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re organic synthesis of
monodispersed NiRu nanocrystals for CO2

methanation†

Yang Liu,ab Xin Liang, c Jie Zhang,c Jimmy Yunde and Zuobo Yang *c

In this study, monodispersed NiRu nanocrystals with a diameter of 3 nm were synthesized at 90 �C via

a tuning hot-inject method to lower the temperature of the organic phase synthesis of monodispersed

nanomaterials. The key factor for the nanocrystalline formation of NiRu alloy nanocrystals was

summarized in detail. Simultaneously, the synergistic effect of Ni and Ru in CO2 methanation was

explored. Doping trace Ru can significantly improve the conversion rate of CO2 methanation and CH4

selectivity. The underlying mechanism was studied in detail via X-ray diffraction (XRD), X-ray

photoelectron spectroscopy (XPS), temperature-programmed hydrogen reduction (H2-TPR) and

desorption (H2-TPD) tests, and temperature-programmed desorption of CO2 (CO2-TPD). This study

gives out a new way for the general synthesis of monodisperse nickel-based nanocrystals and provides

a reference for the development and application of monodispersed nanoparticles for CO2 methanation.
1. Introduction

Carbon dioxide (CO2) is a well-known greenhouse gas, which
has led to a global climate change.9–12 CO2 capture and recovery
is an effective method to deal with the increasing greenhouse
effect.13–15 CO2 methanation for producing hydrocarbons is one
of the effective ways of converting waste into resources and
energy to solve the problem of CO2 emissions caused by envi-
ronmental and energy crisis.16–20 Besides, CO2 methanation
could be a good route for hydrogen storage and transportation,
which could make full use of green hydrogen produced by
renewable energy, such as solar energy or by industrial water
gas reaction,9,21,22 contributing to the further realization of
a low-carbon society in the future. A lot of research has already
been done on CO2 methanation using supported nickel-based
catalysts due to their low cost and easy availability.9,17,18,23–27

The addition of a second metal is an effective way to enhance
the stability and catalytic activity of the nickel-based catalysts.
Ruthenium is identied as more active in COx methanation,
providing a larger range of catalytic reaction temperature
compared to nickel, but is also considerably more expensive.
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Thus, it is necessary to investigate the CO2 methanation
performance of NiRu bimetallic nanocatalysts, which is likely to
obtain better catalytic activity.

In the traditional catalyst preparation system, due to the
limitations of synthetic methods and technologies, catalysts
have numerous complex and diverse interfacial forms. For
example, the existence of different grain sizes and complex
surface morphology of the carrier makes it difficult to create
a single regulatory variable process in the catalyst development,
which is not conducive to establish the relationship between the
microscopic size and the catalytic reaction at the mechanism
level. The monodispersed nanoparticles can well solve this
problem. The bulk-building material of monodispersed nano-
particles (generally sub-10 nm in size) with highly structured
morphology and concentrated size distribution provides an
ideal basis for studying catalytic reactions. In the traditional
monodispersed Ni-based bimetal composite magnetic nano-
particles, most of them are prepared using oleylamine and oleic
acid surface adsorbents1,2 via the high-temperature pyrolysis of
precursors.3,4However, in this synthesis system, as the synthesis
temperature is generally higher than 150 �C,5,6 it is difficult to
achieve large-scale and high yield preparation. Therefore, it is of
great signicance to develop the synthesis system of medium
and low-temperature monodispersed nickel-based nano-
particles. In the monodisperse nickel-based nanoparticle
synthesis system, the precursor used for pyrolysis usually from
carbonyl compounds is expensive and made up of special
complexes.7 The high cost and high toxicity make it difficult to
popularize this method. Therefore, it is necessary to explore
synthesis methods for monodispersed nickel-based materials
with a harmless and low-cost precursor. To prepare nickel-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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based monodisperse alloy nanoparticles, it is necessary to
overcome the difficulties of different reduction potentials of
different precursors. With the traditional high-temperature
pyrolysis method, it is difficult to prepare alloy nanoparticles
with uniform distribution of elements, but it is easier to form
core–shell structures.8

As a result, a tuning hot-inject method was improved in
order to reduce the temperature of the organic phase synthesis
of monodispersed NiRu nanocrystals. The mechanism is shown
in Scheme 1. NaBH4 was introduced to achieve the co-reduction
of Ni and Ru rather than via the pyrolysis of organometallic
precursors method at a high temperature (>150 �C). DMF was
introduced to serve as a solvent for NaBH4 due to the limited
solubility of NaBH4 in oleylamine. As a result, when injecting
the DMF solution of NaBH4 into the oleylamine solution of
Ni(acac)2 and RuCl3, NaBH4 will quickly diffuse into the oleyl-
amine solvent owing to the excellent solubility of DMF. With the
release of hydrogen protons, Ni and Ru atoms are rapidly
reduced and enter the process of common nucleus detonation.
Aer that, the co-nucleated NiRu NPs will be covered by oleyl-
amine molecules that inhibit the agglomeration of nano-
particles at the nuclear growth stage.

In summary, Ni and Ru achieve the simultaneous reduction
despite their high reducing potential difference because of the
high reducing properties of NaBH4 in our proposed synthetic
system. Monodispersed NiRu alloy nanoparticles with uniform
elemental and particle size distributions were obtained and
loaded onto an Al2O3 support as an ideal-building bulk material
for CO2 methanation.28,29 The NiRu/Al2O3 catalysts show
enhanced performance than that reported in the existing liter-
ature (Table S1†) and exhibit obvious synergistic effects.
2. Experimental
2.1 Materials

All chemicals were used as-received without any further puri-
cation: nickel(II) acetylacetonate (Ni (acac)2, 95%, Aladdin),
oleylamine (C18H37N, 80–90%, Aladdin), ruthenium(III) chloride
anhydrous (RuCl3, 45–55% Ru content, Aladdin), N,N-dime-
thylformamide (DMF, 99.5%, Sinopharm Chemical Reagent),
ethanol (C2H6O, $99.5%, Aladdin), cyclohexane (C6H12, 99.9%,
Sinopharm Chemical Reagent), acetone (C6H12, 99.9%, Sino-
pharm Chemical Reagent).
Scheme 1 Schematic of the preparation procedure of monodispersed
NiRu NPs for CO2 methanation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.2 Preparation of NiRu NPs

NiRu NPs (Ni/Ru atomic ratio of Ni1Ru0, Ni0.95Ru0.05, Ni0.9Ni0.1,
Ni0.8Ru0.2 ¼ 10 : 0, 9.5 : 0.5, 9 : 1, 8 : 2) were prepared by
a tuning hot-inject method. Taking Ni0.9Ni0.1 NPs as an
example, 0.9 mmol Ni(acac)2 and 0.1 mmol RuCl3 were dis-
solved in 15 mL oleylamine and transferred into a 50 mL three-
necked ask, and then heated in an oil bath at 90 �C under N2

atmosphere for 1 h. 100 mg NaBH4 dissolved in 2 mL DMF was
pre-heated in a 70 �C oven for 10 min was injected into the
above solution. Numerous bubbles were released and the
solution turned black immediately. Aer 1 h, the three-mouth
ask was lied from the oil bath and cooled to room tempera-
ture. Aer that, cyclohexane and acetone were added to the
product solution and centrifuged for washing. The process was
repeated ve times to remove oleylamine as far as possible from
the surface, and black solid particles were obtained. Finally, the
colloidal particles were dissolved in 10 mL cyclohexane for
further use. To explore the inuence of temperature. Ni1Ru0
nanocrystals were synthesized at 80 �C, 90 �C, 100 �C, and
110 �C, respectively, as an example.
2.3 Preparation of 10 wt% NiRu/Al2O3

g-Al2O3 was synthesized by the hydrothermal synthesis method
based on the reported literature.30 60 mL H2O, 7.5 g aluminum
nitrate and 6 g urea were transformed into a 100 mL Teon-
lined stainless-steel autoclave, which was sealed and main-
tained at 120 �C for 24 h. Aer cooling to room temperature, the
samples were washed 3 times and dried for 6 h in an air
atmosphere of 70 �C. The dried samples were calcined at 550 �C
for 6 h, and the temperature was lowered to room temperature
to obtain a nal willow leaf-like g-Al2O3 product for further use.
g-Al2O3 was dispersed in 40 mL cyclohexane and stirred evenly
via ultrasonication. Then, 10 mL of the NixRu(1�x) cyclohexane
solution obtained in the previous experimental step was poured
into the solution. A uniform brown color was obtained, and the
solution was ultrasonically stirred for 2 h. Aer standing for
30 min, the solution was separated into two layers. The upper
layer was transparent cyclohexane, and the lower layer was
loaded with NixRu(1�x)/g-Al2O3 occulation, indicating that the
NixRu(1�x) colloid particles that were originally soluble in
cyclohexane were completely loaded onto the g-Al2O3 carrier.
Aer the loading was completed, the suspension was centri-
fuged once again at a low rotation speed (8000 rpm, 3 min),
dried in a 70 �C oven for 4 h.
2.4 Catalytic experiments

CO2 methanation catalytic activity was evaluated in an 8 mm
xed-bed steel tube microreactor at atmospheric pressure. 0.1 g
catalyst powder was mixed with 0.2 g quartz sand (60–70 mesh
sieved) and then reduced at 350 �C for 2 h in 25 mL min�1 H2

ow before the run. Next, the sample was cooled from 350 to
200 �C. Following the catalyst pre-treatment, the reactant gas
containing 15% CO2: 60% H2: 25% N2 was passed through the
reactor bed at a total ow rate of 26.67 mL min�1 (WHSV of ca.
12 000 mL h�1 g�1). In order to explore the effects of Ru doping
RSC Adv., 2021, 11, 2040–2046 | 2041
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on NiRu/Al2O3, the catalytic performance of the NiRu/Al2O3

catalyst with Ru contents of 0%, 5%, 10%, and 20% were
investigated under the condition of 200–400 �C temperature at
atmospheric pressure (each sampling temperature point was
stable for 1 h to obtain a relatively stable data). Product analysis
was performed with Varian CP-3800 chromatography equipped
with a TCD detector.
Fig. 1 TEM results of (a–d) Ni1Ru0, Ni0.95Ru0.05, Ni0.9Ru0.1 and
Ni0.8Ru0.2 nanoparticles at a synthetic temperature of 90 �C (scan bar:
100 nm). (d–g) Ni1Ru0 nanoparticles at synthesis temperatures of 80,
100 and 110 �C. (h) Particle size of Ni1Ru0 nanoparticles at different
synthesis temperatures.
2.5 Characterization

Transmission Electron Microscopy (TEM) was carried out on
a Hitachi HT7700 with an accelerating voltage of 120 kV (10
microliters of NiRu NPs in cyclohexane solution were dropped
onto the carbon support lm and dried at room temperature).
The crystallinity of catalysts was determined by X-ray diffraction
(XRD) using X'Pert Pro (Cu Ka radiation, 40 kV, 30 mA, l ¼
1.5418 �A). In the H2-TPR method, 50 mg of the samples were
heated from 50 to 600 �C (10 �C min�1 heating rate, 30
mL min�1 5% H2/N2). Before the TPR measurement, each
sample was ushed with He ow at 200 �C for 60 min and
cooled to 30 �C. In the H2-TPD method, 50 mg of the samples
were pretreated at 350 �C under 5% H2/He for 2 h, purged with
He for 0.5 h, and then cooled to 50 �C to adsorb H2 (50 mmin�1,
40 min). Aer they were purged with He for 30 min, the samples
were heated to 800 �C at a rate of 10 �C min�1. In the CO2-TPD
method, 50 mg of the samples were reduced at 350 �C under 5%
H2/He for 30 min, treated with He ow at 350 �C for 15 min, and
then cooled to 100 �C. CO2 (50 mL min�1) was adsorbed on the
samples for 1 h at 100 �C and cooled to 50 �C. The temperature
was then raised to 500 �C at a heating rate of 10 �Cmin�1 under
He ow. N2 adsorption and desorption isotherms were
measured by an automatic physical adsorption analyzer
(Micromeritics ASAP2020). The samples were degassed at
150 �C for 2 h to remove physically absorbed water and impu-
rities on the surface before the measurement. The specic
surface area was calculated by the Brunauer–Emmett–Teller
(BET) method and pore size distribution was analyzed by the
Barrett–Joyner–Halenda (BJH) method. XPS spectra of the
catalysts were obtained using a KRATOS AXIS-NOVA (Shimadzu
Corporation) instrument with a monochromatic Al-Ka as an X-
ray source. The binding energy shi caused by the relative
surface charging was corrected using the C 1s level as an
internal standard. ICP-OES was performed to analyse the metal
content of NiRu/Al2O3 catalysts.
3. Results and discussion
3.1 Standard characterization

3.1.1 TEM analysis. As shown in Fig. 1 a–d, the mono-
disperse NixRu(1�x) with different Ru doping contents was
successfully synthesized, and the particle diameter was about
2.5 nm. In contrast, Ni1Ru0 shows a bigger particle size than
others and is easier to agglomerate according to the TEM
results; while Ru doping in the synthesis process reduces the
diameter of the size of the nanoparticles (Fig. 1h) and signi-
cantly improves the dispersion and uniformity of nanocrystals.
The experimental results showed that aer the introduction of
2042 | RSC Adv., 2021, 11, 2040–2046
Ru, the generation rate of hydrogen improved when the DMF
solution containing NaBH4 was injected into the oleylamine
solution containing the NiRu precursor. This indicates that the
introduction of Ru was likely to promote the decomposition of
NaBH4 and accelerate the release of reducing hydrogen protons,
then promoting the nucleation process and thus leading to
a more concentrated nanometer size of NixRu(1�x) doped by Ru.
This synthesis system covers a wide temperature window. To
investigate the inuence of temperature during the synthesis
process of NiRu nanoparticles, Ni1Ru0 nanocrystals were
© 2021 The Author(s). Published by the Royal Society of Chemistry
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synthesized at different temperatures ranging from 80 to
110 �C. According to the TEM results (Fig. 1e–h), the agglom-
eration of nickel nanoparticles was more severe at low
temperature (80 �C). The diameter of nanoparticles decreases
from 2.7 nm to 2.3 nm with the increase in the synthesis
temperature (80–100 �C), but the particle size increased to 3 nm
when the synthesis temperature was 110 �C. The reason is that
temperature rising (below 100 �C) can increase the diffusion
rate of NaBH4 at DMF and promote the release of hydrogen
protons, which increased the nucleation concentration leading
to a smaller nanoparticle diameter. However, when the
temperature is above 100 �C, Ostwald ripening will be the rate
determining step for the diameter of the nanoparticles.

3.1.2 XRD analysis. X-ray diffraction (XRD) patterns of
NiRu NPs are shown in Fig. 2a. Ni1Ru0, Ni0.95Ru0.05, Ni0.9Ru0.1
and Ni0.8Ru0.2 all show characteristic peaks of Ni (JCPDS 47-
1049) and NiO (JCPDS 4-0850), but no characteristic peaks of
Ru. It indicated that NiRu nanocrystals exhibit the nickel crystal
structure. Among them, Ni1Ru0 and Ni0.95Ru0.05 showed
signicant NiO diffraction peaks at positions 37�, 43� and 63�,
which should be caused by the oxidation of Ni on the surface of
Ni1Ru0 and Ni0.95Ru0.05 by oxygen present in the air during the
drying process. In contrast, Ni0.9Ru0.1 and Ni0.8Ru0.2 showed
almost pure Ni characteristic peaks with no diffraction peaks of
NiO. XRD results of NiRu/Al2O3 are shown in Fig. 2b; only
a weak diffraction peak of the Al2O3 support can be observed
due to the very small particle size of NiRu NPs. The XRD
patterns of NiRu/Al2O3 aer H2 reduction showed almost the
same peak position and intensity compared with NiRu/Al2O3

even aer the catalytic performance evaluation, indicating that
there were no crystal changes during the CO2 methanation
process. Ni1Ru0/Al2O3 showed an obvious face-centered cubic
(hcp) Ni crystal structure (JCPDS no. 45-1027). The intensity of
the Ni diffraction peak decreases with the increase in the
ruthenium introduction, which might be because Ru doping
could inhibit the NiRu nanocrystal growth under high-
temperature CO2 methanation conditions.
Fig. 2 XRD results of (a) NiRu NPs with Ar treatment at 300 �C, (b)
NiRu/Al2O3, (c and d) NiRu/Al2O3 after H2 reduction and after the
catalytic performance test.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2 CO2 methanation catalytic activity study

Fig. 3 shows CO2 conversion and CH4 selectivity of NiRu/Al2O3

catalysts as a function of the reaction temperature. All of the
NiRu/Al2O3 shows better performance than Ni/Al2O3 catalysts.
The CH4 selectivity was signicantly improved for NiRu/Al2O3

with almost 100% CH4 selectivity, particularly at low tempera-
ture (<350 �C) compared with that for Ni/Al2O3. Ni0.9Ru0.1/Al2O3

and Ni0.95Ru0.05/Al2O3 showed almost similar CO2 conversion
and CH4 selectivity when the temperature was below 300 �C.
Ni0.9Ru0.1/Al2O3 shows better performance at 325 �C and ach-
ieves the highest CO2 conversion (89.7%) at 350 �C, superior to
that of most reported nickel-based CO2 methanation catalysts
(Table S1†). Comparative tests were conducted to illustrate the
key role of the DMF solvent for NaBH4 and the effect of the low
solubility of NaBH4 in oleylamine. DMF and 1 : 1 volume ratio
DMF : oleylamine were two contrasting solvents for NaBH4.
NaBH4 completely dissolved in DMF. By contrast, some crystals
precipitated and could be observed in the oleylamine and DMF
solvent mixture. According to the catalytic performances of the
catalysts synthesized under two different solvents for NaBH4, as
Fig. 3 (a) CO2 conversion rate curve, (b) CH4 selectivity curve, (c) CO
selectivity curve, (d) CH4 yield curve of NiRu/Al2O3 at different
temperatures. (e–h) The catalytic performance of CO2 methanation
NixRu(1�x)/g-Al2O3 prepared with different solutions of NaBH4.

RSC Adv., 2021, 11, 2040–2046 | 2043
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shown in Fig. 3 a–d, NiRu/Al2O3 with DMF as a solvent for
NaBH4 showed better performance than that prepared in the
oleylamine and DMF solvent mixture. Therefore, DMF plays
a crucial role in this synthesis system. When the DMF solution
of NaBH4 was injected into the oleylamine solution of Ni(acac)2
and RuCl3, the DMF solution of NaBH4 would rapidly diffuse
into the oleylamine solvent and rapidly dissolve. Therefore,
NaBH4 was decomposed and Ni(acac)2 and RuCl3 were reduced
before their precipitation. Aer that, NiRu NPs were coated by
oleylamine and entered the nuclear growth stage. Finally, the
monodispersed NiRu alloy NPs were obtained.
3.3 TPR, TPD, N2 adsorption and desorption isotherms, XPS
analyses

H2-TPR, H2-TPD, CO2-TPD, BET characterization and XPS
studies were carried out to study the reasons for the improved
performance of CO2 methanation on Ni0.9Ru0.1/Al2O3 compared
with Ni/Al2O3. Fig. 4a shows the H2-TPR proles of Ni1Ru0/Al2O3

and Ni0.9Ru0.1/Al2O3, it can be observed that there were three
Fig. 4 (a) H2-TPR, (b) H2-TPD, (c) CO2-TPD profile of NiRu/Al2O3, (d)
N2 adsorption–desorption isotherms of NiRu/Al2O3. (e) Survey scan. (f)
High-resolution Ni 2p spectra. (g) High-resolution Al 2p spectra. (h)
High-resolution O 1s spectra.

2044 | RSC Adv., 2021, 11, 2040–2046
main peaks centered at 144–205 �C (peak A), 205–284 �C (peak
B) and 284–387 �C (peak C) for Ni0.9Ru0.1/Al2O3. In contrast, only
two main peaks centered at 123–192 �C (peak D), 200–346 �C
(peak E) and a weak peak centered at 73.6 �C were detected for
Ni1Ru0/Al2O3. According to the H2-TPR results, the peak located
at 73.6 �C should be attributed to oxygen adsorption on the
surface of Ni NPs or the surface of NiO, and peaks A and D
should be attributed to NiRuOx strongly interacting with
Al2O3.31 It matched with the XRD results (Ni1Ru0 can be easily
oxidized under the air condition). Peak C and F are attributed to
the subsurface oxygens of Al2O3. It is worth noting that
Ni0.9Ru0.1/Al2O3 has an extra peak B. We believe that the peak B
should be attributed to the weakly interacting NiRuOx and the
H-spillover effects. For Ni0.9Ru0.1/Al2O3, the NiRu site is tightly
bound to Al2O3 and will be reduced rst, and the weakly inter-
acting NiRuOx will then be reduced. Aer that, the hydrogen
overow happens on the reduced NiRu surface and reacted with
the subsurface oxygens. It can explain why the area of peak C is
smaller than that of peak E, and consistent with the H2-TPD
results (Ni0.9Ru0.1/Al2O3 shows higher temperature location of
hydrogen desorption peaks at 443.9 �C compared to the
437.3 �C peak of Ni1Ru0/Al2O3). The hydrogen desorption
quality was calculated from the areas of the corresponding
desorption peaks. Ni0.9Ru0.1/Al2O3 showed a higher H2 desorp-
tion quantity (21.795 cm3 g�1) compared to that by Ni1Ru0/Al2O3

(7.636 cm3 g�1), which indicates that Ni0.9Ru0.1/Al2O3 has
stronger hydrogen adsorption capability than Ni1Ru0/Al2O3.
Fig. 4c shows the CO2-TPD prole of Ni1Ru0/Al2O3 and
Ni0.9Ru0.1/Al2O3. Ni0.9Ru0.1/Al2O3 shows a huge distinctive CO2-
TPD peak compared with Ni1Ru0/Al2O3. Two desorption peaks
at 200–350 �C and 350–450 �C can be observed for Ni1Ru0/Al2O3

that correspond to weak basic sites and medium-strength basic
sites. In contrast, only one desorption peak at 350–500 �C,
corresponding to medium-strength basic sites was detected for
Ni1Ru0/Al2O3. In CO2 methanation reactions, medium-strength
basic sites are more active than the weak basic site. Ni0.9Ru0.1/
Al2O3 also showed higher CO2 desorption quantity (1068 cm3

g�1) than Ni1Ru0/Al2O3 (405 cm3 g�1), which indicated that
Ni0.9Ru0.1/Al2O3 has better CO2 chemisorption than that by
Ni1Ru0/Al2O3. Ni1Ru0/Al2O3 and Ni0.9Ru0.1/Al2O3 show similar
N2 adsorption and desorption isotherms displaying the IV type
isotherms with an apparent hysteresis loop according to the
IUPAC classication, the type H2 hysteresis loop appears in the
region of 0.4–0.7p/p0, indicating a narrow mesopore size
distribution. In addition to the high specic surface area,
Ni0.9Ru0.1/Al2O3 shows approximately the same physical
parameters compared with Ni1Ru0/Al2O3; therefore, the syner-
gistic effects is the core factor affecting the catalytic perfor-
mance (Table 1). XPS characterization was performed to acquire
more information on the surface species of the catalysts that
completed the CO2 methanation activity test. In the Ni 2p XPS
spectra (Fig. 4f), the peaks located at 855.6, 873.6 eV can be
assigned to Ni2+ 2p3/2 and 2p1/2, respectively, and the peak at
852.5 eV belongs to Ni0. Compared to Ni1Ru0/Al2O3, the Ni 2p3/2
peak of Ni2+ largely increased for Ni0.9Ru0.1/Al2O3.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical properties of Ni1Ru0/Al2O3 and Ni0.9Ru0.1/Al2O3

Catalyst Ni1Ru0/Al2O3 Ni0.9Ru0.1/Al2O3

SBET
a/(m2 g�1) 336.2 360.9

Vp
b (m3 g�1) 0.575 0.576

Dp
c (nm) 3.38 3.38

Nid (wt%) 9.95 8.96
Rud (wt%) 0 1.003

a Calculated from the BET equation. b BJH desorption pore volume.
c BJH desorption average pore diameter. d Calculated from ICP-OES
results.

Fig. 5 CO2 methanation scheme on NiRu/Al2O3.
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3.4 CO2 methanation scheme of NiRu/Al2O3

The possible pathways for CO2 methanation are summarized in
Fig. S1,† and the kinetics reaction of CO2 methanation was
found to follow the direct C–O bond cleavage pathway (Fig. 5)
for Ni/g-Al2O3 catalysts, in which the rate-limiting step was the
subsequent dissociation of adsorbed *CO.33 Surface metallic Ni
can be oxidized by CO2,32 and we believe that the Ru site easily
absorbs CO and neighbouring Ni site adsorbs dissociated O
during the CO2 decompose process for the NiRu crystal surface.
It can be supported from CO2 TPD s and XPS results (more Ni2+

content). Alternatively, Ru doping promotes the CO2 decom-
position, which leads to improved CO2 methanation activity. On
the other hand, the rate-limiting step for CO production
through the reverse water gas shi reaction was identied as
*CO desorption.34 Ru has a stronger adsorption capacity to *CO,
which inhibits the desorption of the *CO, leading to enhanced
CH4 selectivity for the NiRu/Al2O3 catalyst. In summary, the
addition of Ru promotes the dissociation of carbon dioxide and
inhibits the formation of CO. The acceleration of dissociated
hydrogen species promotes the production of methane and
nally makes the catalyst show a better catalytic performance of
the methanation.
4. Conclusions

The monodispersed NiRu nanocrystals were prepared at a low
temperature by modied heat injection with NaBH4 as the
© 2021 The Author(s). Published by the Royal Society of Chemistry
reducing agent and loaded onto Al2O3 to be an ideal building
block for CO2 methanation. Affected by the compositional
effect, Ni0.9Ru0.1/Al2O3 exhibits the best performance for both
CO2 conversion and CH4 selectivity. The underlying mechanism
was carefully studied by XRD, ICP, H2-TPR, H2-TPD, CO2-TPD,
BET, and XPS. All the characterization results indicate that Ru
doping is an effective means to improve the performance of the
Ni-based CO2 methanation catalyst, which could promote
hydrogen adsorption, desorption and H-spillover effects, and
promote CO2 chemisorption. This work has put forward a new
strategy for the synthesis of monodispersed nickel-based
nanocrystals and provides a fresh idea for the development
and application of precious metals in nickel-based catalysts for
CO2 methanation.
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