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ABSTRACT: Methane dry reforming (MDR) to syngas over Ni-based
catalyst is a sustainable process with a small ecological footprint by e cient
utilization of two abundant greenhouse gases. The deactivation of Ni-based
catalysts due to coke deposition and nickel sintering is a serious obstacle to
the industrialization process. Herein, homemade hydroxyapatite (HAP)
nanorods with enriched [Ca O P] sites were synthesized. Moreover, Ni-
substituted HAP catalysts with extremely low Ni loading were prepared by
facile wet impregnation, which simultaneously could obtain rich [Ni O P]
sites and CaO basic sites by Ni?* substituting for Ca?* in the structure of
[Ca O P]. The synergy of [Ni O P] sites and CaO basic sites associated
with [Ca O P] sites on hydroxyapatite nanorods enables a high speci ¢
activity of 40.5 molcy, gy +h * with a negligible amount of coke deposition

as a catalyst for MDR at 600 °C, a temperature that is thermodynamically
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more prone to coke formation. Density functional theory calculations con rmed that the existence of Ni cations in the form of [Ni
O P] is bene cial for CH, activation. In contrast, when commercial hydroxyapatite is used as the support, the obtained catalyst
shows poor activity and stability. The special interaction between Ni and HAP can provide inspiration for future catalyst design in

heterogeneous hydrocarbon catalysis processes.

1. INTRODUCTION

Converting the two major greenhouse gases CH, and CO, to
syngas via methane dry reforming (MDR) is an environmentally
friendly catalytic process.? The MDR process is generally
carried out at relatively high temperatures (above 800 °C) in
order to achieve high equilibrium conversion of CH, and CO,,
regarding its high endothermicity.®> ® Unfortunately, ready
sintering of metallic Ni nanoparticles is an inevitable issue at
such high operating temperatures.® As a result, the sintering
dramatically decreases the number of exposed Ni atoms owing
to the reduction of metallic Ni dispersion, further causing
catalyst deactivation. On the other hand, the sintering also
causes severe coke deposition, since large Ni nanoparticles are
spatially more prone to form a coke layer via the coupling of
deposited carbon atoms or CH, (x = 0 3), resulting in the
catalyst being poisoned by blocking methane from accessing Ni
atoms.” To avoid the occurrence of sintering, a growing number
of studies have switched the MDR process to operate at a
relatively low temperature, thus avoiding the sintering of Ni
nanoparticles and decreasing the energy consumption.® *°
However, coke deposition due to the Boudouard reaction and
CH, decomposition is becoming a prominent issue at low
temperatures.*

To alleviate the excessive coke deposition for MDR at a
relatively low temperature, series of strategies have been
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developed, such as stabilizing the active phase in a mesoporous
structure,">** creating a multicore shell structure,* adjustin%
metal support interactions,*>*° introducing J)romoters,17 !
and tuning the alloy composition for MDR.?° “* Very recently,
single site catalysts have been used to activate CH, at relatively
low temperatures, since isolated metal atoms at a cationic state
have a lower binding energy with a methane molecule than
metallic Ni atoms, averting CH, dissociation to generate inert
coke precursor.®> Moreover, single-site catalysts can spatially
restrict any potential coupling to form a coke layer that is able to
poison the active sites for deposited CH, (x =0 3) species or
carbon atoms compared to continuously packed Ni atoms.”%°
Hydroxyapatite (HAP) with the chemical formula of
Ca;o(PO4)s(OH), shows variable physicochemical properties
due to the diversity of cation and anion substitution in the
skeleton. This particular structure characteristic provides an
useful opportunity to create single-site metallic catalysts by
active cation substitution of calcium ions.?”?® In addition, on the
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surface of hydroxyapatite, there is a high density of basic sites
that are considered to be favorable to activate CO, and inhibit
coke formation.?®*° Moreover, the number and type of basic
sites can be tuned by varying the morphology of HAP.** For
example, the traditional precipitation method with pH >10 is
conducive to the preferred orientation growth along the c-axis,
resulting in preferentially exposing the (010) plane, which
contains enriched [Ca O P] basic sites.*"

Considering the fantastic properties of HAP as well as the
bottleneck of coke deposition for MDR, we reported a highly
active and coke resistant nickel-substituted HAP catalyst for the
MDR reaction by using [Ca O P] site enriched HAP
nanorods as the support. These [Ca O P] sites can be easily
ion exchanged into [Ni O P] sites accompanied by CaO
species generated nearby, which cane ciently activate CH, and
CO, molecules after reduction, respectively. Together with the
presence of Ni cations in the form of [Ni O P] and CaO basic
sites, the catalytic activity and coke resistance in the MDR
reaction have been remarkably enhanced.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. HAP was synthesized following
the literature,™ but with a modi ed procedure. Typically,
aqueous solutions of 0.5 M Ca(NOj),4H,0 and 0.3 M
(NH,),HPO, were prepared respectively. Afterward, the
calcium solution was added dropwise to the phosphate solution
at room temperature and stirred for 0.5 h before heating to 80 °C
for additional 24 h. The resulting slurry was Itered and washed
with deionized water and ethanol. Finally, the sample was dried
at 50 °C for 12 h and calcined at 600 °C for 2 h under
atmospheric conditions.

The catalyst was prepared by incipient wetness impregnation
of HAP with 0.12 0.54 M aqueous solution of Ni(NO3),-
6H,0, followed by drying at 50 °C overnight and calcination at
400 °C for 2 h under atmospheric conditions. By varying the
concentration of Ni(NO3),-6H,0, a series of xNi/HAP (x=0.1,
0.3, and 1.25) catalysts was obtained. The reference catalyst
(0.3Ni/HAP-ref) using commercial HAP as the support was
prepared under the same preparation conditions as the 0.3Ni/
HAP catalyst.

2.2. Catalyst Characterization. Inductively coupled
plasma optical emission spectroscopy of the samples was
performed using with an Optima 2000 DV spectrometer.
Powder X-ray di raction patterns were acquired with a
Panalytical X'pert Pro Super X-ray di ractometer equipped
with a Cu K source (40 kV, 40 mA, = 0.15418 nm). The
speci c surface areas were calculated from the adsorption data of
the nitrogen sorption isotherms obtained by using a Micro-
meritics Tristar 3000 instrument at 196 °C.

TGA was performed on a STA449 F3 Jupiter TG analyzer.
CO,-TPD was carried out with CO, temperature-programmed
desorption using a Micromeritics Auto Chem Il 2920
instrument equipped with a thermal conductivity detector
(TCD). Generally, 100 mg of sample was pretreated to ensure a
clean surface in  owing He at 400 °C for 1 h. Subsequently, the
sample was cooled to 100 °C for CO, adsorption by pulsing 10%
CO,/He until saturation, and the system was then purged by

owing He for another 1 h. Finally, the sample was heated from
50 to 800 °C at a heating rate of 10 °C min YinHe ow.H,-TPR
was measured on the same chemisorption equipment. Generally,
100 mg of sample was pretreated in  owing He at 150 °C for 0.5
h. Finally, the sample was heated from 50 to 800 °C at a heating
rate of 10 °C min *in 10% H,/Ar ow. Field-emission scanning

electron microscopy (SEM) was used to characterize the
morphology of the samples with a Hitachi SU8220 instrument.
Transmission electron microscopy (TEM) images were
obtained with a Tecnai F30 instrument operated at 300 kV. X-
ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI Versaprobe 5000 spectrometer equipped with an Al
K X-ray source.

2.3. Catalyst Evaluation. Values for the thermodynamic
equilibrium of CH, conversion, CO, conversion, and H,/CO
ratio are 52.9%, 63.8%, and 0.81 at 600 °C according to the
calculation using the simulation software of ASPEN Plus.
Measurements of reaction rates were carried out with a quartz
tube, xed bed reactor (8 mm inner diameter). Quartz wool was
placed below the catalyst bed to hold the catalyst in place. The
reactor temperature was maintained by using a tube furnace
equipped with a temperature controller and a K-type
thermocouple. Before each measurement, the catalysts were
sieved into powder with grain sizes between 40 and 60 mesh and
treated with an H,/N, mixture (10 vol %, 30 mL/min) at 800 °C
for 1 h; then it was purged with owing N, (30 mL/min) for an
additional 30 min to remove the hydrogen in the reactor before
cooling to the reaction temperature.

All experiments were carried out under atmospheric pressure.
Product streams were analyzed by gas chromatography using a
Techcomp GC7980 tted with thermal conductivity and ame
ionization detectors. Measurements of the reaction rates and
durability were carried out at 600 °C, where the reported MDR
rates were calculated by the following formulas, respectively.

X _ I:CH‘t,inIetS I:Cl—tl,outlet
CH, —

FCH4,inIet

_ I:COZ,inIetS I:Cq,outlet

FCOZ,inIet

H2 _ FHz,outIet

CO FCO,outIet

FCH4,inIetXCI-h

weight of catalys; -disgse r;iorl 60

TOFy =

4

The carbon balance was 100 + 5% for all catalyst evaluations.
The carbon balance was calculated as

= + F F
CH,,outlet cq ,outlet Co,outle;( 100%

FCH4,inIet+ FCQ Jinlet

where FCH4,inIeta FCOZ,inIetr FCH4,outIetr FCOZ,outIeta FHz,outletl and
Feooutier are, respectively, the corresponding inlet ow rates
for CH,and CO, and the outlet ow rates for CH,, CO,, H,, and
CO. Turnover frequencies (s *) were calculated by controlling
the CH, conversion below 20% and assuming a dispersion of
100% for 0.3Ni/HAP; W,; was the Ni loading (wt %).

2.4. Computational Methods. Periodic density functional
theory (DFT) calculations were carried out with the Vienna Ab
initio Simulation Package (VASP).***> The projector aug-
mented wave (PAW) method was used to describe the
electron ion interactions.®® The generalized gradient approx-
imation (GGA) functional of the Perdew Burke Ernzerhof
(PBE) method was used for the exchange correlation
potential.>” An energy cuto of 400 eV was employed for the
plane wave expansions. The k-point meshes of 4 x 4 x 1 based
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Figure 1. (a c) Conversion and H,/CO ratio as a function of reaction time during MDR over xNi/HAP and 0.3Ni/HAP-ref catalysts. Reaction
conditions: 100 mg of xNi/HAP and 0.3Ni/HAP-ref catalysts, CH,/CO,/N, = 1/1/3, GHSV =30 000 mL-h *.g *,600 °C. (d) Thermogravimetric
analysis under air atmosphere over xXNi/HAP and 0.3Ni/HAP-ref catalysts.

Table 1. Catalytic Performance of 0.3Ni/HAP Catalyst Compared to Recently Reported Catalysts for MDR

conversion Speci c rate

(%) (mol-gy; “h %)
Ni loading

sample (wt %) CH, CO, CH, Cco,
Ni/HAP 0.3 454 558 405 49.8
NiCuqs/Mg(Al)O 12 511 587 28 33
SiO,@Ni@SiO, 35 50 60 12.7 15.3
Ni/SBA-15 10 52 87 23 38
Co Ni@SGA 25 30 47 6.4 10.1
Ni Co/Al,0, 5 345 14.8
Ni Ce/MgAl,0, 5 57 70 6.1 75
Ni Ce/MgAI(HT) 12 17 55 6.8 74
Ni Pr/MgAIO 58 55 60 13 14
Ni LaZrO 10 53 69 14 18
Ni La Mg AI(HT) 20 29 39 77 104
Ni/SiO, 10 66 68 85 8.7
Ni SiO,@CeO, 5.29 72 10.2
Ni@NiPhy@SiO, 24.4 10.1 114
Ni Fe/Al,O, 11.25 16 24
Ni/CeO, HAP 0.5 3731 729.4

TOF (s %) coking rate time on stream temp
CH, (Mg Gert “h * (h) (°©) ref
421 not detected 20 600 this work
0.47 0.81 25 600 40
0.86 32 24 600 41
1.36 194 24 600 42
16.7 6 600 43
8.8 24 600 23
2.7 24 600 44
0.55 304 25 600 18
0.23 85 11 600 45
17 30 600 46
1.05 15 600 19
0.75 323 24 600 47
18.9 not detected 72 600 48
8.1 2 50 600 49
58 60 3 600 50
6.1 not detected 65 750 26

on the Monkhorst Pack scheme from the Brillouin zone were
used for structure calculations.*® The hexagonal hydroxyapatite
structure (P63/m) with a stoichiometric formula of
Ca;o(PO4)6(OH), was considered to prepare the HAP slab
model with its (002) facet exposed to the gas phase, which was
de ned by a vacuum space with a thickness of 15 A to prevent
the nonphysical interaction between the surfaces in the z-
direction of the slab and its images.*® The nickel (Ni) doped
models were prepared by substituting a Ni atom (Ni(0)/HAP),
amonovalent Niion (Ni(1)/HAP), or adivalent Ni ion (Ni(11)/

15066

HAP) for a Ca cation on the surface of the slab (Figure S1). The
excess negative charge in Ni(0)-HAP and Ni(l)-HAP was
neutralized by protonating an appropriate number of surface O
sites. During geometrical optimization, all atoms were relaxed
and the convergence criterion for the force on atoms in the cell
was 50 meV/A.

3. RESULTS AND DISCUSSION

3.1. Catalytic Performance. The MDR performances of
XxNi/HAP and 0.3Ni/HAP-ref catalysts were studied at 600 °C

https://doi.org/10.1021/acs.iecr.1c02895
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Figure 2. TEM images of (a, b) reduced 0.3Ni/HAP catalyst, (c, d) spent 0.3Ni/HAP catalyst, (e, f) reduced 0.3Ni/HAP-ref catalyst, and (g, h) spent

0.3Ni/HAP-ref catalyst.

with a gas hourly space velocity (GHSV) of 30000 mL-h *.
et~ As shown in Figure 1a, the 0.3Ni/HAP and 1.25Ni/HAP
catalysts show high MDR activity with initial CH, conversions of
45 and 51%, respectively. These values nearly reach the
thermodynamic equilibrium (Figure S2) and are retained over
20 h without an obvious decrease. The 0.1Ni/HAP catalyst
displays an excellent initial activity but a rapid deactivation. For
all samples, CO, conversion is slightly higher than CH,
conversion due to the inevitable existence of the reverse water
gas shift reaction (Figure 1b). The H,/CO ratio of 1.25Ni/HAP
catalyst is higher than that of 0.3Ni/HAP catalyst, which could
be attributed to the occurrence of CH, decomposition on the
former (Figure 1c), associated with coke formation.*’

To quantify the amount of coke deposition of the spent
catalysts, TGA was carried out in air (Figure 1d). Negligible
weight loss is observed over spent 0.1Ni/HAP and 0.3Ni/HAP,
demonstrating that lower coke formation rate proceeds on these
catalysts. Due to extremely few active sites for the 0.1Ni/HAP
catalyst, therefore, exceptionally little coke deposition may also
result in rapid deactivation of the 0.1Ni/HAP catalyst. The TGA
result of the spent 1.25Ni/HAP catalyst shows a dramatic weight
loss of about 19% in the region of 430 680 °C, suggesting that
coke deposition is mostly lamentous or graphitic carbons. For
the 0.3Ni/HAP-ref catalyst using a commercial HAP support,
CH, conversion is initially 12% and decreases rapidly after 0.5 h,
indicating that the catalytic performance is strongly dependent
on the nature of the HAP support. To further verify the
exceptional catalytic performance of the 0.3Ni/HAP catalyst, in
Table 1 we summarize a comparison with recently reported
catalysts for MDR at 600 °C. Table 1 clearly shows that 0.3Ni/
HAP among all catalysts shows superior activity and coke
resistance.

3.2. Structural and Morphological Characterizations.
To identify the origin of the superior catalytic activity, the
structures and properties of the Ni-based catalysts were
characterized and analyzed as follows. N, physical sorption
isotherms of the xNi/HAP and 0.3Ni/HAP-ref catalysts belong
to type 1V with H3-type hysteresis loops (Figure S3), indicative
of typical mesoporous structure. The speci c surface area, pore
volume, and average pore size values of xNi/HAP samples are
di erent (Table S1), indicating that Ni species have an impact
on the structure of the HAP support. Both the speci ¢ surface

area (66.78 m%g ) and pore volume (0.33 cm®g ) of
commercial HAP are larger than those (37.49 m%g Y and 0.17
cmig 1) of homemade HAP nanorods (Figure S4). This
suggests that commercial HAP is conducive to the dispersion of
Ni species as a result of a larger speci c¢ surface area. However,
the 0.3Ni/HAP catalyst performs with better catalytic activity
compared to the 0.3Ni/HAP-ref catalyst. Possibly, the speci ¢
surface area of HAP has nosigni cante ecton the improvement
of the catalytic activity. Ni-based catalysts maintain a feature of
hexagonal nanocrystalline apatite (Figure S5), indicating that
the addition of Ni does not alter the crystal structure or lattice
parameters of HAP. No di raction peaks of metallic Ni are
observed in XNi/HAP and 0.3Ni/HAP-ref catalysts, suggesting
that nickel species are highly dispersed over the HAP support or
Ni loading is so low that it is below the detection limit of XRD.

Figure S6 shows that the H,-TPR pro les of xNi/HAP and
0.3Ni/HAP-ref catalysts. As for the xNi/HAP catalysts, when
the Ni loading is below 0.3 wt %, the H, consumption peaks are
around 462 °C and above 500 °C, which are ascribed to Ni
species in apatite (OH Ni O POj; ) and phosphate
( PO; O Ni O PO; ) respectively. However, when
the Ni loading reaches 1.25 wt %, there is a H, consumption
peak at approximately 364 °C, which is assigned to free NiO
species that have weak interaction with the support. In the case
of the 0.3Ni/HAP-ref catalyst, a H, consumption peak with a
shift toward higher temperature is observed compared to the
1.25Ni/HAP catalyst, which is attributable to ne NiO species
that have a strong interaction with the support.

The structures and morphologies of the reduced and spent
catalysts were measured by TEM, and the representative images
are presented in Figure 2 and Figures S7 13. Ni nanoparticles
are absent on the surface of the reduced 0.3Ni/HAP catalyst
(Figure 2a,b and Figure S7), which implies that isolated metallic
Ni atoms or small Ni clusters are predominant on its surface.
Coke deposition and Ni nanoparticles are also not observed over
the spent 0.3Ni/HAP catalyst (Figure 2c,d and Figure S8),
suggesting that homemade HAP can well immobilize Ni species
and maintain its high dispersion during catalysis reaction. As for
the reduced 0.3Ni/HAP-ref catalyst, Ni nanoparticles are visible
(Figure 2e,fand Figure S9), suggesting that Ni species are prone
to agglomeration on the surface of commercial HAP. As
observed in Figure 2g,h and Figure S10, the sintering of Ni
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Figure 3. (a) TEM and (b) STEM EDX element mapping images of reduced 0.3Ni/HAP catalyst.
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Figure 4. (a) UV vis DRS pro les of xNi/HAP and 0.3Ni/HAP-ref catalysts. (b) Band gaps for XNi/HAP catalysts.

nanoparticles is obvious over spent 0.3Ni/HAP-ref catalyst. In
addition, we further utilize EDX mapping images to illustrate the
distribution of Ni, Ca, O, and P elements. It is observed that Ca,
O, and P elements are distributed homogeneously. Compared to
the 0.3Ni/HAP-ref catalyst (Figure S11), 0.3Ni/HAP shows a
uniform distribution of Ni species according to the EDX
mapping (Figure 3), indicating homemade HAP is bene cial for
the high dispersion of Ni species.

For the 1.25Ni/HAP catalyst with relatively high Ni loading,
the presence of Ni nanoparticles is clearly observed from the
TEM images (Figure S12). These Ni nanoparticles would
readily result in the formation of coke deposition from CH,
decomposition. As a result, the extensive growth of carbon
nanotubes is observed over the spent 1.25Ni/HAP catalyst.
Figure S13 displays a magni ed image of carbon nanotubes with
a Ni nanoparticle at the tip, suggesting that the carbon
nanotubes have captured the Ni nanoparticles and uprooted
them from the HAP support. The formation of carbon
nanotubes does not deactivate the surface of Ni nanoparticles,
but the uncontrolled growth of carbon nanotubes can cause a
collapse of the catalyst structure and the catalyst bed blocking
with time on stream.

3.3. Insight of the Property of the Ni Species. To
identify the coordination environment of the Ni species, UV
vis DRS was carried out in the range 200 800 nm. As shown in
Figure 4a, the absorption band localized between 230 and 300

15068

nm is ascribed to the O>  Ni?" charge transfer transition.>
The absorption peaks centered at 420 and 720 nm are assigned
to °A,,  °Ty, (F) transition bands, which are characteristic of
octahedral Ni** in the NiO lattice.> It is observed that the
intensity of NiO species in the 0.3Ni/HAP catalyst is much
lower than that in the 0.3Ni/HAP-ref catalyst, suggesting that
more Ni species are located in the apatite framework instead of
the surface for the former,>* which may be responsible for the
scarcity of Ni nanoparticles on the surface of reduced 0.3Ni/
HAP catalyst. In the cases of 1.25Ni/HAP and 0.3Ni/HAP-ref
catalysts, the stronger absorption peak at 420 nm suggests that
more NiO species are on the surface, which may result in more
and larger Ni nanoparticles after reduction. The size of NiO
species could be estimated by the band gap. As shown in Figure
4b, the estimated values of the band gap (4.64 eV) are identical
for the 0.1Ni/HAP and 0.3Ni/HAP catalysts. In the case of the
1.25Ni/HAP catalyst, a further decrease in the band gap value
(4.50 eV) is observed, indicating the size of NiO species is
relatively large.>>>°

3.4. Analysis of Surface Properties of HAP. To elucidate
the speci c role of basic sites on the HAP surface, CO,-TPD
MS was carried out to quantify the number of various basic sites.
It has been reported that three types of basic sites can be divided
by di erent CO, desorption temperature ranges, assigned to
weak basic sites (donated as [Ca OH]), medium basic sites
(donated as [Ca O Ca]), and strong basic sites (donated as

https://doi.org/10.1021/acs.iecr.1c02895
Ind. Eng. Chem. Res. 2021, 60, 15064 15073


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c02895/suppl_file/ie1c02895_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c02895/suppl_file/ie1c02895_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c02895/suppl_file/ie1c02895_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02895?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02895?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02895?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02895?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02895?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02895?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02895?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02895?fig=fig4&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c02895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Figure 5. (a) CO,-TPD MS pro les over xNi/HAP and 0.3Ni/HAP-ref catalysts. (b d) Comparison of Ni 2p, O 1s, and P 2p XPS spectra of xNi/

HAP and 0.3Ni/HAP-ref catalysts.

[Ca O P]),>" respectively. As shown in Figure S14, the
homemade HAP has many more [Ca O P] basic sites
compared to commercial HAP. After Ni loading, the number
of the [Ca O P] basic sites in catalysts decreases gradually
with the increase of Ni loading for the xNi/HAP catalysts, and
the surface [Ca O P] basic sites are almost exhausted for the
0.3Ni/HAP catalyst (Figure 5a and Table S2). As for the [Ca
OH] and [Ca O Ca] basic sites, the consumption of these
basic sites is low. In conclusion, the [Ca O P] basic sites play a
crucial role in immobilizing and dispersing Ni species by Ni?*
substituting for Ca®" in the structure of [Ca O P].

A high temperature desorption peak appears at 490 °C for all
catalysts, which corresponds to CaO basic sites.>® It is observed
that the intensity of CO, desorption at 490 °C for 0.3Ni/HAP is
notably stronger than that of the 0.3Ni/HAP-ref catalyst,
suggesting a greater level of exchanged Ni species for the 0.3Ni/
HAP. As shown in Table S2, the number of CaO basic sites for
the 0.3Ni/HAP catalyst is about 6-fold more than that of the
0.3Ni/HAP-ref. It is supposed that the rich [Ca O P] basic
sites may play a vital role in the formation of CaO basic sites.
Moreover, the promoting e ect of CaO basic sites on the
inhibition of coke deposition has been investigated for the MDR
reaction. The presence of CaO basic sites can promote CO
activation and accelerate the removal of coke deposition.>® ©
Therefore, we can draw a conclusion that the enriched [Ca O
P] basic sites are bene cial for enhancing the catalytic
performance and coke resistance by simultaneously improving
the dispersion of Ni species and CO, activation.

The chemical states of Ni, O, and P were investigated by quasi
in situ XPS. As shown in Figure 5b, the binding energies of Ni
2ps/, are accordingly 856.8, 854.9, and 852.2 eV, which are
assigned to Ni2* species, Ni* species, and metallic Ni® in turn for

0.1Ni/HAP and 0.3Ni/HAP catalysts. Moreover, the dominated
Ni 2pa/, is re ected by the peak at 854.9 eV, which corresponds
to Ni* species,®” suggesting that the majority of Ni atoms are at a
cationic state instead of a metallic state during the catalysis
reaction.®® As shown in Figure S15, the EPR measurement result
further con rmed that implanted Ni is present as isolated
paramagnetic Ni* ions, which are responsible for the anisotropic
EPR spectrum with g = 2.17.%* However, metallic Ni° at 852.2
eV is dominant for the 0.3Ni/HAP-ref catalyst. The XPS results
imply that the [Ca O P] basic sites are bene cial for forming
isolated Ni atoms at a cationic state that may be responsible for
excellent catalytic activity. Compared to pure HAP, slight shifts
of P 2ps, and O 1s toward the higher binding energy are
observed for the 0.3Ni/HAP catalyst (Figure 5c,d). The
variation of the binding energies of P 2ps,, and O 1s indicates
decreases of the electron densities of P and O atoms, leading to
an increase in the electron cloud density for Ni* species, which
enhances the electron-donating ability from the Ni* species to
the antibonding orbital by the C H bond of CH, The
improved electron supplg capacity means an enhancement in the
CH, activation ability.®> However, the binding energies of P
2ps/, and O 1s remain unchanged in comparison to the 0.3Ni/
HAP-ref catalyst and commercial HAP (Figure S16), indicating
weak interactions between the Ni nanoparticles and the
support,®® thus leading to poor activity and stability.

In the case of the 1.25Ni/HAP catalyst, more metallic Ni°
sites are detected. The metallic Ni atoms typically have a higher
binding energy with CH, molecules than Ni atoms of a cationic
state, which readily leads to coke formation from CH, deep
decomposition.”® Therefore, more isolated Ni atoms at a
cationic state on the surface of the catalyst are bene cial for
inhibiting the formation of coke deposition. As shown in Table
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S3, more Ni atoms in the ionic state and few metallic Ni® may
facilitate superior coke resistance for the 0.3Ni/HAP catalyst. As
for the 1.25Ni/HAP catalyst, excessive loading of Ni generates
abundant metallic Ni° species on its surface, which accelerates
the formation of coke deposition.

3.5. DFT Calculation. The catalyst structure determines its
catalytic activity. As seen in Table S4, upon the substitution of a
nickel (Ni) atom for a calcium (Ca) atom on the surface of HAP,
the catalyst underwent structural changes in the vicinity of Ni.
Among three types of doping, the Ni ion in the Ni(l)- and
Ni(0)-doped systems could hardly maintain the balanced
coordination mode in the native HAP but favored building
stronger interactions with two of the three O atoms, while Ni(IT)
essentially maintained a balanced coordination conformation
with all three Ni(1) O bond lengths around 1.90 A, which is
similar to that in the native HAP where the Ca(ll) ion interacts
with all three coordinating O atoms with de, o = 2.38 A. In
contrast, such unbalanced coordination is more serious in the
Ni(0)-doped system with the three Ni O distances being 1.83,
1.91,and 2.74 A, respectively. These results show that Ni(ll) ts
best the coordination environment on the surface of HAP, while
Ni(0) can hardly adapt it.

Figure 6 shows the projected density of state (PDOS) pro les
of the three Ni-doped HAP systems. There is a clear overlap in

Figure 6. Projected DOS pro les of Ni/HAP catalysts.

the contributions of Ni(Il) and O in the Ni(ll)-doped model
system, which is much less in the other two model systems. This
is consistent with the analysis of the geometries that the former
retained a balanced coordination with all three O atoms in the
rst coordination shell, while in the latter two cases both Ni(l)
and Ni(0) cannot maintain such a balanced coordination mode.
Meanwhile, in the Ni(ll)-doped system, there is a clear energy
gap between the frontier valence band and the conduction band,
and both Ni(Il) and O have an important contribution in the
frontier valence band, showing that the Ni(ll) well ts the
doping region, and it may be hard to show activity in the
dehydrogenation of methane.
In the case of the Ni(l)-doped system, the frontier valence
band contains nearly solely contribution of Ni(l) at the higher
energy level, indicating that, on one hand, the Ni(l) site is highly

active with nucleophilicity which bene ts the dehydrogenation
of the methane and, on the other hand, it has a noticeable minor
contribution to the conduction band. This implies that it can in
principle build a weak interaction with an electron-rich species,
e.g., the methyl group produced from the dissociation of
methane, but can hardly hold it for further dissociation
reactions. The Ni(0)-doped system shows features that disfavor
the dehydrogenation of methane and will be not discussed here.

4. CONCLUSION

We have demonstrated that hydroxyapatite nanorods that
contain a high density of [Ca O P] sites are exceptionally
capable of simultaneously generating [Ni O P] sites and new
CaO basic sites through ion exchange. The formation of [Ni
O P] sites can assist the anchoring of highly dispersed Ni
species and the formation of an abundance of Ni cations. The
existence of Ni cations e ciently enhances the activation of
CH,, meanwhile avoiding deep cracking of CH,, thus improving
the MDR activity and anticoking property. In addition, the CaO
basic sites can also inhibit the coke formation by activating CO,,
contributing excellent anticoking property together with Ni
cations. This work demonstrates a new method for designing a
single-site catalyst with high speci c activity and excellent coke
resistance.
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