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a b s t r a c t

The dry reforming of methane (DRM) reaction can directly convert methane (CH4) and carbon dioxide
(CO2) into syngas (H2þCO), which is a promising method for achieving carbon neutralization. In this
study, a series of 3Ni-xCo/Mg1HAP alloy catalysts with different ratio were synthesized by the copreci-
pitation method, and the optimum NieCo ratio for the DRM reaction was studied. A series of charac-
terization methods revealed that after Co was added, the formation of NieCo alloys increased the
interactions between metals. However, an excess of Co inhibits the entry of Ni into the lattice of Mg1HAP,
resulting in metal accumulation on the surface of the support. In addition, the introduction of Co im-
proves the dispersion of Ni metal, which endows the catalyst with better catalytic activity and stability.
Raman spectroscopy of the catalyst after the stability test showed that the addition of Co reduced the
proportion of graphitic carbon, which was also the main reason for its improved stability.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

In recent years, the problem of global warming has attracted
increasing amounts of attention, and methane and carbon dioxide,
two greenhouse gases, are the main causes of global warming;
moreover, carbon neutralization strategies have been widely
implemented worldwide [1e7]. Dry reforming of methane is a very
effectivemethod. It directly uses carbon dioxide (CO2) and CH4, two
greenhouse gases, and converts them into syngas (H2þCO) [8,9].
Syngas can be applied in the FischereTropsch reaction (FTS) to
produce methanol or other fuel resources, which can convert low-
value-added chemicals into high-value-added chemicals [10,11].

Ni-based catalysts are considered to be the most practical po-
tential dryreforming of methane (DRM) catalysts because they are
less expensive and have the same catalytic activity as precious
metals (Ir, Rh, Ru, Pt, and Pd) [12e17]. However, catalyst coking and
active metal Ni sintering are the main challenges for the commer-
cial application of Ni-based catalysts [18e20]. The sintering of
metal Ni occurs mainly through the agglomeration of metal Ni into
larger metal Ni particles under high-temperature reduction and
high-temperature reaction conditions [21,22], while CH4 tends to
decompose excessively on larger Ni particles (CH4 / Cþ4H*),

resulting in carbon deposition [23e25]. Therefore, a useful way to
solve the problems of carbon deposition and metal sintering is to
reduce the size of metal nanoparticles and enhance the interaction
between the metal and support [26,27]. A large number of pub-
lished reports show that when the size of metal nanoparticles is
less than a certain threshold, they can inhibit the nucleation of
graphitized carbon and effectively prevent carbon deposition
[28e30]. He et al. [31] prepared g-Al2O3-supported ultrafine Ni
nanoparticle (3.7 nm) catalysts, which showed remarkable stability
to CH4 and CO2 at 700 �C, and the CH4 conversion decreased by only
9.6 % after 20 h of reaction. Wang et al. [32] encapsulated bimetallic
Ni nanoparticles (2.8 nm) in silicalite-2. They found that the reac-
tion showed high resistance to carbon deposition even at 650 �C,
where severe coking would occur. Metal sintering occurs due to the
migration of metal nanoparticles, so it is highly important to
enhance the interaction between the metal and support to improve
the sintering resistance of metals. It has been proven that the
alloying effect can induce stronger metal-support interactions in
the reported literature. Because Ni and Co have similar electronic
structures, it is very easy to form NieCo alloys.

One of the main reasons for the easy deactivation of Ni-based
monometallic catalysts is that they have high activity against the
CeH orbital of CH4 [23], which leads to the continuous accumu-
lation of carbon species (C*) in the active sites, which eventually
leads to deactivation of the catalysts. The addition of a second* Corresponding author.
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metal can effectively alleviate this situation, and the addition of a
second metal will also improve the metal-support interaction
[33,34]. The addition of the second metal promotes electron
transfer between Ni and the second metal, which is beneficial for
the formation of oxygen species (O*). O* oxidizes the C* produced
by CH4 cracking into CO, thus preventing the accumulation of C*
on the surface of the metal Ni [35,36]. However, the excessive
addition of a second metal will produce excessive O*, which will
lead to the oxidation of the metal and decrease the activity of the
catalyst. Therefore, the introduction of an appropriate amount of
second metal is beneficial for inhibiting the coking and sintering
of the catalyst. Metal Co has beenwidely studied as a secondmetal
because of its high oxophilicity and high activity [37]. Erdogan
et al. prepared Ni@SBA-15, Co@SBA-15, and NieCo@SBA-15 by wet
impregnation. The results showed that due to the formation of the
NieCo alloy, the NieCo@SBA-15 catalyst effectively inhibited the
agglomeration of the Ni particles. The activity test results showed
that the bimetallic catalyst promoted the formation of O* on the
surface of the catalyst due to the electron transfer between Ni and
Co, thus inhibiting the accumulation of carbon [38]. AlSabban et al.
[39] studied the CH4 and CO2 activation equilibrium of Co, Ni, and
different proportions of NieCo alloy catalysts. The results showed
that the carbon deposition produced by the NieCo alloy catalysts
during the DRM process was negligible. Density functional theory
calculations revealed that, compared with the pure Ni and Co
catalysts, the NieCo alloy catalysts exhibited moderate oxygen
chemical adsorption energy. The adsorption energy of O* species
increases with increasing Co content, which is the main reason
why the carbon deposition of NieCo catalysts can be ignored.
Sheng et al. [40] studied the activation equilibrium of CH4 and CO2
in a NieCo alloy via DRM, focusing on the effect of the NieCo ratio
on the carbon balance. The results showed that only by optimizing
the NieCo ratio could the dynamic balance between CH4 cracking
and CO2 reduction be maintained, carbon deposition on the sur-
face of the catalyst could be prevented, and the oxidation of active
metals could be alleviated. The NieCo alloy composition is sig-
nificant for ensuring efficient and stable DRM reactions and
enhancing the catalytic performance of the catalyst [41e43].

In previous work [44], using the ion exchange capacity of hy-
droxyapatite (HAP), Mg was used to partially replace Ca in HAP to
prepare the Ni/MgxHAP catalyst, and the optimal amount of Mg
substitution was determined. In the present study, Mg1HAP-sup-
ported NieCo bimetallic catalysts were prepared by the copreci-
pitation method, and the best NieCo ratio was determined. The
formation of the NieCo alloy and the reduction ability, dis-
persibility, and surface alkalinity of the catalyst were investigated
via characterization. Finally, the stability of the catalyst was
evaluated under the same reaction conditions. The NieCo alloy
effectively promoted the cleavage of CeH and CeO and decreased
the distance between O* and C*, thereby increasing the conver-
sion of CH4 and CO2 and inhibiting carbon deposition.

2. Experimental

2.1. Catalyst preparation

Mg-substituted hydroxyapatite was prepared by the copreci-
pitation method. Mg-substituted HAP nanoparticles with a stoi-
chiometric ratio were usually synthesized by Ca(NO3)2$4H2O and
NH4H2PO4 coprecipitation methods and were named Mg1Ca9(-
PO4)6(OH)2. Ca(NO3)2$4H2O (4.25 g) and Mg(NO3)2$6H2O (0.51 g)
are usually mixed and dissolved in 80 ml of deionized water, and
1.38 g of NH4H2PO4 is also dissolved in 80 ml of deionized water. A
white suspension was obtained by adding NH4H2PO4 solution to a
mixture of calcium nitrate and magnesium nitrate at room

temperature. The suspension was stirred at 90 �C for 3 h. The
precipitates in the suspension were centrifuged, washed to
neutral, and then air-dried at 80 �C overnight. The dried sample
was calcined in a muffle furnace at 400 �C for 4 h to obtain the
Mg1HAP support.

Loading of Ni and Co on the Mg1HAP support: The 0.60 g
Mg1HAP support was stirred for 10 min in 60 ml deionized water
to mix the Mg1HAP support evenly in deionized water. Subse-
quently, 0.5 mol$L�1 Ni(NO3)2 aqueous solution was added to
achieve a nickel loading amount of 3 %(mass), and then
0.5 mol$L�1 Co(NO3)2 aqueous solution was added to achieve Co
loading amounts of 1%, 2%, 3%, 4%, and 5 %(mass). The pH of the
mixed solution was adjusted to 10.5 with 25 %(vol) ammonia, and
the mixture was stirred at 350 r$min�1 for 3 h to obtain a light
green precipitate. The light green precipitate was filtered and
washed to make the precipitate neutral and dried overnight in an
oven at 80 �C. The dried sample was calcined in a muffle furnace at
500 �C for 4 h to obtain a NieCo/Mg1HAP catalyst with a Ni
loading of 3 % and a Co loading of 1% to 5%.

2.2. Characterization of the catalysts

X-ray diffraction (XRD) patterns were obtained on a Rigaku D/
MAX 2500 V (Rigaku, Tokyo, Japan) X-ray powder diffractometer
with Cu Ka radiation. The scanning step was 0.01�, the scanning
speed was 10 (�)$min�1, and the datawere collected from 10� to 80�.
N2 adsorption-desorption was tested on a TriStar II surface area and
porosity analyzer (Micromeritics Instrument Corporation, Norcross,
GA, USA), where the sample to be tested was first degassed at 300 �C
for 4 h, and the surface area was calculated using the Brunauer‒
Emmett‒Teller (BET) equation. X-ray photoelectron spectroscopy
(XPS) was carried out on a Thermo Science K-Alpha (Thermo Fisher
Scientific, Waltham, MA, USA, Al Ka hv ¼ 1486.6 eV). All binding
energies (BEs) were calibrated using C 1s (284.8 eV) as a standard.
Temperature-programmed reduction (H2-TPR) was carried out on an
AMI-300 instrument (Altamira Instruments, Cumming, GA, USA),
and 50 mg samples were placed in a U-shaped quartz reactor, pre-
treated in 30 ml$min�1

flowing Ar at 573 K for 30 min, ramped to
1073 K at 10 �C$min�1 in 50 ml$min�1

flowing 10 % (vol) H2/Ar and
reacted with H2 detected by TCD. SEM images were obtained on a
Hitachi SU8220 field emission scanning electron microscope (Hita-
chi, Tokyo, Japan). Thermogravimetric analysis (TGA) was conducted
on a thermogravimetric analyzer (Mettler Toledo, USA) to measure
carbon deposition on the catalyst at 800 �C in air. Raman spectra
were obtained with a HORIBA Scientific LabRAM HR Evolution
spectrometer (HORIBA, France) with an excitation wavelength of
532 nm.

2.3. DRM reaction

The DRM reaction was conducted following the procedure in our
previous work [45]. A total of 0.04 g of catalyst diluted with 0.60 g of
quartz sand was loaded in a U-shaped quartz tube reactor with an
inner diameter of 7 mm and an outer diameter of 9 mm. Before the
reaction, the catalyst was reduced in 30 ml$min�1 10 % H2/Ar mixed
gases at 750 �C for 40min. With 30ml$min�1 feed gas (composed of
CH4, CO2, and N2with a volume ratio of 1:1:1), the DRM reactionwas
carried out at 750 �C for 8 h (GHSV ¼ 45000 ml$g�1$h�1).

The CO2 and CH4 conversion, syngas ratio, H2 yield, H2 and CO
selectivity and carbon balance were calculated using Eqs. (1)e(7),
respectively.

XCO2
¼ FCO2;in

� FCO2;out

FCO2;in

� 100% (1)
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XCH4
¼ FCH4;in

� FCH4;out

FCH4;in

� 100% (2)

RH2
CO

¼ FH2;out

FCO;out

(3)

H2 Yield¼ FH2;out

2� FCH4;in

� 100% (4)

H2 Selectivity ¼ FH2;out

2
�
FCH4;in�FCH4;out

�� 100% (5)

CO Selectivity ¼ Fco;out�
FCH4;in�FCH4;out

�
þ
�
FCO2;in�FCO2;out

�� 100%

(6)

XC ¼
FCH4;out

þ FCO2;out
þ FCOout

FCH4;in
þ FCO2;in

� 100% (7)

where FCO2;in
, FCO2;out

, FCH4;in
, and FCH4;out

are the flows of the feed gases
CO2 and CH4 in and out of the reactor, ml$min�1, respectively, and
FH2;out

and FCOout
are the flows of the vent gases H2 and CO,ml$min�1,

respectively.
Fin is controlled by the mass flowmeter of the AMI-300 reactor

(Altamira Instruments, USA). Fout is calculated by Agilent 8890 gas
chromatograph (Agilent, USA) as follows: with N2 as the internal
standard substance, the linear relationship between flow ratio (Ft/
FN2

, t ¼ CH4, CO2, CO, and H2) and peak area ratio (At/AN2, t ¼ CH4,
CO2, CO, and H2) was obtained. Thus, the Fout of different gases at
the outlet of the AMI-300 reactor can be calculated according to the
ratio of different gases and N2 in the real-time product of the
reaction.

3. Results and Discussion

3.1. Support and fresh catalyst characterization

3.1.1. XRD analysis
To study the structure of the catalyst after the addition of Co and

the existing forms of Ni and Co in the catalyst, catalysts with
different NieCo ratio were characterized via XRD, as shown in Fig.1.
The diffraction peaks corresponding to the hydroxyapatite phase
were detected at 2q¼ 25.9� (0 0 2), 31.8� (2 11 ), 32.2� (3 0 0), 32.9�

(2 0 2), 46.8� (2 2 2), 49.7� (2 1 3), and 53.0� (0 0 4) for all the
catalysts, indicating that the structure of the support did not
change obviously after loading with Ni metal. The characteristic
peaks of Co3O4 were not detected for the 3Ni/Mg1HAP, 3Nie1Co/
Mg1HAP and 3Nie2Co/Mg1HAP catalysts at 36.7� and 44.3�, which
may be due to the formation of NiCo2O4 [46], while the NiCo2O4
was highly dispersed on the surface of the support, so the charac-
teristic peaks of the metals Co and NiCo2O4 could not be detected.
When the content of metal Co increases to 3 %, the characteristic
peaks of Co3O4 and NiCo2O4 appear at 36.7� and 44.3�, respectively.
This may be because the excess Co is dispersed on the surface of the
support in the form of oxides. The intensity of the characteristic
peak of Co3O4 increases gradually with increasing Co3O4 content.
This may lead to uneven dispersion of the metal Co and agglom-
eration to form larger Co particles at high temperature. In addition,
metal Co species have a strong oxygen affinity, which easily

combines with oxygen and is oxidized [47,48], resulting in deacti-
vation of the catalyst.

3.1.2. N2 adsorption-desorption analysis
To study the effect of the secondmetal Co on the specific surface

area, pore size and pore volume of the catalyst, N2 adsorption-
desorption experiments were carried out on several catalysts
with different NieCo ratio, and the results are shown in Fig. 2.
Fig. 2(a) shows that all the catalysts exhibit H2 hysteresis and V-
type adsorption isotherms, indicating the existence of mesopores
and an ink bottle pore structure. The diagram shows that the N2
adsorption capacity of all the samples decreased slowly with
increasing relative pressure, and the hysteresis loop decreased
gradually, indicating that the ability of the catalyst to adsorb N2

decreased. This phenomenon became more obvious with
increasing Co content, indicating that the Co metal blocked the
pores of the catalyst, resulting in a decrease in the ability of the
catalyst to adsorb N2. Fig. 2(b) shows the pore size distributions of
several catalysts for the NieCo/Mg1HAP catalyst. The pore size
distribution of the 3Ni/Mg1HAP catalyst without Co is approxi-
mately 45 nm. With the addition of Co metal, the pore size of the
catalyst increases to approximately 50e70 nm. When the addition
of Co reached 4%, the pore size distribution of the catalyst was
approximately a straight line. Combined with the isotherm data of
the catalyst, it can be found that the hysteresis loop decreases with
increasing Co addition. The results showed that the pore size dis-
tribution on the surface of the catalyst became wider with
increasing Co addition, which was mainly because most of the
pores were blocked by metal Co. Table 1 shows the specific surface
area, pore volume and average pore size of several Ni-xCo/Mg1HAP
catalysts with different NieCo ratio. The table shows that the
specific surface area, pore volume and average pore size of the 3Ni/
Mg1HAP catalyst without Co are 103 m2$g�1, 0.6 m3$g�1, and
19.2 nm, respectively. The specific surface area and pore volume of
the catalyst decrease rapidly after the addition of the second metal
Co, and this phenomenon becomes more obvious with increasing
Co addition [49,50] (see Table 1).

3.1.3. H2-TPR analysis
The effect of the second metal Co on the reduction performance

of the 3Ni-xCo/Mg1HAP catalyst was studied by H2-TPR character-
ization, the results were shown in Fig. 3 and Table 2. From Fig. 3, the
peak at 380 �C is attributed to the reduction of the dispersed NiO
particles on the surface of the Mg1HAP, and the peak at 512 �C is

Fig. 1. XRD patterns of calcined catalysts with different NieCo ratio.
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ascribed to the Ni species (Ni [I]), which exchange the Ca2þ [I] sites
in Mg1HAP. Two peaks were found at 664�C and 782 �C, corre-
sponding to the Ni species (Ni [II]) that exchange the Ca2þ [I] sites in
Mg1HAP [51]. With the addition of Co, the reduction peak at
approximately 300 �C is attributed to the reduction of Co3O4 to CoO
and subsequent reduction of CoO to metallic Co [52,53], and the
peak area of the reduction peak increases with increasing Co con-
tent, indicating that more Co3O4 species accumulate on the support
surface, which may lead to the agglomeration of metal Co species
on the support surface at high temperature. After adding Co, the
reduction peak of NiO shifts to approximately 400 �C, which is
attributed to the formation of NiCo2O4 and the enhancement of
metal-support interactions.

For the 3Nie1Co/Mg1HAP and 3Nie2Co/Mg1HAP catalysts, the
peak around 510 �C belongs to the reduction of Ni2þ [I] species in
the support lattice, and the peak at 680 �C belongs to the reduction
of Ni2þ [II] species. With increasing Co loading, the reduction peaks
of the Ni2þ [I] species and Ni2þ [II] species disappear, which may be
due to the preferential combination of Co and Ni to form a NieCo
alloy, thus inhibiting the entry of Ni metal into the HAP lattice.

However, when the loading of Co reaches 5 %, a wide reduction
peak appears at 550 �C and 750 �C. This reduction peak may be
because excess Co enters the HAP lattice and forms a strong metal-
support interaction with the support to reduce the Co species [54].
In addition, as shown in Table 2, the H2 consumption of 3Nie1Co/
Mg1HAP is the least, indicating that the metal in 3Nie1Co/Mg1HAP
sample has the strongest interaction with the support, which is
conducive to enhance the resistance to sintering.

3.1.4. XPS analysis
To study the change in the metal valence state in the catalyst

after the addition of the secondmetal Co, XPS tests were carried out
on the catalysts with different NieCo ratio. The results are shown in
Fig. 4. As shown in Fig. 4(a), all the catalysts have a satellite peak at a
binding energy of 860.9 eV, and for the 3Ni/Mg1HAP catalysts, there
are peaks near binding energies of 854.0 eV, 855.1, and 855.8 eV,
indicating that there are at least three binding modes between the
Ni on the catalyst and the support. The peak at 854.0 eV was
attributed to the dispersion of NiO on the Mg1HAP support, the
peak at 855.1 eVwas attributed to the Ni2þ [I] species formed by the
Ca2þ [I] site in the Ni2þ exchange Mg1HAP, and the peak at 855.8 eV
was attributed to the Ni2þ [II] species formed by the Ca2þ [II] site in

Fig. 2. N2 adsorption-desorption isotherms (a) and pore size distributions (b) of the catalysts with different NieCo ratio.

Table 1
Textural properties of catalysts with different NieCo ratio.

Samples SBET/m2$g�1 Pore volume/cm3$g�1 Pore size/nm

3Ni/Mg1HAP 103 0.6 19.2
3Nie1Co/Mg1HAP 82 0.5 20.6
3Nie2Co/Mg1HAP 79 0.5 17.1
3Nie3Co/Mg1HAP 51 0.4 16.3
3Nie4Co/Mg1HAP 48 0.3 15.7
3Nie5Co/Mg1HAP 42 0.3 14.5

Table 2
H2 consumption of catalysts with different NieCo ratio.

Sample H2 Consumption①/mmol$g�1

3Ni/Mg1HAP 1498
3Nie1Co/Mg1HAP 1369
3Nie2Co/Mg1HAP 1679
3Nie3Co/Mg1HAP 1776
3Nie4Co/Mg1HAP 1977
3Nie5Co/Mg1HAP 2158

① H2 consumption calculated from TPR peaks.

Fig. 3. H2-TPR profiles of catalysts with different NieCo ratio.
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the Ni2þ exchange Mg1HAP. Therefore, Ni2þ ions enter the lattice of
Mg1HAP to replace Ca2þ on the surface of Mg1HAP. Moreover, Mg2þ

preferentially substitutes the Ca2þ [II] site in HAP, and the ionic
radius of Mg is smaller than that of Ca, which results in lattice
distortion and a large number of lattice defects in HAP, thus
prompting Ni2þ to substitute for the Ca2þ [II] site. The difference in
the binding energy of the peaks of the twoNi2þ species is attributed
to the difference in coordination formed by the exchange of Ni2þ at
the Ca2þ [I] and Ca2þ [II] sites. For the 3Nie1Co/Mg1HAP and
Nie5Co/Mg1HAP catalysts, the peak attributed to the Ni2þ [II]
binding energy disappears. The binding energy of the Ni2þ [I]
species decreases with increasing Co content, while the binding
energy of the NiO peak at 854.0 eV increases gradually, indicating
that themetal Ni binds preferentially after the addition of Co, which
leads to a decrease in the metal Ni content in the Mg1HAP support.
However, the content of NiO on the surface of the support
increased, which was consistent with the H2-TPR results.

To further study the formation of the NieCo alloy after the
addition of the second metal Co, several catalysts with metal Co
were analyzed by XPS, as shown in Fig. 4(b). The three catalysts
shown in Fig. 4(b) all have three peak positions. There is a satellite
peak near the binding energy of 786.5 eV. The peaks located near
781.5 and 780 eV are attributed to Co2þ and Co3þ [55e57] in the
XPS spectra of 3Nie1Co/Mg1HAP. When the Co content reaches 5 %,
the Co2þ binding energy clearly shifts in the direction of decreasing
binding energy. This may be because Co2þ enters the lattice of the
support, resulting in a change in the binding mode of Co2þ in the
catalyst, so its binding energy changes [40]. In addition, after add-
ing Co, the peak of Ni2þ [II] at 855.8 eV disappeared, and the in-
tensity of the Ni2þ [I] peak decreased with increasing Co amount,
indicating that Co preferentially interacts with Ni at the Ca2þ [II]
site and ultimately inhibits the entry and exchange of Ni into the
Mg1HAP lattice. With the addition of Co, the peak of Ni2þ [I] shifted
toward the direction of increasing binding energy, while the peaks
of Co3þ and Co2þ shifted toward the direction of decreasing binding
energy, indicating that the electrons of the Ni2þ species were
transferred to Co, confirming the formation of a NieCo alloy [58].

Furthermore, the large shift in the Ni2þ species peak confirmed the
strong interaction between Ni and Co.

3.1.5. CO2-TPD analysis
The effect of the addition of the second metal Co on the acidity

and basicity of the catalyst was studied by CO2-TPD. The results are
shown in Fig. 5. The CO2 desorption amounts of catalysts with
different NieCo ratio are listed in Table 3. Fig. 5 shows the CO2-TPD
spectra of freshly prepared catalysts with different NieCo ratio.
There are broad peaks produced by multipeak overlap in the range
of 25e600 �C. After the CO2-TPD spectra of several catalysts were
separated, the wide peaks could be divided into three CO2

Fig. 4. (a) Ni 2p and (b) Co 2p XPS profiles of catalysts with different NieCo ratio.

Fig. 5. CO2-TPD profiles of the reduced catalysts.
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desorption peaks, I, II, and III, in the temperature range of
25e600 �C, corresponding to the weakly basic site (25e150 �C), the
moderately basic site (150 �C) and the strongly basic site (300 �C),
respectively, of the catalyst. The weak basic site of type I represents
the weak adsorption of CO2 by the catalyst, which is usually
physical adsorption and is mainly distributed on the surface of the
catalyst or in the pores of the catalyst; additionally, this part of the
CO2 will be desorbed at lower temperatures. Types II and III
correspond to moderate and strong basic sites on the surface of the
catalyst, respectively. These two basic sites are beneficial for the
adsorption and activation of CO2 during the dry reforming of
methane [59,60] and are closely related to the resistance of the
catalyst to carbon deposition.

The CO2 desorption amounts of several catalysts with different
NieCo ratio are listed in Table 3. As shown in Table 3, the addition of
Co increased the total amount of CO2 desorbed from 3Ni/Mg1HAP.
This is mainly due to the strong oxophilicity of the metal Co and the
good activation of CO2, which can promote the adsorption of CO2.
Type I CO2 is physically adsorbed on the surface of the catalyst,
while type II and type III CO2 are bound to the surface of the catalyst
by chemical bonds. 3Nie1Co/Mg1HAP shows the highest desorp-
tion amount of type II and type III CO2, corresponding to the
strongest CO2 adsorption capacity and the largest distribution of
medium-strong basicity sites, so its anti-carbon deposition ability
may be stronger. Nevertheless, the desorption amount of type II
and type III CO2 decreased gradually with increasing Co content in
3Ni-xCo/Mg1HAP. As shown in Fig. S1 in Supplementary Material,
the CO2 desorption amount of the Mg1HAP support was calculated
to be 131 mmol$g�1, which is much lower than that of 3Ni/Mg1HAP
and 3Ni-xCo/Mg1HAP. The characterization of H2-TPR and XPS
showed that when the Co concentration was excessive, the Co
entered the lattice of the Mg1HAP support, which led to a decrease
in its ability to adsorb CO2. In addition, as shown in Table S1, the
surface basicity of 3Ni-xCo/Mg1HAP was improved by the addition
of Co. The surface basicity of 3Ni-xCo/Mg1HAP increased gradually
with increasing Co amount, confirming the contribution of Co to
basic sites. Excess Co enters the lattice of Mg1HAP and cannot be
used as a surface basic site to promote the adsorption and activa-
tion of CO2.

3.2. DRM reaction results

The performances of several catalysts were evaluated by a DRM
activity test, and the results are shown in Fig. 6 (GHSV ¼ 45000
ml$g�1$h�1, CH4:CO2:N2 ¼ 1:1:1, and ambient atmosphere and
reaction at 750 �C). As shown in the diagram, the initial conversions
of CO2 and CH4 by the 3Ni/Mg1HAP catalyst and the selectivity of
the product are the highest, at 92.3% and 86.1%, respectively. The
yield of H2 was 82.3%, and the ratio of H2 to CO was 0.91. When the
amount of metal Co is 1% or 2%, the conversion of reactants and the
selectivity of products improve to a certain extent. The perfor-
mance of the catalyst is the best when the amount of metal Co is 1%.

The initial conversions of CO2 and CH4 by the 3Nie1Co/Mg1HAP
catalyst were 96.40% and 90.17%, respectively. The yields of H2 and
the H2/CO ratio are 86.2% and 0.94, respectively. The initial con-
versions of CO2 and CH4 by the 3Nie2Co/Mg1HAP catalyst are
94.70% and 87.07%, respectively. The yields of H2 and the H2/CO
ratio are 84.2% and 0.92, respectively.When the amount of metal Co
is more than 3%, the activity and stability of the catalyst do not
increase but rather decrease compared with the activity and sta-
bility of the 3Ni/Mg1HAP catalyst, which may be due to the
decrease in metal dispersion and the formation of large metal
particles due to excessive Co, which is not conducive to the DRM
reaction [61]. As the active site, Ni sites promote the cleavage of CH4
to H2 and C*, while Co sites facilitate the conversion of CO2 to CO
and O*. A smaller metal particle size provides more active sites and
contact interfaces, which is more conducive to promoting the
activation and cleavage of CO2 and CH4. The agglomeration of metal
Co and the increase in Co particle size are not conducive to the
formation of oxygen species (O*) on the catalyst surface, so the C*
produced by the decomposition of CH4 cannot be oxidized to CO.
The residual C* forms carbon deposits on the catalyst surface, thus
reducing the stability of the DRM reaction. In addition, the strong
oxophylic nature of the metal Co will also lead to the oxidation of
active metals, which will also lead to a decrease in catalyst activity.
The three catalysts 3Nie3Co/Mg1HAP, 3Nie4Co/Mg1HAP, and
3Nie5Co/Mg1HAP showed a decreasing trend in the conversion of
reactants after the fourth hour of the reaction, with initial con-
versions of CO2 and CH4 of 90.1% and 84.7%, 88.1% and 82.0%, 86.6%
and 80.8%, respectively; H2 selectivity and H2/CO ratio of 80.7% and
0.90, 78.3% and 0.88, 76.3% and 0.87; and conversions of the re-
actants and selectivity of the products decreasing by approximately
3% on average after 8 h of reaction. For the 3Ni/Mg1HAP, 3Nie1Co/
Mg1HAP and 3Nie2Co/Mg1HAP catalysts, the activity did not
change. In addition, as shown in Table S2, 3Nie1Co/Mg1HAP ex-
hibits greater catalytic performance at higher GHSVs than other
reported Ni-based catalysts.

The results of the long-term stability tests performed on the
3Ni/Mg1HAP and 3Nie1Co/Mg1HAP catalysts are shown in Fig. 7.
The 3Nie1Co/Mg1HAP catalyst has good catalytic activity and sta-
bility for both CH4 and CO2 (Fig. 7(a) and (b)). The initial conversion
rate of CO2 and CH4 was 96.3% and 89.8%, respectively. After 100 h,
the conversion rate of CO2 and CH4 was 92.8% and 86.0%, and the
inactivation rate of CO2 and CH4 was 3.63% and 4.23%, respectively.
In addition, the initial CO2 and CH4 conversion rate of the 3Ni/
Mg1HAP catalyst was 92.3% and 84.1%. After 100 h, the CO2 and CH4
conversion rate was 84.7% and 74.3%, and the inactivation rate of
CO2 and CH4 was 8.23% and 11.65%, respectively.

Compared with that of the 3Ni/Mg1HAP catalyst, the inactiva-
tion rate of the 3Nie1Co/Mg1HAP catalyst is lower at the same
time, indicating that the catalyst is more stable, possibly because
the addition of metal Co increases the interaction between the
metal and support, so the anti-sintering ability of the catalyst is
stronger, which avoids the decrease in catalyst activity caused by
additional large metal particles; on the other hand, the strong
oxophilic nature of metal Co promotes the elimination of graphitic
carbonwith a stable structure. As shown in Fig. 7(c), the H2/CO ratio
of the 3Nie1Co/Mg1HAP catalyst was approximately 0.93 according
to the 100 h stability test. In comparison, the H2/CO ratio of the 3Ni/
Mg1HAP catalyst decreased from 0.92 to 0.88 during the 100 h
stability test. When the H2/CO ratio of the two catalysts is less than
1, side reactions occur during the reaction process. In contrast, the
H2/CO ratio of the 3Nie1Co/Mg1HAP catalyst is greater than that of
the 3Ni/Mg1HAP catalyst, indicating that the degree of side reaction
is small. Fig. 7(d) shows the carbon balance data. The carbon bal-
ance of the 3Nie1Co/Mg1HAP and 3Ni/Mg1HAP catalysts is always

Table 3
The amount of CO2 desorbed from the catalysts with different NieCo ratio

Sample CO2 desorption amount/mmol$g�1

Type I Type II Type III Total

3Ni/Mg1HAP 46 83 79 208
3Nie1Co/Mg1HAP 31 122 116 269
3Nie2Co/Mg1HAP 75 99 105 279
3Nie3Co/Mg1HAP 67 115 82 264
3Nie4Co/Mg1HAP 67 107 70 244
3Nie5Co/Mg1HAP 54 98 58 210
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between 95% and 98%. However, the carbon balance of the
3Nie1Co/Mg1HAP catalyst is greater than that of the 3Ni/Mg1HAP
catalyst, indicating that the less carbon deposited on the 3Nie1Co/
Mg1HAP catalyst, the greater the stability of the catalyst.

3.3. Carbon deposition analysis

As shown in the XRD patterns (Fig. 1), when the amount of Co is
greater than 3%, the amount of Ni2þ species at the Ca2þ sites on the
surface determines the formation of NiCo2O4, and the amount of
Co3O4 increases with increasing excess Co. From the XPS spectra
(Fig. 4), Ni2þ ions enter the lattice of Mg1HAP to replace the Ca2þ [I]
and Ca2þ [II] sites of Mg1HAP. Co preferentially interacts with Ni at
the Ca2þ [II] site and ultimately inhibits the entry and exchange of
Ni into the Mg1HAP lattice. An excess of Co enters the lattice of
Mg1HAP and forms a strong metal-support interaction. Moreover,
NiCo2O4, as a precursor, facilitates the formation of NieCo alloys
after reduction in H2/Ar. Ni sites promote the cleavage of CH4 to H2
and C*, while Co sites facilitate the conversion of CO2 to CO and O*.
Therefore, the NieCo alloy decreases the distance between O* and
C* on the surface of 3Nie1Co/Mg1HAP, which is conducive to the
rapid oxidation of C* by O*, thus inhibiting carbon deposition.

However, the excess Co enters the lattice of Mg1HAP, which de-
creases the CO2 adsorption ability and the rate of CO2 conversion to
O*, resulting in the formation of carbon deposits from the accu-
mulated C*.

3.3.1. XRD analysis of the spent catalysts
The fresh 3Nie1Co/Mg1HAP was reduced in H2/Ar before the

DRM reaction. To reveal the change of the spent 3Nie1Co/Mg1HAP
after 100 h of the stability test, the XRD pattern of the reduced
3Nie1Co/Mg1HAP was added for comparison, as shown in
Fig. 8. Compared with those in the spectrum of fresh 3Nie1Co/
Mg1HAP, a large number of new peaks were observed in the
spectrum of reduced 3Nie1Co/Mg1HAP, which were mainly
attributed to Ca18Mg2H2(PO4)14 (PDF#702064). The formation of
Ca18Mg2H2(PO4)14 is attributed to the entry of H2 into the lattice of
HAP during the reduction in H2/Ar. Moreover, the peaks of
Ca10(PO4)6(OH)2 (PDF#75d05665) could also be found in the XRD
pattern of reduced 3Nie1Co/Mg1HAP. Notably, the peak at 44.4�

corresponds to Ni0 (PDF#87d0712), indicating the generation of
Ni0 metal after the reduction in H2/Ar. Furthermore, the diffrac-
tion peaks of spent 3Nie1Co/Mg1HAP are similar to those of
reduced 3Nie1Co/Mg1HAP, confirming the excellent stability of

Fig. 6. Catalytic activity of catalysts with different NieCo ratio: (a) CO2 conversion, (b) CH4 conversion, (c) H2/CO ratio of the product, and (d) H2 yield.
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reduced 3Nie1Co/Mg1HAP. According to the Scherrer equation,
the approximate FWHM indicates that the crystal grain size
does not change significantly before and after 100 h of DRM. As
shown in Fig. 8 (b), which is the enlarged region from 25� to 27� in
Fig. 8 (a), the peak at 26.62� is attributed to graphitic

carbon (PDF#75d1621), indicating the production of carbon de-
posits on the surface of spent 3Nie1Co/Mg1HAP after 100 h of
DRM reaction [29].

3.3.2. Raman spectral analysis of the catalysts after the stability test
To understand the type of carbon deposition formed after the

stability test of 3Ni/Mg1HAP and 3Nie1Co/Mg1HAP, the Raman
spectra of the two catalysts after the stability test were analyzed, as
shown in Fig. 9. The Raman spectra shows two main peaks near
1350 and 1580 cm�1, which are the D-band and G-band, respec-
tively. The D band represents the disordered carbon structure of
defects, and the G band represents the graphitic carbon structure of
sp2 bonds. The disordered carbon structure is easily oxidized, while
the graphitic carbon of the sp2 bond is not easily oxidized [61,62].

The ratio of the D band to the G band (ID/IG) is usually used to
measure the graphitization degree of carbon deposition. The higher
the ID/IG ratio is, the lower the graphitization degree of carbon
deposition is [63]. The calculated results show that the ID/IG ratio of
the 3Ni/Mg1HAP and 3Nie1Co/Mg1HAP catalysts are 0.69 and 0.79,
respectively, indicating that the graphitization degree of the 3Ni/
Mg1HAP catalyst is greater, carbon deposition is not easy to oxidize

Fig. 7. Stability test of the 3Ni/Mg1HAP and 3Nie1Co/Mg1HAP catalysts. (a) CO2 conversion, (b) CH4 conversion, (c) H2/CO ratio of the product, and (d) carbon balance.

Fig. 8. (a) XRD patterns of reduced 3Nie1Co/Mg1HAP and spent 3Nie1Co/Mg1HAP
after 100 h of stability test. (b) Enlarged region from 25� to 27� in Fig. 8 (a).
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during the reaction, and the catalyst is more likely to be deacti-
vated, which is the main reason for the decrease in activity.

3.3.3. Thermogravimetric analysis of the catalyst after the stability
test

TG tests of the two catalysts after 100 h of reaction were carried
out to analyze the amount of carbon deposited after the stability
test of the two catalysts. The results are shown in Fig.10. After 100 h
of reaction, themass loss of the 3Ni/Mg1HAP and 3Nie1Co/Mg1HAP
catalysts are 0.14% and 1.17%, respectively. Stability tests revealed
that the stability and activity of the 3Nie1Co/Mg1HAP catalyst were
greater than those of the 3Ni/Mg1HAP catalyst. Nevertheless, the
mass loss of the former is greater than that of the latter, which may
be due to the faster dissociation of methane by the former.

The reasonwhy there was no obvious deactivation of the catalyst
may be that most of the carbon deposited was amorphous carbon,
which does not affect the activity of the catalyst. On the other hand,
because 3Nie1Co/Mg1HAP consumes lattice oxygen on the surface
of the support during the reaction, these lattice oxygens will be
supplemented under thermogravimetric conditions [27,64]. For the
3Nie1Co/Mg1HAP catalyst, this may be due to the combination of Ni

and Co, and Co has a strong oxophilic nature, which leads to the
aggregation of oxygen atoms around the NieCo alloy; thus, Ni may
be oxidized to NiO during the reaction, decreasing the mass gain of
the 3Nie1Co/Mg1HAP catalyst and increasing mass loss.

4. Conclusions

NieCo/Mg1HAP catalysts with different NieCo ratio were syn-
thesized by the coprecipitation method. The formation of the
NieCo alloy was confirmed by XRD and XPS analysis. H2-TPR
confirmed that the addition of Co improved the interactions be-
tween the metal and support and between the metal and disper-
sion. It is worth noting that the catalyst with a NieCo ratio of 3:1
has the best performance and excellent long-term stability. Even if
the alloy structure is maintained after 100 h of reaction, the con-
versions of CO2 and CH4 by the 3Nie1Co/Mg1HAP catalyst are
reduced by 3.5% and 3.8%, respectively; the ratio of H2 to CO is
approximately 0.93; and the inactivation rates of the catalyst for the
CO2 and CH4 conversion are 3.63% and 4.23%, respectively. The
conversions of CO2 and CH4 by the 3Ni/Mg1HAP catalyst decreased
by 7.6% and 9.8%, respectively. When the ratio of H2/CO decreased
from 0.92 to 0.88, the inactivation rates of the catalysts for the
conversion of CO2 and CH4 are 8.23% and 11.65%, respectively. The
results of Raman and thermogravimetric characterization showed
that the 3Nie1Co/Mg1HAP catalyst produced less carbon deposi-
tion and a greater proportion of amorphous carbon, which was
easily oxidized during the DRM stability test. The introduced Co in
turn interacts with the exchanged Ni2þ species at the Ca2þ site to
form a NieCo alloy, which effectively promotes the cleavage of CeH
and CeO, thereby increasing the conversion of CH4 and CO2.
Moreover, the NieCo alloy shortens the distance between O* and
C* on the surface of 3Nie1Co/Mg1HAP, which is conducive to the
rapid oxidation of C* by O*, thus inhibiting carbon deposition.
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