-prepared and aged forms
employing several techniques. Smaller-sized individual metal
oxides and metallic nickel on the sample surface are crucial for
enhancing the catalyst activity in the DRM reaction medium.
Other oxides such as La2O3 acted as a support and CuO
promoted the activity inside the reaction medium, and the
individual oxides together with metallic nickel formed a
molecular-level nanocomposite, which were the actual perfor-
mers in the perovskite catalyst system in enhancing the
DRM activity under the selected reaction conditions. The as-
prepared Cu20LNO sample possessed a specific surface area of
35 m2 g�1, whereas the aged Cu20LNO sample had a larger
specific surface area of 54 m2 g�1, suggesting the formation of
smaller components subsequent to phase decomposition. The
higher specific surface area of 51 m2 g�1 of the regenerated
Cu20LNO catalyst nicely supported the high DRM activity and
reusability of this catalyst for the DRM reaction.

The apparent activation energy values showed that the aged
Cu20LNO catalyst had the lowest energy barrier for H2 and CO
production (66.7 and 37.3 kJ mol�1, respectively). Alternatively,
pure LNO had the maximum apparent activation energy (105.5
and 72.7 kJ mol�1 for H2 and CO production, respectively).
These data are also in good agreement with the highest activity

Fig. 15 Diagram illustrating the reversible thermal switching (Z600 1C)
between the pristine perovskite and the molecular-level nanocomposite
of perovskite formed in situ during DRM. A schematic representation of
amorphous carbon deposition on the nanocomposite is also provided.
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of the aged, i.e., molecular-level nanocomposite, form of the
Cu20LNO catalyst. The lost perovskite phase of the aged
catalyst was restored by calcination of the aged sample at
800 1C for 3 h, although the aged sample was broken down
into distinct individual oxides in the reaction environment. The
XRD analyses clearly demonstrated that the characteristic
peaks of the regenerated catalyst corresponding to the perovs-
kite phase reappeared at the same 2y positions of the as-
prepared catalyst. More interestingly, the phase regeneration
was shown to be possible even at the lowest calcination
temperature of 600 1C. The findings from the XPS surface
characterization are also consistent with the other data. Thus,
the Cu-doped LaNiO3 perovskite catalyst, LaNi0.8Cu0.2O3, has
robust DRM activity with potential for commercialization.
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