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Absence of mechanistic understanding of carbon dioxide (CO2)
methanation reaction on nickel hydroxyapatite (NiHAP) and the
nature of nickel chemical state hampers the enhancement of
catalytic activity and selectivity for such material. A varying
amount of oleic acid (OA) addition on NiHAP is found to have a
strong influence on the chemical state of nickel as evidenced
from x-ray spectroscopy (XPS) and x-ray absorption spectro-
scopy (XAS). The chemical state of nickel influences the amount
of surface intermediate species which affects methane forma-

tion as observed in infra-red spectroscopy. This suggests that
varying amount of OA can influence the chemical state of nickel
which is important in influencing the type of reaction
intermediates on the NiHAP surface. Langmuir-Hinshelwood
model is validated for proposed reaction mechanism for the
better performing catalyst. The findings reported here is useful
for designing a hydroxyapatite-based catalyst for CO2 utiliza-
tion.

Climate change due to ever-increasing CO2 emission has severe
societal repercussions in the coming decades if CO2 emission
continues to rise. CO2 methanation has attracted intense
academic and industrial research during the last decade as
there is a drive towards the usage of renewable energies to
reduce CO2 emission while producing methane (CH4).

[1] CH4 is
an energy-rich carrier which can be stored in liquified form
under cryogenic condition with current infrastructure and
facilities. Sustainable methane production on a commercial
scale while reducing CO2 emissions may help to ensure energy
security for a small country such as Singapore which imports
huge amount of natural gas for its domestic consumption.[2]

Nickel has been extensively investigated for CO2 methana-
tion for years due to its high CH4 selectivity and lower cost as
compared to noble metal such as Ruthenium and Rhodium
which are also active for CO2 methanation.[3] Nickel-based
catalysts for CO2 methanation tend to sinter easily and more CO
than CH4 is produced under high temperature conditions.
Reducible oxides such as cerium oxide (CeO2) and titanium
oxide (TiO2) are active catalyst support for CO2 methanation but
costly. Thus, it is desirable to expand our perspective to other
type of catalyst support. In recent years, hydroxyapatite (HAP)
has been promoted as an alternative and sustainable source of

catalyst support as it is a common component found in bones.[4]

HAP material possess hexagonal crystalline structure which
consists of phosphate (PO4) and hydroxyl (OH ) anions and Ca2+

cations. The presence of basic Ca2+ cations on the HAP surface
is reported to chemisorb molecular CO2 onto the surface even
at room temperature; hence, HAP is a potentially suitable
catalyst support worth investigating for CO2 methanation. The
weakly basic nature of the HAP surface and high thermal
stability has been utilized and reported for various high
temperature catalytic reactions.[5] However, to date, no one has
investigated the possibility of using HAP as a potential catalyst
support for CO2 methanation.

In our previous work, oleic acid has been used as an organic
complexing agent to form nickel oleate.[6] The oleate chain
keeps the nickel species apart during nickel impregnation and
that becomes a mean to tune metal nanoparticle size during
synthesis. The coordination number of the Ni Ni first peak is
hypothesized to decrease with smaller nanoparticle size as
more lower coordination sites are present. Low-coordinated
sites have been proposed to be the active site for CO hydro-
genation to CH4 by other authors.[7] Moreover, CO hydro-
genation to CH4 has been reported to the rate-determining step
in CO2 methanation reaction mechanism.[8] Formate intermedi-
ates (HCOO*), one of the active participants in CO2 methanation
reaction mechanism, also preferentially adsorb onto low-
coordinated sites such as corner and kink sites first before
adsorbing onto the stepped sites.[9] Upon adsorption, formate
specie have been reported to decompose into CO and surface
hydroxyl groups. These adsorbed CO are then hydrogenated to
form CH4.

[10] Quick decomposition of formate specie have been
hypothesized to alleviate site poisoning and enhance CH4

formation rate as more CO is hydrogenated into CH4.
[11]

However, relation between the presence of formate species and
CH4 formation rate with respect to the type of nickel surface
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present have not been reported to the best of our knowledge.
Methoxy specie have been observed as a reaction intermediate
in CO2 methanation by various authors and reported to be
located near Lewis acidic sites.[12]

The objective of this study is to study how formate
intermediate can affect methane selectivity with respect to the
nature of catalyst surface. OA will be added under varying
amount with respect to the nickel precursors and impregnated
onto HAP catalyst support. Various characterizations (XRD, H2-
TPR, XPS, CO2-TPD, XANES/EXAFS and in-situ DRIFTS) were
performed on three catalyst with varying OA ratio, NiHAP(0),
NiHAP(0.5) and NiHAP(2.0). The formate intermediates are
found to be more dominant on NiHAP(0) surface which appear
to hinder the conversion of CO to CH4 at high coordination
number (CN). As the CN decreases with increasing OA ratio,
formate intermediates are found to be reduced which corre-
sponds to higher CH4 formation rate.

Results and Discussion

Physico-chemical and Structural Features of the Nickel
Hydroxyapatite Catalysts

The suffix “(0.5)” refers to oleic acid (OA) to Ni ratio of 1=2. Hence,
NiHAP(0.5) refers to nickel impregnated hydroxyapatite catalyst
with OA to Ni ratio of 1=2. Nickel loading and Ca/P ratio for the
catalyst samples were evaluated using XPS characterization. The
metal loading for NiHAP(0), NiHAP(0.5) and NiHAP(2.0), as
shown in Table 1, were found to be close to the targeted metal
loading of 5.0%wt which suggested that the desired nickel
loading was successfully attained in the presence of oleic acid
(OA). The Ca/P ratio for the bare HAP and other catalyst samples
are found to be close to stoichiometric value of 1.67 which
indicate the formation of stoichiometric hydroxyapatite.

BET isotherm was performed to evaluate textural feature of
the catalysts under varying OA ratio. In Figure S1, type IV
isotherm with H1 hysteresis could be observed for all the
catalyst samples. The BET surface area of NiHAP(0), NiHAP(0.5),
NiHAP(2.0) and bare HAP are found to be similar to other
literature reports.[13] In Table 1, the BET surface area of bare HAP
support was 66.11 m2/g. The BET area for NiHAP(0) and NiHAP
(0.5) at 60.53 m2/g and 51.48 m2/g, respectively, is lower than

the bare HAP support due to pore blockage by nickel oxide
(NiO) nanoparticles formed after calcination.[14] At 74.84 m2/g,
NiHAP(2.0) shows higher surface area than NiHAP(0) and NiHAP
(2.0) due to pore forming property of oleic acid at higher ratio.

XRD characterization was performed to examine structural
feature of the calcined and reduced samples. The reduced and
calcined NiHAP(0.5), NiHAP(0.5) and NiHAP(2.0) catalyst samples
all display HAP XRD peaks at 26.075°, 32.009°, 40.140°, 46.964°,
49.639°, 53.401°, 64.332° (PDF-03-0747) as evidenced in Figure 1
and Figure S2. The presence of HAP phase in the calcined
samples indicates that HAP has been successfully synthesized in
all our catalyst samples. NiO XRD peaks at 37.430° and 43 505°
have been detected in the sample without OA addition.
However, there are no NiO XRD peaks detected in the samples
with OA addition. The absence of NiO XRD pattern may be due
to the low Ni loading (5%wt) as peak intensity in XRD is
volume-weighted, so higher Ni loading will register stronger
peak intensity.

The reduced samples display metallic Ni0 XRD peak at 43° as
shown in Figure 1. The Ni0 XRD peak for NiHAP(0.5) and NiHAP
(2.0) appears broader and displays lower intensity as compared
to the sample without NiHAP(0). Although the low Ni loading
may cause broad and low intensity peak, the Ni0 XRD peak for
NiHAP(0) is noticeably more intense than NiHAP(0 5) and NiHAP
(2.0). This suggests that OA addition may tune the nickel
nanoparticle size.

Morphology of the reduced NiHAP(0), NiHAP(0.5) and NiHAP
(2.0) samples were characterized using TEM as shown in
Figure 2A, 2B and 2 C. Nickel nanoparticles from the reduced
NiHAP(0), NiHAP(0.5) and NiHAP(2.0) samples were measured to
obtain particle size distribution as shown in Figure 2D, 2E and
2F. Morphology of the bare HAP catalyst support was also
characterized using TEM as evidenced in Figure S3. The bare
HAP catalyst support is largely irregular and spheroidal in
shape. The mean nickel nanoparticle size for NiHAP(0), NiHAP
(0.5) and NiHAP(2.0) is 4.3 nm, 6.5 nm and 3.0 nm, respectively
as shown in Table 1 and Figure 2D, 2E and 2F. We observe that
the nickel nanoparticle size decrease with increasing OA ratio in
the following order: NiHAP(0 5)>NiHAP(0)>NiHAP(2.0). Steric
hindrance induced by OA chain prevents nickel species from

Table 1. Table 1. Physico-chemical Properties of the NiHAP Catalyst
Samples.

Catalyst
[a]

Nickel
loading
(%wt)[a]

OA ra-
tio (noa/
nNi)

BET sur-
face area
(m2/g) [b]

Ca/P
ratio[a]

Nickel nano-
particle size
(nm)[c]

HAP N.A 0 66.11 1.65 N.A
NiHAP
(0)

4.95 0 60.53 1.63 4.3

NiHAP
(0.5)

5.02 0.5 51.48 1.65 6.5

NiHAP
(2.0)

4.91 2.0 74.84 1.67 3.0

[a] XPS spectroscopy; [b] BET analysis; [c] TEM
Figure 1. XRD pattern of HAP catalysts, (a) bare HAP, (b) NiHAP(0), (c) NiHAP
(0.5) and (d) NiHAP(2.0) after reduction.



agglomerating to form bigger NiO nanoparticles during
calcination.[6a]

Influence of OA on the Nature of Nickel Species on
Hydroxyapatite Surface

H2-temperature programmed reduction (H2-TPR) characteriza-
tion was utilized to investigate catalyst reducibility and metal-
support interaction as shown in Figure 3. Bare HAP support is
found to be irreducible in this study and consistent with

previous report.[15] In Figure 3, reduction profile for NiHAP(0.5)
(B) and NiHAP(2.0) (A) samples display plateau feature. The
metal-support interaction properties for NiHAP(0.5) at 540 °C is
more than NiHAP(2.0) and NiHAP(0) at 450 °C and 515 °C,
respectively. The higher temperature reduction peak found in
NiHAP(0.5) is an indication of stronger metal-support interac-
tion. The first reduction shoulders at 350–390 °C can be ascribed
to easily reducible NiO on HAP surface.[16] The H2-TPR results
suggests that the addition of OA at different ratio alters metal-
support interaction as the size of nickel nanoparticles influence
the extent of metal-support interaction. Smaller nickel nano-
particles at higher OA ratio creates nickel atoms with more
adjacent oxygen atoms.[17]

In Figure 4, X-ray photoelectron spectroscopy (XPS) was
performed on the reduced NiHAP(0), NiHAP(0.5) and NiHAP(2.0)
samples to investigate the chemical state of nickel on the
surface. The peak deconvolutions were carried out by using
Shirley procedure. The binding energies for metallic Ni and its
satellite peaks are at 852.0 eV and 856.3 eV while that of Ni2+ in
Ni(OH)2 are approximately 855 5–856.0 eV, respectively.[18] The
binding energy for Ni2+ in NiO is approximately 854.0 eV.[5b]

Binding energy attributed to Ni0 can be observed for
reduced NiHAP (0), NiHAP (0.5) and NiHAP (2.0) samples at
852.03 eV, 852.62 eV and 852.27 eV, respectively. Binding en-
ergy peaks for Ni(OH)2 were also observed for reduced NiHAP
(0.5) and NiHAP (2.0) samples at 856.22 eV and 856.07 eV. No Ni
(OH)2 binding energy peaks are found in the reduced NiHAP(0)
sample. Instead, NiO binding energy peaks are observed in the
reduced NiHAP(0) sample at 854.63 eV. A key reason for the
appearance of Ni(OH)2 peak is due to surface oxidation of the
metallic Ni nanoparticle when exposed to air while transferring
from glove box to XPS chamber. The reduced samples show a
low binding energy peak which can be ascribed to the presence
of metallic Ni0 and the more intense signal at higher binding
energy due to outer Ni(OH)2 species hydroxide shell. Such

Figure 2. TEM images for (a) reduced NiHAP(0) catalyst (b) reduced NiHAP
(0.5) catalyst, (c) reduced NiHAP(2.0) catalyst. The particle size distribution
and number of nanoparticles obtained from TEM characterization for (d)
reduced NiHAP(0), (e) NiHAP(0.5) and (f) NiHAP(2.0). Scale bar of 20 nm is
used here. Nickel nanoparticles are circled in red.

Figure 3. H2-TPR results for (a) NiHAP (0), (b) NiHAP (0.5) and (c) NiHAP (2.0)
samples. Blue line denotes NiHAP (0). Black line denotes NiHAP (0.5) and red
line denotes NiHAP (2.0).

Figure 4. Ni 2p XPS results for reduced (a) NiHAP(0) sample, (b) NiHAP(0.5)
(c) NiHAP(2.0). The binding energies for the XPS peaks are indicated in its
respective position with a black arrow.



hydroxide shell is formed when metallic Ni0 is exposed to air,
partially hiding the XPS spectra for metallic core.[18] The
appearance of the NiO peaks suggest that NiHAP(0) sample is
more easily oxidized to NiO as compared to NiHAP(0.5) and
NiHAP(2.0).

X-ray adsorption fine structure (XAS) was performed to
evaluate the catalyst bulk structure in greater detail as hard x-
ray from synchrotron source can excite core 1 s electron. X-ray
absorption near edge structure (XANES) region can provide
information on oxidation state based on edge position and
white line intensity. Normalized Ni K edge XANES profile for the
reduced NiHAP(0), NiHAP(0.5) and NiHAP(2.0) catalyst samples
are displayed in Figure 5A. Extended X-Ray Absorption Fine
Structure (EXAFS) fitting results for the reduced NiHAP(0.5) and
NiHAP(2.0) samples were tabulated in Table S1. In Figure 5A,
the pre-edge lines at 8337 eV for NiHAP(0.5) and NiHAP(0) is
close to the one for Ni0 foil. The pre-edge line for NiHAP(2.0) is
closer to the NiO standard. This indicates that the NiHAP(0.5)
and NiHAP(0) are mainly Ni0 while there is more NiO species on
the NiHAP(2.0) Linear component analysis (LCA) was performed
on the XANES profile to determine the extent of reduction from
NiO to Ni0 in the two samples. The reduced NiHAP(0.5) sample
(90%) contained more Ni0 species than NiHAP(2.0) (71.5%) and
NiHAP(0) (79.0%) as observed in Table S1. Thus, the extent of
reduction from NiO to Ni for the three samples goes in the
following order: NiHAP(0.5)>NiHAP(0)>NiHAP(2.0).

In Figure 5B, we can observe that the peaks for NiHAP(0.5)
and NiHAP(2.0) samples are very close to the Ni Ni peak

contribution from Ni foil. Upon closer examination of the peak
around the Ni Ni for reduced NiHAP(0 5) and NiHAP(2.0)
samples, slight shift in peak away from the Ni Ni peak with
reference to the Ni foil (~2.095 Å) can be observed. The NiHAP
(0.5) peaks shifted to 2.069 Å, which is close to the Ni fcc
structure at approximately 2.095 Å.[19] Interestingly, the NiHAP
(2.0) peak shifted to 2.072 Å, closer towards Ni O 1.5 Å peak.
The NiHAP(0) shifts closer to the Ni foil at 2.082 Å.

EXAFS fitting for the reduced NiHAP(0), NiHAP(0 5) and
NiHAP(2.0) samples were performed using Artemis program.
Fourier-transformed EXAFS spectra were illustrated in Figure S6.
The first shell fitting for the samples are reasonably close as
observed from Figure S6 and the R-factor in Table S1. The first
shell Ni Ni coordination number decreases in the following
order: NiHAP(0.5) (7.869)>NiHAP(2.0) (7.088)>NiHAP(0) (5.872).
Past literature reports had reported coordination number
decreases correspondingly with smaller nanoparticle size.[19–20]

The increase of OA ratio from 0.5 to 2.0 have resulted in lower
nanoparticle size which corresponds to lower coordination
number as more low-coordination surface atoms are present..[21]

Intriguingly, NiHAP(0) contains lower coordination number
at 5.872, as compared to NiHAP(0.5) and NiHAP(2.0) which is
consistent with the nanoparticle size as reported in Table 1.The
presence of lower coordination number on NiHAP(0) may be
due to the presence of Ni clusters on the HAP surface.[22]

In-situ Investigation of Surface Intermediates on NiHAP
Catalyst

In-situ DRIFTS study was performed by subjecting the catalyst
samples to the same feed composition and flowrate used for
evaluating catalytic performance to evaluate the surface
intermediates involved in CO2 methanation reaction. In Fig-
ure 6A, 6B and 6 C, structural OH groups are present on all the
catalyst samples. The bicarbonate peaks, at 1438–1515 cm 1,
increase correspondingly with temperature. This indicates that
adsorbed CO2 is interacting with OH and O2 of PO4

3

groups.[23] Combined with the CO2-TPD results for the samples
in Figure S5, the increased carbonate and hydrogen-carbonate
peaks suggest that the OH and/or O2 of PO4

3 groups are the
weak basic sites.[24] For NiHAP(0), NiHAP(0.5) and NiHAP(2.0), the
bidentate formate peak at 1593 cm 1 begins to increase as
temperature rise from 200 °C and decreases when the temper-
ature increases from 400 °C as observed in Figure 6A, 6B and
6 C. The decrease in bidentate formate intermediate has been
reported to coincide with an increase of methane peak at
3015 cm 1 as temperature increase.[25]

It was reported that the bidentate formate could be formed
from carbonate and adsorbed H groups.[12b,25] CO band also
appears from 200 °C onwards which can be attributed to
bidentate formate decomposition.[12a,b] The surface OH- group at
3572 cm 1 for the NiHAP(0.5) is more than NiHAP(0) and NiHAP
(2.0). Natalia et al. have recently reported that formate may
decompose into CO and OH- which may explain why the OH-
intensity is higher in NiHAP(0 5) than the other samples.[26]

Figure 5. (a) Normalized xu(E) XANES profile of Ni K-edge spectra for
reduced NiHAP(0), NiHAP(0.5), NiHAP(2.0) samples against standard Ni0 foil
and NiO reference sample. (b) Fourier-transformed EXAFS spectra of Ni K-
edge spectra for reduced NiHAP(0), NiHAP(0.5), NiHAP(2.0) samples against
standard Ni0 foil and NiO reference sample. Blue color denotes reduced
NiHAP(0). Pink color denotes NiHAP(0.5). Green color denotes NiHAP(2.0).
Black and red denotes Ni0 foil and NiO standard, respectively.



The DRIFTS spectra for NiHAP(0), NiHAP(0.5) and NiHAP(2.0)
can be compared at 350 °C as shown in Figure 6D. For the
NiHAP(0), the amount of bidentate formate species remains
high while the methane peak remains low. The appearance of
methane peak corresponds with lower bidentate formate
intensity at 350 °C for NiHAP(0.5) and NiHAP(0.5) as observed in
Figure 6D. We can observe the bidentate formate peak intensity
increases in the following order: NiHAP(0.5)<NiHAP(2.0)<
NiHAP(0), in Figure 6D. Adsorbed formate species have been
reported to decompose into adsorbed CO which is converted to
CH4.

[11a,26–27] In Figure 6E, methoxy species (CH3O*) are observed
at 1434 cm 1 on NiHAP(0), NiHAP(0 5) and NiHAP(2.0) which
indicates that the formate specie is decomposed into CH3O*
and subsequently converted into methane.[12c,28] Between 1355–
1374 cm 1, two peaks are observed which can be attributed to
the presence of hydrogen-carbonate specie (HCO3 ) on NiHAP
(0) surface.[23] The formation of hydrogen-carbonate specie is
reported to originate from CO2 chemisorption onto O2 ions
from the PO4 groups, especially the OH group.[24] The hydro-
gen-carbonate undergoes further hydrogenation to form
bidentate formate specie.[3a] If the DRIFTS spectra for NiHAP(0.5)
and NiHAP(2.0) are compared with NiHAP(0) in Figure 5E,
hydrogen-carbonate specie are absent while the methane peak
appears at 1304 cm 1. The presence of hydrogen-carbonates on
NiHAP(0) and its respective absence on NiHAP(0.5) and NiHAP
(2.0) indicates that methane formation is intimately connected
to surface bidentate formate and hydrogen-carbonate species.

An important and novel insight from this in-situ DRIFTS result is
that hydrogen-carbonate is intimately connected with methane
formation, especially on nickel hydroxyapatite catalyst.

CO, as a probe molecule, is sensitive to the degree of
coordinative unsaturation and oxidation state of the metal
centers which can be detected using DRIFTS. Strength of
electron back-donation from metal center to CO tends to vary
with wavenumber. In Figure 6F, all three samples displayed
1975 cm 1 peak which can be attributed to bridged CO.[29] The
peak between 2048–2041 cm 1 can be attributed to linear CO
species.[30] However, the linear CO band for the three samples
differs. The wavenumber for NiHAP(0) at 2064 cm 1 “red-
shifted” to 2057 cm 1 for the NiHAP(0.5) before “blue-shifted” to
2061 cm 1 for NiHAP(2.0). In Table S7, the wavenumber shift
appears to be correlated to the oxidation state of the nickel
center. The difference in linear CO wavenumber for NiHAP(0),
NiHAP(0.5) and NiHAP(2.0) suggest there is difference in
coordination environment and oxidation state in the three
samples.[31] The CN for the Ni Ni shell for NiHAP(0), NiHAP(0.5)
and NiHAP(2.0) are found to be different in Table S1 which
explains for the difference in linear CO wavenumber.

Figure 6. In-situ CO2 methanation DRIFTS for (a) NiHAP(0), (b) NiHAP(0.5) and (c) NiHAP(2.0) from 200 °C i), 250 °C ii), 300 °C iii), 350 °C iv), 400 °C v), 450 °C vi).
(d) Comparison of DRIFTS profile at 350 °C for NiHAP(0), NiHAP(0.5) and NiHAP(2.0). (e) Magnified view of the surface species within wavenumber range 1200–
1650 cm 1. (f) Magnified view of the CO band between 1940–2090 cm 1 at 350 °C for NiHAP(0), NiHAP(0.5) and NiHAP(2.0). ~1 and ~1 are the wavenumber
position for HCOO* and carbonate species, respectively.



Kinetic Modelling and Assessment

Proposed Langmuir-Hinshelwood Reaction Mechanism

Kinetic modeling and reaction mechanism studies were per-
formed to elucidate how methane formation occurs on NiHAP
surface. In recent years, CO2 methanation reaction mechanism
has been extensively studied to design more active and more
selective catalyst towards methane production. Pan et al.
proposed reaction mechanism whereby formate specie is the
main reaction intermediate while forming carbonates, hydro-
gen-carbonates in CO2 methanation.[32] Based on Pan et al.’s
work, similar reaction mechanism has been proposed and
validated through kinetic modeling and transient DRIFTS by
Wang et al.[8] Based on these previous works, a reaction
mechanism for CO2 methanation over NiHAP catalyst is
proposed as shown in Table 2. H2 molecule dissociates on Ni
surface (*) into two hydrogen atoms (step 1). Gaseous CO2

chemisorb and react with surface hydroxyl (OH*) to form
hydrogen-carbonates (HCO3*) (step 2–5). The hydrogen-
carbonate specie transforms into formate (HCOO*) by reacting
with surface H atoms (step 6). Surface hydroxyl groups are
replenished by surface H atoms reacting with surface O atoms
(step 4). Surface formate also transforms into OCH2OH* specie
and subsequently into methoxy specie (OCH3*) by further
hydrogenation (step 7–8). The OCH3* specie is subsequently
hydrogenated into CH4 (step 9). Adsorbed CH4 (CH4*) and H2O
(H2O*) desorbs from the active sites.

Based on the proposed reaction mechanism in Table 2, a
kinetic equation can be derived as shown in the supplementary
information. Langmuir-Hinshelwood formalism and previous
literature equations are used to establish the kinetic rate
equations. As the rate-determining step is chosen, the remain-
ing steps are assumed to be in pseudo-equilibrium state. In
addition, kinetic rate expression from other authors are tested.

Model Validation and Activation Energy

A series of criteria was used to determine the best kinetic model
out of the two reaction mechanisms. If negative coefficients are
obtained during the model fitting process, the rate expression
will be discarded as it is not physically feasible to have a
negative coefficient. Least-squares minimization method is used
to determine the kinetic coefficients while linear regression
analysis from excel is used to determine the goodness of fit
with the kinetic data. Models with mean square error (MSE)
more than 5.0 were rejected. The two kinetic rate equations
displayed low MSE as shown in table S5. In Table S5, eq 1-1
shows low MSE which is consistent with what is observed in in-
situ DRIFTS results in Figure 6. The kinetic model from Wang et
al[8] is higher than the one proposed in eq 1-1. This implies that
the CO2 methanation reaction on the NiHAP surface do not
proceed via CO hydrogenation pathway but mainly proceed
through formate mechanism.

Arrhenius plot was obtained to determine the activation
energy for the NiHAP(0.5) sample. The apparent activation
energy for the NiHAP(0.5) catalyst (Figure S9) is 80.8 kJ/mol
which is close to the range for Ni/SiO2 catalyst of 82 and 89 kJ/
mol.[33] The NiHAP(0.5) catalyst is comparable to the Ni/Al2O3

catalyst, frequently used in the industry, which has 80–106 kJ/
mol.[34]

Catalytic Performance and Methane Selectivity

The catalytic performance and stability of the prepared catalysts
were illustrated in Figure 7A, 7B and 7 C. The three catalysts
demonstrate increasing CO2 conversion under increasing tem-
perature from 200–350 °C. Beyond 350 °C, the CO2 conversion of
the three catalysts decreases due to the emergence of reverse
water gas shift reaction which results in more CO produced as
compared to CH4. The decrease in CH4 selectivity can be
observed in Figure 7B. The temperature at 50% conversion can
be used to evaluate the conversion performance of the
catalysts. The temperatures corresponding to 50% conversion
for NiHAP(0.5), NiHAP(2.0) and NiHAP(0) are around 291 °C,
328 °C and 363 °C, respectively. The order of increasing catalytic
activity goes in this order: NiHAP(0.5)>NiHAP(2.0)>NiHAP(0).
The error bars for the three catalysts at different temperatures
also do not overlap which means that OA addition gives
statistically significant and different CO2 conversion perform-
ance. At 450 °C, CO2 conversion decreases, and the error bars
start to overlap which indicates the reaction has reached
equilibrium. The order of increasing CH4 selectivity goes in the
following order: NiHAP(0.5)>NiHAP(2.0)>NiHAP(0). Hence, Ni-
HAP(0.5) catalyst is catalytically more active and more selective
for methane production than the other two catalysts. At 250 °C,
the CH4 selectivity is not at 100% even though CO2 methana-
tion is thermodynamically more favorable at lower temperature.
The reason for this may be attributed to the size distribution of
nickel nanoparticles as observed in Figure 2 which means that
smaller nanoparticles can contribute more towards CO produc-

Table 2. Proposed Reaction Mechanism for NiHAP(0.5) catalyst for CO2

methanation.

Step Elementary Reactions

1 H2ðgÞ þ 2*
K1
! 2H*

2 CO2ðgÞ þ * K2
! OCO*

3 OCO*
K3
! COðgÞ þ O*

4 H* þ O*
K4
! * þ OH*

5 OCO* þ OH*
K5
! HCO3* þ *

6 HCO3* þ H*
K6
! HCOO* þ OH*

7 HCOO* þ 2H*
K7
! OCH2OH* þ 2*

8 OCH2OH* þ 2H*
K8
! OCH3* þ H2O* þ *

9 OCH3* þ 2H*
K9
! CH4* þ OH* þ *

10 CH4*
K10
! CH4ðgÞ þ *

11 H2O*
K11
! H2OðgÞ þ *



tion while the larger nanoparticle size contributes more towards
CH4 production.

[35]

The Effect of OA Addition on Enhancing CH4 Selectivity

This work focuses on characterizing the nickel coordination and
surface intermediates under for NiHAP(0), NiHAP(0.5) and
NiHAP(2.0) catalysts. The nickel coordination number for NiHAP
(0), NiHAP(0.5) and NiHAP(2.0) catalysts was obtained using
EXAFS fitting while the surface intermediates were evaluated

Figure 7. Effect of OA addition on Ni supported on HAP catalysts. (a) CO2 conversion, (b) CH4 selectivity and (c) CO selectivity as a function of reaction
temperature (°C) for reaction condition of 4 ml/min of CO2, 16 ml/min of H2, 30 ml/min of He. mcat=100 mg. Equilibrium CO2 conversion is calculated using
Gibbs free energy minimization method in HYSYS. Black circular symbols denote NiHAP(0). Blue triangular symbols denote NiHAP(0.5). Green triangular
symbols denote NiHAP(2.0). Red square symbols denote equilibrium CO2 conversion. (d) Stability test of NiHAP (0.5) at 350 °C under same reaction condition.
(e) Influence of Ni Ni coordination number on formate integrated area at 350 °C and CH4 formation.

Figure 8. (a) Spent NiHAP(0.5) catalyst after 70 hours reaction. (b) The
particle size distribution for the spent NiHAP(0.5).



using in-situ DRIFTS. Once the surface intermediates are
identified, reaction mechanism for CO2 methanation over the
NiHAP(0.5) catalyst is proposed and kinetic model is derived to
validate the reaction mechanism. The smaller Ni nanoparticle
found on NiHAP(0), at 4.3 nm, was found to be less active in
converting CO2 than NiHAP(0 5), at 6.5 nm and NiHAP(2.0), at
3.0 nm. The smaller nanoparticles have greater difficulty in
converting formate species into methane.[11b] The methane
selectivity for NiHAP(0.5) is higher than NiHAP(2.0) and NiHAP
(0). This phenomena is observed by Wu et al. who reported that
larger nickel nanoparticle are more selective towards methane
production.[35] Chemical properties of smaller nickel nano-
particle can have more oxygen atoms on the surface which can
affect product selectivity for CO2 methanation.[17a] From the TEM
results and LCF results in Table 1 and Table S1, respectively, OA
addition can tune nickel nanoparticle size as smaller nickel
nanoparticle size tend to have more oxygen atoms which can
alter product selectivity.[17a] Vogts et al observed that the
amount of surface formate on smaller nickel nanoparticle is
more than bigger nickel nanoparticle[11b] which is consistent
with the in-situ DRIFTS results in Figure 6. The surface formate
on NiHAP(2.0) is 23.5% more than on NiHAP(0.5) which
corresponds to lower methane formation as compared to
NiHAP(0.5) as observed in Figure 7D. In Figure 7D, NiHAP(0.5)
contains more Ni0 than NiHAP(0) and NiHAP(2.0) and this
corresponds to highest methane formation at 680.2 μmol/
min.gcat. The results in Figure 7D suggests there is intimate
structural-activity relationship between methane formation,
surface formate and nature of nickel species. Formate species
are present on the NiHAP(0) and NiHAP(2.0) catalysts. But the
presence of partially oxidized Ni desorbs CO more easily as
there are less π electron backdonation to CO.[17a] On the other
hand, Ni0 in a nanoparticle possess more electron to perform
the 8-electron reduction required to form methane.[36] This can
potentially explain why NiHAP(0.5) produces more CH4 than
NiHAP(2.0). The NiHAP(0) catalyst possess lower coordination
number which may be due to the presence of Ni0 clusters. Akri
et al. had reported on the presence of Ni0 clusters, single atoms
and nanoparticles on the nickel on Ce-doped HAP catalyst.[22]

The Ni0 single atoms and/or clusters can be responsible for CO
formation while the Ni0 nanoparticles may be responsible for
CH4 formation which may explain for higher CO selectivity as
compared to NiHAP(0.5) and NiHAP(2.0).[35,37] The nanoparticle
size after reaction has been observed to increase slightly from
6.

Proposed Reaction Mechanism for CO2 Methanation on NiHAP
Catalyst

As HAP catalyst support is being used for the first time for CO2

methanation, a reaction mechanism is first proposed (Table 2)
and validated through kinetic modelling. In the proposed
reaction mechanism, CO2 is first adsorbed and hydrogenated
into hydrogen-carbonate species. The hydrogen-carbonate
species is hydrogenated into surface formate species which
undergo further hydrogenation into CH4 species. The proposed

kinetic model assumes that formate hydrogenation is the rate-
determining step as the MSE is relatively low. If step 7 is the
rate-determining step, the presence of surface methoxy (OCH3*)
and formate (HCOO*) species can be explained. Yu et al. have
observed that methoxy species are formed from formate
decomposition from in-situ transient DRIFTS spectra and
validated it through kinetic modeling.[12a,b] Methoxy formation
are connected to the presence of Lewis acidic sites.[38] The Ca (II)
sites in HAP unit cell structure are Lewis acidic site in nature[4c]

which suggests that the HAP support plays a role in stabilizing
methoxy species formation and affects methane formation. The
importance of methoxy species in influencing product selectiv-
ity for HAP-based catalyst support for CO2 hydrogenation
reaction will be explored in future studies. If formate decom-
position is the rate-determining step, the presence of sharp
formate peak found on NiHAP(0) can be explained. The
apparent activation energy of the catalyst is found to be
80.8 kJ/mol, as shown in Figure S9, which is quite comparable
to Ni/SiO2 catalyst and industrially relevant Ni/Al2O3. This
manuscript is the first to show a relation between methane
production and bidentate formate specie on nickel hydroxyapa-
tite catalyst surface as a function of Ni Ni coordination number
in such manner to the best of our knowledge.

Conclusion

Based on the various characterization techniques, the catalytic
activity and methane selectivity is found to be dependent on
the nature of the nickel species on the HAP catalyst. XANES
analysis show that the methane formation is highest on NiHAP
(0.5), followed by NiHAP(2.0) and NiHAP(0) due to higher Ni0

instead of Ni2+ as CO desorbs easily on partially oxidized Ni
species. Based on in-situ DRIFTS spectra at different temper-
ature, surface formate and methoxy species are observed to
form a basis to propose reaction mechanism for CO2 methana-
tion on NiHAP catalyst. The kinetic model for NiHAP catalyst
based on formate hydrogenation as the RDS shows that both
formate and methoxy species are important for methane
formation. The findings reported in this manuscript provides
insights to design a more active and selective hydroxyapatite-
based catalyst towards CH4 production via CO2 hydrogenation
pathway.

Experimental Section

Catalysis Synthesis

The HAP catalyst support was produced with slight modification[13a]

via precipitation using aqueous solutions of Ca(NO3)2 and
(NH4)2HPO4 as precursor while aqueous ammonia (25%wt) was
utilized to adjust PH value. Aqueous Ca(NO3)2 solution was
prepared by dissolving 7.63 g of Ca(NO3)2.4H2O into 98 ml
deionized water. An appropriate amount of 25% aqueous ammonia
was added dropwise to the solution to obtain PH~10. Next, the
(NH4)2HPO4 solution was prepared by dissolving 2.46 g of
(NH4)2HPO4 to 100 ml deionized water. The solution PH was tuned



to 10 through addition of appropriate amount of aqueous
ammonia. 100 ml of the (NH4)2HPO4 solution was added dropwise
to Ca(NO3)2 solution while stirring at room temperature. The
resultant white suspension was subsequently heated and stirred in
a heating mantle for two hours at 90 °C. White suspension was
cooled down to room temperature and aged for more than
12 hours. Next, the white suspension was centrifuged and washed
with deionized water repeatedly until PH~6.0. White precipitates
were dried in oven at 70 °C for more than 12 hours and calcined in
air at 500 °C for 4 hours.

Nickel hydroxyapatite catalysts were prepared through excess
water impregnation method with metal loading of 5%wt. Firstly,
an appropriate amount of Ni(NO3)2.6H2O salt was dissolved in
deionized water (6 ml). Appropriate amount of oleic acid (99.9%wt
from Sigma Aldrich) was added into the solution, subjected to the
molar ratio of oleic acid to nickel (X noa/nNi). Appropriate amount
of HAP catalyst support was subsequently introduced into the
solution and left alone at room temperature overnight. The catalyst
samples were dried in oven at 70 °C overnight and calcined in air at
500 °C for 4 hours. The amount of oleic acid was calculated from
molar ratio of oleic acid to nickel (X noa/nNi) and the following
ratio were used, 0.5 and 2.0. The catalyst samples were denoted as
NiHAP(0.5), NiHAP(2.0), respectively. NiHAP(0) was denoted for the
sample without oleic acid addition.

Catalyst Characterization

Shimadzu XRD-6000 diffractometer, utilizing Cu Kα radiation, was
utilized to obtain X-ray diffraction (XRD) pattern to characterize the
calcined and reduced catalysts. The reduced samples were trans-
ferred to the XRD chamber immediately after H2 reduction. The
respective reduced sample was prepared on an aluminum slide and
scanned from 2Θ of 20–80° with scanning rate of 2°/min. X-ray
beam voltage and current used were 40 kV and 30 mA. As Cu K-α
x-ray is used, λ is the x-ray wavelength (1.5043 A°).

H2 temperature-programmed reduction (H2-TPR) characterization
for the NiHAP samples to evaluate catalyst reducibility were
conducted on Thermo Scientific TPDRO 1100 series system with
thermal conductivity detector (TCD). 32 mg of the sample was
reduced with 20 ml/min of 5%H2/N2 with temperature ramping rate
of 10 °C/min after degassing with He for 10 minutes.

CO2-temperature programmed desorption (CO2-TPD) was per-
formed to characterize catalyst surface basicity by using Thermo
Scientific TPDRO 1100 series system. 0.05 mg of catalyst sample
was first pre-treated by H2 reduction in the same condition as H2-
TPR and cooled down to 50 °C. At this temperature, 30 ml/min of
CO2 gas was introduced into the system for 1 hour. Temperature
was ramped to 850 °C while CO2 was desorbed from catalyst sample
with a ramping rate of 10 °C/min.

Morphology of the calcined, reduced and spent samples were
visually characterized using JEOL TEM and JEOL JEM-2010. TEM
samples were sonicated in ethanol solution before transferring a
drop of mixed samples onto copper grids. 150 Ni nanoparticles
were sampled for particle size distribution for each catalyst samples.
EDX mapping of the spent samples were obtained by using JEOL
JEM-2010 TEM that is equipped with an Oxford INCA EDX analyzer
operating in the range of 100–400 eV.

X-ray photoemission spectroscopy technique (XPS) from KRATOS
AXIS UltraDLD, equipped with Mg-Kα source (1253.6 eV), was
utilized to perform surface analysis of the reduced catalysts. Before
XPS analysis could be performed on the reduced catalysts, the
catalyst samples were reduced at 650 °C using pure H2 for 1 hour.
The reduced samples were positioned on standard sample stub

with double-sided adhesive tapes in a glove box under inert N2

environment. The results were referenced to the standard cali-
brated value of the adventitious carbon, C1s hydrocarbon peak at
284.5 eV before fitting the spectra. Peak deconvolution is per-
formed using the XPSpeak software and Shirley method is utilized
to establish the background before adding deconvoluted peaks.

Steady state in-situ DRIFTS were performed on the catalysts using
Bruker Vertex 70, equipped with Harrick Praying Mantis DRIFTS cell
with ZnSe window. Before DRIFTS characterization, catalyst was
reduced in situ at 550 °C using 16 ml/min of pure H2 for 1 hour.
After 1 hour of catalyst reduction, the catalyst sample was checked
to be free of residual hydrogen by flowing He gas for 15 min,
followed by background scan. Gaseous reactants (CO2/H2/He 4/16/
30 ml/min) were introduced into the DRIFTS cell using mass flow
controllers (MFCs) and IR spectra were collected from 250–450 °C
with steps of 50 °C.

X-ray spectroscopy (XAS) and EXAFS spectra fitting

The XAS characterizations were performed at XAFCA beamline in
the Singapore Synchrotron Light Source.[39] The reduced samples
were measured under transmission mode and standard Ni foil was
applied for the energy calibration.

XANES and EXAFS data treatment and EXAFS fitting were
performed using Athena and Artemis, respectively, which is an
IFEFFIT-based program.[40] Edge step normalization for each spec-
trum was performed by subtracting the pre-edge and post-edge
backgrounds in Athena. For EXAFS background removal, a cubic
spline was fitted to the data and k-space data were Fourier-
transformed to give R-space spectrum which was fitted in Artemis.

Catalyst Evaluation

A fixed-bed micro-reactor was used to test the NiHAP catalysts for
CO2 methanation. 100 mg of catalyst was first positioned between
two quartz wool in the center of a Carbolite furnace. The catalyst
was first reduced in pure H2 flow of 16 ml/min for 1 hour to activate
the catalyst. The catalyst bed was subsequently flushed with He gas
at 16 ml/min before introducing reactant gases. The gas reactant
flow rate was 50 ml/min which comprised of 4 vol% CO2, 16 vol%
H2 and He as internal standard and making up the remainder.
Catalytic activity studies were performed within temperature range
of 200–450 °C and space velocity of 30000 ml/h.gcat Effluent
products from reactor outlet was cooled with water trap to
condense water while non-condensable product gases were
analyzed with a Hewlett-Packard G1530 A gas chromatography
machine that is equipped with a Shin carbon column and thermal
conductivity detector. The measurements were taken two to three
times to ensure that steady-state was reached.

Catalytic performances were evaluated based on activity and
selectivity. Catalyst activity was presented as CO2 conversion (XCO2)
as defined in the following Equation (1):

XCO2
¼ 1

FCO2 :out

FCO2 :out þ FCH4 :out þ FCO:out
(1)

Methane product selectivity (SCH4) was based on the reactor effluent
composition which is defined as follows [Eq. (2)]:

SCH4
¼

FCH4 :out

FCH4 :out þ FCO:out
(2)
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