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Although supported nickel-based catalysts are mostly studied to
show good methane cracking reactivity,' the formation of low
levels of CO by the interaction of cracked surface “carbon” with
the “oxygen” from supported catalysts is unavoidable.*?
According to Choudhary et al.,> during a 300 minute methane
cracking reaction over a 10% Ni/SiO, catalyst at 550 °C, 50—
250 ppm CO was continuously formed. They related this CO
formation to the amount/stability of the surface hydroxyl group
on the supports. N. Muradov et al.* reported a good methane
cracking activity on activated carbon catalysts at 850 °C, but they
also found that carbon-oxygen functional surface groups such
as R-COOH, R-OCO, R-OH and R=0 resulted in CO formation.
For the original activated carbon catalysts, an effluent gas with
an initial CO concentration of 0.77 vol% was reported. There-
fore, a catalyst that does not provide any “O” is urgently
required to decompose methane into CO,-free hydrogen and
high value-added graphitic nano carbons.

As an approach, methane cracking over unsupported bulk
nickel-based catalysts are proposed by few researchers in
Table 1. The bulk catalysts activity in term of hydrogen yield is
remarkably lower than that of supported catalysts, which is
probably resulted from the severe agglomeration of bulk nickel
particles at high reaction temperatures. Noble metal additives
are reported to stabilize supported nickel catalysts and thus to
improve both activity and stability during methane cracking,*>*
but surprisingly no such literature can be found for bulk nickel
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synergic effect of Ni—Pt alloy, this catalyst presents a stable H, formation rate at 700 °C, and forms
carbon nanotubes, anchoring the catalyst particles on top.

catalysts. In present study, a series of platinum doped bulk
nickel catalysts with different component and size were
synthesized to study their reactivity under different reaction
conditions, with the aim of designing a robust bulk nickel-
based methane cracking catalyst.

Ni,Pt, catalyst was prepared by hydrazine reduction of
Ni(NO3), and/or H,PtCls in a water-in-oil (W/O) reverse micro-
emulsion system (see ESI catalysts preparation and Fig. S17).
The size of particles synthesized by reverse microemulsion
method is reported to be strongly influenced by water-
surfactant molar ratio (R,,) and concentration of reagents.” By
varying the synthesization conditions as illustrated in Table 2,
Ni,Pt, with same particle size of ca. 30 nm, as well as NigPt;
samples with different particle size of 7-40 nm were prepared in
Fig. S2t and 1, respectively. Pure Ni and Pt samples were also
synthesized, whereas Pt sample is with much smaller size
(3 nm) than that of Ni (30 nm) prepared at the same micro-
emulsion condition. On Ni,Pt, samples, monodispersed
spherical particles can be clearly observed, while high R, and
precursor concentration would result in large particle size.

Table 1 Methane cracking on unsupported bulk Ni-based catalysts

H, yield
Catalyst Reaction condition  [L min~' g '] Carbon
NiO® 500 °C, pure CH, 0.28 CNF*
Ni-RANEY®"° 600 °C, 10% CH,/N, 0.04 CNF, CNT?
NiCuCo’ 750 °C, 25% CH,/N, 0.16 CNT, CNO°
Nio® 750 °C, pure CH, 0.45 CNT, CNO
NiFe,0, (ref. 9) 900 °C, pure CH, 0.11 CNO
Nio*' 800 °C, pure CH, 0.07 CNO
Ni/SiO, (ref. 11) 700 °C, pure CH, 0.75 CNT

@ CNF: carbon nano fibre. > CNT: carbon nano tube. ¢ CNO: carbon nano
onion.
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Table 2 NiPt, synthesized at different microemulsion system

Condition Sample size‘ [nm]

R,® Cn’  NigPt; NigPt; NigPt, Ni,Pt; NisPt; NiyPt,
10 0.46 29 31 32 — — —

10 0.24 — 26 — 28 29 —

10 0.18 — 20 — — — 30

4.8 0.18 — 7 —_ —_ —_ —

6.5 0.18 — 15 — — — —

18 0.46 — 40 — — — —

10 0.46 Ni: 30 nm

10 0467 Pt:3nm

@R, water-surfactant molar ratio. ”Ni** concentration in

microemulsion [mol L™"]. ¢ Size was measured by TEM analysis. ¢ Pt**
concentration in microemulsion [mol L™"].

Fig. 1 TEM of NigPt; with varied particle size. (@) 7 nm; (b) 15 nm; (c)
20 nm; (d) 26 nm; (e) 33 nm; (f) 40 nm.

On Ni,Pt, samples with same particles size of 30 nm, the XRD
patterns in Fig. 2(a) confirm the typical Pt diffraction peaks with
no detectable Ni diffraction peaks. Compared to Pt sample,
Ni,Pt, samples show a slightly enlarged peaks with a delicate
shift to a higher 26. These suggest Ni is incorporated into the Pt
fee structure to form an alloy phase with lattice contraction.'>®
Taking NigPt; as a representative sample, the composition was
further investigated by energy-dispersive X-ray spectroscopy
(EDX). Fig. 2(b) shows a high angle annular dark field (HAADF)-
scanning transmission electron microscope (STEM) image of
a single NigPt; particle, while the EDX area scan along the green
square and line scan along the red dotted arrow are shown in
Fig. 2(c) and (d), respectively. Only Ni and Pt characteristic peaks
are observed from EDX area scan, while the EDX line scan Ni
profile clearly indicates that the Ni content on the surface is
significantly lower than that in the center for this single NigPt;
particle. These suggest that the synthesized NigPt; has an alloyed
Ni-Pt bulk structure, with a Ni-scarce/Pt-rich surface. Deconvo-
lution of Pt 4f and Ni 2p X-ray photoelectron spectroscopy (XPS)
regions (Fig. 2(e)) indicates the coexistence of both Pt’ and Ni°
metals on the surface of NigPt,. The formation of oxidized Pt**
and Ni** may have been caused during the sample preparation
process for XPS analyses.” The Pt 4f region overlaps with Ni 3p
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region. The Pt 4f core level was fitted using two doublets Pt 4f;,-
Pt 4f;,, with a fixed area ratio equal to 4 : 3 and doublet sepa-
ration of 3.3 eV. The Pt 4f,;, components are located at 70.6 eV
and 72.4 eV attributed to Pt metal and Pt(OH), respectively. The
negative shift of the 4f peaks (about 0.4 eV compared to pure Pt
metal) should be attributed to the alloying of Pt with Ni atoms,'®
which is agreed well with the XRD and STEM-EDX results.
Additional peaks located at 65.6 eV, 67.7 eV and 71.6 eV corre-
spond to Ni 3p from Ni metal, and to Ni 3p component and its
corresponding satellite from Ni(OH), respectively. The Ni 2p;/,
component was fitted with three peaks located at 852.6, 855.6
and 861.2 eV. The peak at 852.5 eV corresponds to Ni 2p;/, from
Ni metal. The peaks at 855.6 and 861.2 eV are attributed to Ni
2ps/, component and its corresponding satellite from Ni(OH),,
respectively. The same structures were also confirmed on other
Ni,Pt, samples shown in Fig. S3.7

The turnover frequency (TOF) of CH, during methane
cracking as a function of temperature ranged from 500 to 900 °C
over Ni,Pt, samples with 30 nm particle size (Ni and Pt are
added as control) is presented in Fig. 3(a). The initial 10
minutes conversion was used to ensure precise control of
catalytic activity of the preformed catalysts. Because of endo-
thermic character of methane cracking reaction, high temper-
ature favors large CH, TOF value over all tested samples. The
apparent activation energies (E,) at the temperature ranged
from 500 to 900 °C calculated from the Arrhenius plots are
further plotted with catalysts composition in term of Ni/(Ni + Pt)
molar ration as illustrated in Fig. 3(b). The first H abstraction
from CH, is normally considered as the rate-limiting step for
methane cracking. The use of Pt (111) instead of Ni (111) is
reported to be able to reduce the activation barrier by
15-30 kJ mol *.**** With respect to 60 kJ mol E, on Ni catalyst
during methane cracking, Pt catalyst showed a lower value of
42 k] mol™'. Adding a little amount of Pt (1-10 mol%) to Ni
sample drastically decreases the E, until it reaches a valley at the
Ni: Pt = 9 : 1 with a value of 35 kJ mol. Continually increasing
the Pt addition amount would increase the E, until reaching
a stable stage after Ni molar concentration is lower than 50%. In
all, Ni,Pt, with Pt concentration between 5-15 mol% presents E,
value lower than both Ni and Pt samples; whereas others show
E, value between Ni and Pt samples.

The structures of catalysts with different Ni/Pt ratio were esti-
mated by density functional theory (DFT) study (see ESI DFT
study), in order to understand their methane cracking perfor-
mance in Fig. 3(b). On NiygPt, with Ni/(Ni + Pt) ratio of 0.9, in the
temperature range of 547-794 °C, the DFT study indicates
a random alloy-like structure with majority of Pt are incorporated
into the core of the nanocluster and the minority remaining on the
surface, as shown in Fig. 4(a and b); however, for Ni,gPt,, with Ni/
(Ni + Pt) ratio of 0.5, a higher temperature than 1000 °C is required
to form such random alloy-like disposition. Between 157 and
702 °C, a considerable amount of Pt is estimated as fully segre-
gated on the surface and the other randomly distributed outside
and inside the nanocluster, as shown in Fig. 4(c-e). Therefore, for
Ni-Pt sample with Ni/(Ni + Pt) ratio of 0.9, the synergic effect
between Ni-Pt alloy would help to significantly decrease the acti-
vation energy during methane cracking at 500-900 °C.
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Fig. 2 (a) XRD on Ni,Pt,; (b) HAADF-STEM of NigPt,; (c) EDX area scan along the square; (d) EDX line scan along the arrow; (e) XPS of NigPt,.
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space velocity = 1.0 L geae * min~™.

The further methane cracking testing in terms of methane
conversion and stability with the time on stream of 60 minutes
were further investigated at 500-900 °C shown in Fig. S4.f

+71 meV/atom; T = 547°C +92 meV/atom; T = 794°C

+84 meV/atom; T=702°C  +117 meV/atom; T = 1087°C

+37 meV/atom; T=157°C

Fig. 4 DFT-relaxed structural configurations of Ni—Pt nanocluster: (a
and b) NiggPts; (c—e) NigPt,,. Color legend: Ni in light blue and Pt in
dark gray.
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(a) Arrhenius plots and apparent activation energies over Ni,Pt,; (b) activation energy vs. Ni/Pt composition. Reaction condition: pure CH,,

Obviously, adding Pt to Ni improves both activity and stability.
Compared to Ni sample, the increment of activity on Ni,Pt, is
resulted from the lowering of E,, whilst the better stability is
probably owing to the thermal stability reinforcement of Ni
particles by Pt additive. Especially on NigPt; sample, at the
temperature 500-700 °C, stable methane conversions are ach-
ieved; even at a very high reaction temperature of 800 °C, only
a little deactivation of 10% methane conversion decrease is
detected during 60 minutes.

During methane cracking on Ni catalysts, three main steps
are assumed to occur:® (i) CH, bond activation to be decom-
posed into H, and carbon, (ii) atomic carbon diffusion through
the bulk or the surface of Ni particles, and (iii) precipitation as
graphite at specific planes of Ni. The crystallinity and graphi-
tization degree of the deposited carbon on NigPt; are explained
based on the peak intensity ratio value (Ip/I) of Raman spectra®
in Fig. 5, and the values are found to be decreased with

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Raman spectra of carbon deposited on NigPt; after methane
cracking at different temperatures in Fig. S4.}

temperature increment from 500 to 900 °C. This indicates
a higher reaction temperature favors the formation of a higher
graphitization of the deposited carbons. However, it is oblivious
that high temperatures of 800-900 °C is not favorable for
methane cracking stability; whilst distinct carbon morphologies
were confirmed on spent catalysts between 500-700 °C and 800-
900 °C shown in Fig. S5.1 At a high reaction temperature,
methane decomposition to carbon is reasonably assumed to
proceed with a much higher rate than that of carbon diffusion,
which may result in the carbon diffusion through Ni surface
prevailing on Ni bulk. This explains the formation of CNO on
800-900 °C spent sample; and due to the encapsulation of
catalysts by CNO as in Fig. S5(d and e),f a quick and severe
deactivation can be evidenced. At a low reaction temperature,
when the atomic carbon moves through the bulk of Ni particles
and precipitates at the rare side of the Ni particles, the
continuous formation of CNT would be favored as shown in
Fig. S5(a—c).T Therefore, considering both activity and stability,
700 °C can be concluded as an optimized reaction temperature
for methane cracking on NigPt;.

The influence of space velocity (SV) on H, formation rate
during methane cracking was further discussed at 700 °C on
NioPt; in Fig. 6. Although a high SV increases a high initial H,
formation rate, it accelerates the deactivation with time on
stream. A total deactivation can be seen during only
30 minutes methane cracking on NigPt; at the highest SV of
1L g " min~'; whereas at a low SV of 0.25 L g.,. * min~*, the
sample shows a relatively stable H, formation rate for
120 minutes. The TEM analyses in Fig. 7 indicate two kinds of

NigPt;

204

N AUgmin

0.25L/g, ,cmin

0.33Lg,min

H, formation rate [mmol/ming_,]

0.50L/g ¢ min

0 20 40 60 80 100 120

Time on stream [min]

Fig. 6 Methane cracking on NigPt; at different space velocity at
700 °C.
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CNTs formation over spent NigPt; after methane cracking at
700 °C with different SV. Bamboo-shaped CNTs encapsulating
catalysts inside the tubes were observed on sample reacted at
high SV, whereas the low SV spent sample mainly presented
CNTs anchored to metal nanoparticles on the tip. The melting
point of metallic Ni is around 1455 °C, Ni particle may change
its shape only at a temperature above its Tamman temperature
of 728 °C. Because methane cracking is an endothermic reac-
tion, the temperature around Ni particle surface is, therefore, at
somewhat overheat state, with respect to its surrounding
temperature. As a result, also considering the melting-point
depression at nano particles, the NigPt, particle of 30 nm may
transfer into a quasi-liquid state even at a reaction temperature
of 500 °C.*° Therefore, under the combination action of surface
tension of the particle and stress of the CNT tube, the NigPt,
particle shape may be changed from sphere to pear-like
(Fig. 7(a)), stretched tube-like (Fig. 7(b)) and diamond-like
shapes (Fig. 7(c-e)).

“Jumps” of the catalyst particles out of the graphite sheath to
the top of the tube at regular time intervals is well known to
explain the formation of CNTs.”* When a compressive force
from the preferential precipitation of carbon atoms is weaker
than the surface tension of the catalyst particle, the portion of
the sucked and stretched catalyst would be pulled back to
continually make carbon precipitate out and crystallize in the
form of a cylindrical network on the surface of the catalyst
particle and finally grow into tubular structures. However, if the
precipitation rate is accelerated a lot by increasing the SV, the
stretched part of a particle could not be completely pulled back,
a droplet of the catalyst particle would be kept in the
compartment of the tube, and thus form bamboo-shaped CNTs
trapped metal particles inside.

The carbon yield during a 120 minutes methane cracking on
NigPt; at 700 °C are plotted as a function of the Ni crystal size in
Fig. 8. It is interesting to see the carbon yield is very sensitive to
Ni crystal size in the range of 7-40 nm. The optimized Ni size is
illustrated as near 15 nm, while Ni crystals that are too large or
too small showed a low carbon yield. As explained by Fig. S5,T at
700 °C methane cracking, CNT would be preferred to grow on Ni
particles. Obviously, the methane decomposition rate on the
surface of a Ni particle with a small crystal size must be very
high, because of a large surface area. In such case, the carbon
atom diffusion through Ni bulk would the rate-determining

| (@) pg (b)
b&m s

Fig.7 TEM over spent NigPt; after methane cracking at different SV in
Fig. 6: (a and b) after reaction at SV of 1 L geae * min~% (c—e) after
reaction at SV of 0.25 gea * min L.
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Fig. 8 Carbon yield at NigPt; with different crystal size during
methane cracking. Reaction condition: pure CH,, space velocity
= 0.25L gear * min~t, 700 °C.

step. The carbon concentration gradient between the Ni surface
and body usually leads to the carbon diffusion through Ni bulk
particles. A small Ni particle may result in a higher carbon
concentration inside Ni than that of Ni surface,> which would
lower the driving force for the carbon diffusion through the Ni
crystals. Therefore, although a small crystal size of Ni can
provide a high diffusion flux area and a shorter bulk diffusion
length, a low carbon atom diffusion rate through Ni bulk may
result in the catalyst fast deactivation and thus a low carbon
yield. On the other hand, too great a Ni particle size yields a slow
methane cracking rate on the surface due to the low surface
area, which reduces the carbon formation. Therefore, an
optimal crystal size of Ni of around 15 nm was found to exhibit
highest carbon yield, probably because of relatively high initial
cracking rate and slow deactivation.

In summary, bulk Ni-Pt catalysts with different composition
and particle size were synthesized via a reverse microemulsion
method for methane cracking. The NigPt; sample exhibits the
lowest apparent activation energy, which probably results from
the synergic effect of the Ni-Pt alloy. Furthermore, the NigPt,
sample with particle size of around 15 nm tested at a reaction
temperature of 700 °C and a low SV of 0.25 L g.,. " min™ ", is
finally optimized to get the best methane cracking performance
in terms of carbon yield and H, formation rate.
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