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Fumed silica is used as a template in the nanocasting approach towards nanoporous silicon carbide, and it
can then be applied as a catalyst support. By varying the pyrolysis temperature between 1000 and 1500 °C,
the structural parameters of the resulting silicon carbide materials DUT-87 (DUT = Dresden University of
Technology) can be controlled. A specific surface of 328 m? g is obtained. Furthermore, the oxidation
behaviour of such nanoporous SiCs is investigated. The materials are distinguished by an impressive ther-
mal stability at 900 °C for at least 12 h, which is allowed by the presence of a passive oxidation even for
such highly porous SiCs. Hence, nickel (10 wt%) was supported on the fresh DUT-87 as well as controlled
oxidized DUT-87preox samples, and the influence of the different support properties on the characteristics
of the catalyst samples which are used in the carbon dioxide reforming of methane was investigated. The
SiO; layer on the SiC for the DUT-87preox samples could prevent the formation of nickel silicide to a large
extent at temperatures up to 850 °C. This resulted in higher activities during the dry reforming of methane

at 800 °C and the performance of the siliceous supports was significantly exceeded, emphasizing the ben-
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eficial effect of SiC. Effective methane reaction rates of 1.2 mmol g were obtained for KPKlox which

was based on DUT-87 pyrolysed at 1300 °C and oxidative treatment prior to nickel insertion. Furthermore,
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Introduction

Bulk silicon carbide is often described as a material with a
good stability at high temperatures and resistance to oxida-
tion or chemical corrosion. Furthermore, it has a high
mechanical strength and good heat conductivity."™* Hence,
efforts have been made to introduce porosity into silicon car-
bide (SiC) to obtain samples with high surface areas. These
characteristics are advantageous for the application of SiCs as
e.g. catalyst support to disperse active material thereon.
Besides shape memory® and sol-gel routes,® syntheses were
often performed by the nanocasting strategy with siliceous
templates. These act as nanoscaled mould to shape a precur-
sor which can be transformed to the desired product, and
after SiO, removal porous SiC is obtained.”** Although such
preparation methods are known and specific surface areas of
several hundred square meters per gram have been reported,
SiC has been used as a support only in some applications so
far, and usually the materials were not porous and so had low
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a stable conversion level was reached over the whole time on stream of 8 h.

specific surface areas (<100 m* g™*)."*"2° Nevertheless, a per-

formance increase in the propane oxidative dehydrogenation
was reported by Xu and co-workers compared to conventional
supports of alumina or silica. These observations were
explained by the higher heat conductivity of SiC which
avoided a hot spot formation in that exothermic reaction.**
Conversely, cold spot formation might be overcome in endo-
thermic reactions if SiC was used as catalyst support.

The carbon dioxide reforming of methane (DRM, eqn (1))
is one highly endothermic reaction (AgH° = 247 kJ mol™*) and
in principal allows the generation of synthesis gas (a mixture
of CO and H,) for e.g. the Fischer-Tropsch process or metha-
nol production.>” Simultaneously, the green-house gases CO,
and CH, are used as indirect carbon sources which is inter-
esting from an ecological point of view.

CH4 + C02 — 2CO + 2H2 (1)

Hence, silicon carbide has the potential to be beneficial.
Nguyen et al. proved the activity of Ni/SiC systems in the DRM
reaction in principle. Their applied supports had specific sur-
face areas below 50 m*> g™* and lower conversions than the
v-Al,O; reference system were obtained, but if oxygen was
added to the feed at the beginning of the catalytic measure-
ment the activity and stability could be increased."® The aban-
donment of precious metals and instead the use of e.g. nickel

This journal is © The Royal Society of Chemistry 2015
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is favoured because of the lower costs and the higher
availability.””

Herein we report the synthesis of nanoporous silicon car-
bides applying highly abundant fumed silica as a template in
the nanocasting approach. Furthermore, the influence of the
pyrolysis temperature on the structural parameters of the
obtained DUT-87 silicon carbides is investigated (DUT = Dres-
den University of Technology). Since the thermal stability of a
support is interesting in order to achieve a long lifetime,
experiments were performed to determine the behaviour in
an oxidative environment. The pronounced thermal stability
of the obtained nanoporous silicon carbides compared to the
bulky ones was demonstrated. Based on the results, the cho-
sen DUT-87 samples were used as supports for 10 wt% Ni
and the catalysts were then tested in the carbon dioxide
reforming of methane at 800 °C. Besides the fresh SiCs, par-
tial oxidation was performed to generate an oxide layer on
the SiC and to investigate the influence of that on the cata-
lytic performance.

Experimental
Syntheses of nanoporous silicon carbides

Preparing the silicon carbide systems via a hard-template
route combined with the incipient wetness technique was
used as already described earlier.">'*?* The fumed silica
template HDK® H20 (Wacker Chemie AG) and the polymeric
silicon carbide precursor SMP-10 (Starfire Systems) were put
in a mortar and were mixed until a homogeneous yellow pow-
der was obtained. Typically, 5.0 g of the hydrophobic func-
tionalized SiO, (white) and 7.5 g SMP-10 (yellow) were used.
Preliminary tests had shown that the functionalized HDK®
H20 was much easier to handle than non-functionalized
fumed silicas which possess exclusively silanol groups at
their surface. After impregnation the samples were pyrolysed
in a horizontal tube furnace in an argon atmosphere (5.0).
Flushing with argon for 2 h was followed by heating at a
ramp rate of 120 K h™" to 300 °C and then holding at this
temperature for 5 h. Afterwards the sample was heated to
700 °C (30 K h™") and finally the maximum pyrolysis tempera-
ture Ty was reached with a ramp of 150 K h™ and was
maintained for 2 h. After cooling down in argon flow the sili-
ceous template was removed by treatment with 250 mL etch-
ing solution which consisted of equal volumes of ethanol,
water and hydrofluoric acid solution (40 wt%, Merck), over
night. The final product was then obtained by filtration and
washing with ethanol at least three times. In dependence of
the applied temperature Ty, (1000, 1300 and 1500 °C) dur-
ing pyrolysis, DUT-87 samples have been synthesized and
Tmax 1S given in brackets (e.g. DUT-87(1000) was pyrolysed at
1000 °C).

Preparation of the nickel-containing catalyst systems

For supporting nickel, DUT-87(1300), DUT-87(1500) and pre-
oxidized variations of both of them should be used. The aim

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

of the oxidative treatment of the SiC before supporting nickel
thereon was the formation of a SiO, layer on the SiC.*° In
order to achieve this, DUT-87(1300) and DUT-87(1500) were
heated at 300 K h™" in synthetic air stepwise to 300, 500, 700
and 900 °C. At the first three temperatures the powders were
held for 30 min and the last temperature the holding time
was extended to 240 min. This procedure gave the passivated
silicon carbide systems DUT-87(1300)preox and DUT-
87(1500)preox. The syntheses of the catalytic systems were
performed by suspending 250 mg of the desired support in a
solution of 137.5 mg nickel nitrate (Ni(NOj3),-6H,0,
AppliChem) in 20 ml deionised water. After 5 min of mixing
the solvent was removed using a rotary evaporator and the
samples were further dried at 80 °C.

Finally, the samples were calcined at 400 °C in static air
for 4 h using a heating time of 3 h. In the same manner the
two reference systems were synthesized by using non-porous
HDK® N20 (Wacker Chemie AG) or SBA-16 (synthesized as
described elsewhere, hydrothermal step at 90 °C) as sup-
port.”®*® The aim was to prepare catalysts containing 10 wt%
Ni. The resulting systems are denoted as summarized in
Table 1.

Characterization

The silicon carbide supports (fresh and pre-oxidized) were
characterized using nitrogen physisorption, X-ray diffraction
and thermogravimetric analysis. For the catalysts, in addition
temperature-programmed applied. For
physisorption experiments a BELSORP Max (Bel Japan Inc.)
was used. Before the measurements at 77 K, the samples
were activated in vacuum at 150 °C overnight. The specific
surface areas Sgpr were determined using the BET method
for relative pressures p/p, from 0.05-0.3. It was checked that
the plot of V,q5(1-p/po) (Vaas = specific adsorbed nitrogen vol-
ume) against p/p, for this region showed a monotonic
increase.’”*" The pore size distributions were determined
according to the BJH method and the total pore volumes Vp
were quantified at a relative pressure p/p, of 0.99. SEM was
performed with a DSM982 (Zeiss). Powder diffraction data
was conducted using a X'Pert PRO (PANalytical) in Bragg-
Brentano geometry (CuK, radiation, 4 = 0.15405 nm).
Thermogravimetric analysis was performed with a STA 409
PC Luxx® (NETZSCH) in synthetic air (100 ml min™"). For
each experiment about 60 mg of sample was used and the
resulting materials were denoted with the suffix “TG’. The
temperature program is shown in the results section. An

reduction was

Table 1 Catalyst sample overview

Sample Support Timax [°C]
KPK1 DUT-87(1300) 1300
KPK2 DUT-87(1500) 1500
KPK1o0x DUT-87(1300)preox 1300
KPK20x DUT-87(1500)preox 1500
Ni/PK-SiO, HDK® N20 —_
Ni/OM-SiO, SBA-16 —
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estimation of the time demand for total oxidation trg 100%
was performed by plotting the holding time at 900 °C over
the remaining silicon carbide fraction xgic. This value was
calculated assuming the starting materials as stochiometric
SiC which is transformed to SiO, during oxidation. The total
oxidation would yield a weight increase of 49.875 wt%.
Hence, the remaining fraction xg;c can be calculated as fol-
lows:
A e (Wt%)

Koo =] ——22% 7 (2)
s 49.875 wt%

The resulting graph was described using OriginPro 8 fitting
function (group: polynomial, function: poly5) with the overall
equation:

Y =Ag+ A + Apx® + Ayx® + Axt + Agx® (3)

The co-domain was fixed in the range of 0 < xsic < Xrg.
The value x1g corresponds to the remaining fraction of SiC at
the beginning of the holding step at 900 °C (after the step-
wise temperature program up to this point) and the value
trg,100% Was determined as the intersection of the fitting
function with the y-axis, ie. the point where xsic became
zero. Temperature-programmed reduction (TPR) with a mix-
ture of 5% H, in argon was performed using a BELCAT-B (Bel
Japan Inc.). About 30 mg of the nickel-containing samples
were applied and pre-treated at 120 °C in argon for 2 h. The
measurements were started at 100 °C and the temperature
was raised to 880 °C at a rate of 10 K min~" while the TCD
signal and the sample temperature were monitored. A cali-
bration allowed the determination of the hydrogen consump-
tion xni(TPR). Furthermore, the stability of the nickel-
containing samples was investigated by heating in argon to
850 °C (120 K h™) or by performing this heating step and fol-
lowing it up by a reduction in hydrogen for 1.5 h.

Catalytic testing in the carbon dioxide reforming of methane

The carbon dioxide or dry reforming of methane (DRM) was
performed in a self-made apparatus. It consisted of mass-
flow controllers (Bronkhorst) for methane, carbon dioxide
and nitrogen, and a switch allowed the application of hydro-
gen instead of CH,. An appropriate mixing of the gases
(74.1 ml min™ CH,, 92.6 ml min™" CO, and 232.5 ml min™"
N,) was achieved with a static mixer inserted into the gas
pipe which was build from PFA tubes (Swagelok) with an
outer diameter of 6 mm. The reactor was a quartz glass tube
with 12 mm outer diameter and 1.5 mm wall thickness. The
catalyst (10.0 mg) was diluted with 1 ml SiC powder (1.47 g,
F90) and was fixed with quartz wool (9 pm) at restriction
points and the reactor was placed in a furnace (RO 50-250,
Gero) in vertical alignment. Using a T-shaped connector at
the top, the gas line and a quartz glass capillary (closed at
the bottom end) which ended in the catalyst bed were fixed
at the GL14 screw thread of the reactor. The capillary allowed
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the insertion of the thermocouple into the catalyst bed to
measure and control the temperature at this point. A gauge
in the inlet pipe enabled the observation of a potential pres-
sure drop over the catalyst bed. The outlet of the reactor was
water-cooled to remove humidity and furthermore was
divided into an exhaust and an analytic stream. A gas chro-
matograph Clarus 500 (PerkinElmer) equipped with a packed
(Porapak Q) and a molecular sieve (molecular sieve 5A) col-
umn as well as a sampling loop system was used for quantita-
tive analysis. Before measurement the catalyst was pre-
reduced at 850 °C in hydrogen (100 ml min™") for 1.5 h and
the temperature was further maintained for 30 min in nitro-
gen. Afterwards it was cooled down to the reaction tempera-
ture of 800 °C. At the beginning of each experiment the gas
flows were started sequentially in the order N,, CO, and CH,
with a delay of 30 s. The chromatographic analysis was
started the same time step after the first dosing of methane.
Besides inert gas flow, nitrogen acted as an internal standard
for volume change determination during all experiments.

For comparison, the thermodynamic values were deter-
mined using the software Cantera (version 1.7.0) with the ser-
vice packages Python (version 2.5.4) and Mix-Master (version
1.0) applying the GRI-MECH 3.0 database.>”

Results and discussion

Structures and properties of the nanoporous silicon carbides
and the oxidative treated SiC

As evidenced by Fig. 1 the resulting silicon carbides show
type IV isotherms with H1 hysteresis. This behaviour is char-
acteristic for mesoporous materials with a narrow pore size
distribution as was expected from the templates used. The
fumed silica can be described as agglomerates of silica
sphere aggregates®® and hence, the replica structures should
have ink-bottle like pores which on one hand are induced by
the primary SiO, particles and on other hand their contact
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Fig. 1 Nitrogen physisorption isotherms (77 K) of the silicon carbides
DUT-87 pyrolysed at 1000, 1300 and 1500 °C (offset: 300 cm® g%).
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faces are a consequence of the aggregate formation during
their production.>**> The specific surface areas are between
223 and 328 m” g and pore volumes in the range of 0.4 to
0.5 cm® g™* are reached (Table 2).

In accordance with the literature, the sizes of the meso-
pores formed by the primary SiO, particles were determined
from the adsorption branch applying the BJH method, and
the size of the connecting pores was calculated from the
desorption branch.”'* Hence, the first category of pores was
in the size range of 11 to 18 nm and those were connected by
windows which were 8 to 10 nm in diameter. The results are
summarized in Table 2.

The nanoporous character of DUT-87(1500) is further
exemplarily shown by SEM (Fig. S17).

Powder X-ray diffraction revealed the nano-crystalline
character of the -SiC formed during the nanocasting process
(Fig. 2). It could be observed that with an increasing pyrolysis
temperature from 1000 to 1300 and subsequently 1500 °C, a
decreasing peak width for DUT-87(1000), DUT-87(1300) and
DUT-87(1500) is present. Applying the Scherrer equation and
using the (1 1 1)-signal, crystallite sizes of 1.1, 1.8 and
2.7 nm were determined, respectively. For silicon carbides
formed from SMP-10 it is known that they appear in a nano-
crystalline manner.”***” Furthermore, Park and co-workers
demonstrated the intrinsic sintering stability that can be
imparted by the small crystallite sizes resulting at the temper-
atures applied.”

Besides the already mentioned structure parameters, the
oxidation behaviour was investigated for the DUT-87 silicon
carbides. The stepwise temperature increase yielded mass
curves as shown in Fig. 3. Although in all cases a weight loss
is observed in the first heating step, it is obvious that the
samples behaved differently depending on the pyrolysis tem-
perature Ty,... The mass decrease at the beginning is attrib-
uted to surface species which were desorbed. In the following
step a mass increase occurred during heating, hence its slope
diminished during the holding temperature plateaus of 300,
500 and 700 °C. By plotting the derivation (not shown here),
it was clear that in all cases the slopes were smaller at about
600 °C what can be explained by the oxidation of excess car-
bon which might be present in polymer-derived ceramics and
the accompanying loss of mass.*®*° However, the general
behaviour can be explained by the transformation of SiC to
SiO, which implies a weight gain. Nevertheless, none of the
DUT-87 reached the mass increase of 49.875 wt% which
would correspond to the total oxidation of SiC to SiO,. Whilst
DUT-87(1000) showed a weight loss at temperatures above
750 °C, at the end the constantly increasing mass for DUT-
87(1300) is higher compared to DUT-87(1500). Therefore, the
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Fig. 2 Powder X-ray diffraction patterns of the DUT-87 samples

pyrolysed at 1000, 1300 and 1500 °C and the reference system B-SiC
[29-1129].

oxidation is accelerated if the pyrolysis temperature Ty« is
lowered from 1500 °C to 1300 °C, and if it is further reduced
to 1000 °C then a different phenomena is observed. In this
case, the chemical composition induces a weight loss. In
accordance with the literature, low pyrolysis temperatures
resulted in silicon carbide samples with high amounts of
hydrogen and oxygen'> which would be released under the
TG conditions, as was noticeable for DUT-87(1000) above
750 °C. X-ray diffraction of the samples confirmed the pres-
ence of SiC besides that of SiO, after the TG measurements
(Fig. S21) and the systems can be denoted as SiC@SiO,
because a layer of SiO, is built on SiC. Hence, Wang et al.
used the time-root-law to mathematically describe their TGA
curves for polymer-based SiCO samples and to calculate the
time needed for complete oxidation,**** and in our case this
model does not fit. The group observed deviation from the
law at higher temperatures as well. Furthermore, the assump-
tions made by Moene and co-workers were not fulfilled.*’
Therefore, the curves of DUT-87(1300) and DUT-87(1500)
have been fitted as described in the experimental section and
the time demand for complete oxidation trg 1009 can be esti-
mated. The resulting values are 12.5 x 10° h (DUT-87(1300))
and 1.5 x 10° h (DUT-87(1500)). Although DUT-87(1500) had
a much lower end mass compared to DUT-87(1300) after the
12 h at 900 °C, the required time for total oxidation trg 100%
is much larger. Therefore, it has to be concluded that the
crystalline character as well as the pore structure can play an
important role. A similar behaviour was described by

Table 2 Nitrogen physisorption results for the freshly prepared DUT-87 samples

Sample Tmax[°C] SBET[m2 g_l] dBJH,Ads[nm] dBJH,Des[nm] Vp[Cm3 g'l]
DUT-87(1000) 1000 327.6 11.1 8.2 0.54
DUT-87(1300) 1300 223.1 18.1 8.3 0.41
DUT-87(1500) 1500 282.8 12.8 10.2 0.47

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Mass curves and temperature profile of the thermogravimetric
analysis of the DUT-87 samples.

Thiimmler and Porz for the increased oxide formation at the
pore mouths of porous silicon nitrides, and a resulting
change in the further oxidation process.** The results con-
firm that not only non-porous but also highly porous silicon
carbide shows a passive oxidation.*®

Nitrogen physisorption could show that the samples of
type DUT-87TG were mesoporous (Fig. S31) and in Table 2
the specific surface areas Sgrr1c and pore volumes Vp g are
given. As expected, the values are lower in comparison to the
fresh samples. Furthermore, DUT-87(1300) and DUT-87(1500)
were passivated selectively, these samples being denoted by
the suffix ‘preox’. The treatment parameters were chosen in
analogy to the TGA but the holding step was adjusted to 4 h.
DUT-87(1300)preox and DUT-87(1500)preox still have specific
surface areas of 68 and 121 m?> g, respectively (Table 3).
Hence, they should be investigated as catalyst supports as
well.

Nickel-containing catalyst systems

The investigations of the 10 wt% nickel-containing catalyst
systems KPK1, KPK2, KPK1ox and KPK2ox have been focused
on their affinity to the nickel silicide formation. The basic
reason for this was the possible loss of active material in
catalysis due to the reaction of nickel to its silicides."® Espe-
cially, the influence of the application of the passivated sup-
ports DUT-87(1300)preox and DUT-87(1500)preox in the cata-
lyst samples KPK1ox and KPK2ox, respectively, against KPK1
and KPK2 was of interest. For this purpose, treatment param-
eters have been used which were chosen in analogy to the

View Article Online
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catalyst pre-treatment for the dry reforming of methane and
which were followed by XRD measurements as summarized
in Fig. 4.

The powder patterns depict the presence of nickel(u)-oxide
on silicon carbide for all systems even though the peaks for
SiC are relatively small, especially for the passivated supports.
However, powder X-ray diffraction measurements of the sam-
ples DUT-87(1300)TG and DUT-87(1500)TG (Fig. S21) had
confirmed the presence of nano-crystalline B-SiC even after
the TGA. Hence, the nickel phase is just more prominent in
the XRD of the catalysts and the particles have a size in the
‘nano-range’ as the peak broadening demonstrates. The inert
heating to 850 °C resulted in the formation of silicides for
KPK1 and KPK2.

The Ni,Si phase could only be found for KPK1, whereas
peaks of Nijz;Si;, were assigned in both cases. Furthermore,
metallic nickel was observable. In contrast, the systems
KPKlox and KPK2ox retained their composition of
NiO/SiC@SiO, without any formation of silicides. If this
heating was followed by a reductive step at 850 °C, NiO was
completely transformed to Ni° for KPKlox and KPK2ox.
Although the peak intensity ratio had changed, the complete
reduction of the silicide-bound nickel in KPK1 and KPK2 was
not possible under these conditions. The changes which were
found are probably related to a modified composition of
nickel silicides which can be influenced by treatment in
hydrogen as well as by longer annealing steps.’® Hence, the
applied passivation strategy prohibited the loss of the active
material for KPKlox and KPK2ox as observed after the
heating in argon followed by reduction. Additional investiga-
tions with TPR measurements resulted in XRD patterns as
shown in Fig. 4. These were again characterized by the pres-
ence of large amounts of nickel silicides if the supports had
not been passivated before the incorporation of the nickel
salt during synthesis. However, KPK1ox and KPK2ox allowed
the formation of Ni® under the TPR conditions. The tempera-
ture profile for KPK1 shows two maxima at 320 and 390 °C as
well as a shoulder at about 490 °C (Fig. 5A). For KPK2 the
maximum is located at 470 °C but the signal form suggests
that at least two signals are overlapping (Fig. 5B). The groups
of Zhang and Moene observed a similar behaviour after
supporting nickel from its nitrate on non-porous or rather
low specific surface area (31 m” g ') silicon carbide.*®*” The
signal at about 320 °C can be attributed to bulk nickel(u)-
oxide or easily reducible o-NiO (after the classification of
Zhang et al.)."®*® Metal-support interactions further affected
the reducibility of some of the nickel species and caused the
desired higher reduction temperature.”” The decline of the

Table 3 Nitrogen physisorption results for the DUT-87 samples after thermogravimetric analysis (‘TG’) and the passivated ones (‘preox’)

Parent sample Sperralm® g7

Vo ralem® g7

‘S‘BET,prec-x[In2 gil] VP,preoXl:CIn3 gil]

DUT-87(1000) 20.0 0.20
DUT-87(1300) 69.6 0.32
DUT-87(1500) 92.5 0.36

“ Such samples were not synthesized and hence no results are given.

4178 | Catal Sci. Technol., 2015, 5, 4174-4183
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Fig. 4 Powder X-ray diffraction results for the catalyst samples: A - KPK1, B - KPKlox, C - KPK2 and D - KPK2ox as well as references: red - 3-SiC
[29-1129], olive-green - NiO [4-835], grey — Ni [4-850], blue - Ni,Si [3-943] and green - Niz;Siy, [24-524]. Shown are the patterns of: a) fresh sam-
ple, b) after argon treatment up to 850 °C, c) after the same argon treatment and reduction in hydrogen at 850 °C and d) after the temperature-

programmed reduction.

detector signal below the base line at temperatures above
600 °C is obvious and has to be induced by a hydrogen release.
It can be assumed that a sequence of chemical reactions
(eqn (4) to (6)) during the TPR measurements has an influ-
ence.”””" Thus the reduction of NiO to Ni is followed by a sil-
icide formation with the silicon from the SiC support and
hence, carbon is left over. Subsequently, a methanation
under hydrogen consumption is possible. This gasification is
known for nickel supported on carbon as well as for pure car-
bon supports.®® Furthermore, the equilibrium between meth-
ane pyrolysis and generation was also proven by Snoeck and
co-workers whereas results in this field are summarized by
Trimm.*>>® The catalytic activity of several metals (e.g. Cu,
Pt, Ru) besides nickel was shown. In addition, negative sig-
nals during TPR measurements were assigned to spill-over
effects of hydrogen to the support which leads to the release
at higher temperatures. Also pure carbon supports showed

This journal is © The Royal Society of Chemistry 2015

such effects.’®>*>® The TPR curve for a pure silicon carbide
(without nickel) gave negative values at temperatures higher
than 550 °C as well (not shown here). Accordingly, already
small carbon impurities within the porous SiC samples,
whose existence was already concluded from the extenuated
slope in the TGA at around 600 °C, might be the reason for
the observed TPR characteristics."*?

NiO + H, — Ni + H,0 (4)
xNi + SiC — Ni,Si + C (5)
C +2H, — CH, (6)

The determination of the amount of consumed hydrogen
up to the baseline intersection xy;(TPRggo) resulted in values
of 1.84 (KPK1) and 1.55 mmol g~ (KPK2), which differ from
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Fig. 5 Results of the temperature-programmed reduction experi-
ments for A - KPK1 and KPK2 as well as B - KPK1lox and KPK2ox; the
grey lines depict the baseline.

the theoretical value of 1.69 mmol g '. The reason is the
overlapping of hydrogen consuming and releasing processes
as discussed in the previous section. If the passivated
supports are investigated as for KPKlox and KPK2ox, the
TPR signals behaved the same as is known from Ni/SiO,
(Fig. 5B).”” The signals are located in the temperature range
between 300 and 500 °C so that the same nickel species as
for KPK1 and KPK2 were present. Furthermore, no intersec-
tion with the baseline occurred. Hence, the prevention of
contact between nickel and silicon carbide allowed the sup-
pression of carbon formation (compare eqn (4) to (6)) which
would induce or reinforce the hydrogen release at higher
temperatures. The calcination of NiO/SiC at 1000 °C before
TPR measurements described in the literature showed com-
parable results.’® Furthermore, the hydrogen consumptions
of 1.61 (KPKlox) and 1.49 mmol g (KPK20x) are much
closer to the theoretical value. The slightly lower value for

4180 | Catal Sci. Technol, 2015, 5, 4174-4183
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KPK2ox can be attributed to the formation of small amounts
of silicide as was confirmed by XRD (Fig. 4). Small Ni,Si
impurities have already been detected after heating in argon
and the hydrogen treatment at 850 °C. Probably the struc-
tural characteristics of DUT-87(1500) caused an imperfect
avoidance of the contact between Ni and SiC. Furthermore,
the oxidation behaviour already showed a higher slope of
mass increase for this sample at the end which might be a
result of the same effects. Applying the Scherrer equation to
the (2 0 0)-peak of the powder patterns after H,-TPR yielded
Ni crystallite sizes of 14 and 21 nm for KPK1ox and KPK2o0x,
respectively.

Catalytic performance in the carbon dioxide reforming of
methane

How the characteristics of the 10 wt% Ni containing samples
discussed in the former section influenced the performance
in the dry/carbon dioxide reforming of methane (DRM, eqn
(1)) was then investigated. The results for the effective reac-
tion rate of methane r.i(CH,) (and the corresponding conver-
sion X(CH,)) are given in Fig. 6 and some characteristic
parameters are summarized in Table 4. Besides the silicon
carbide (fresh and passivated) supported nickel catalysts, two
reference systems were measured as well. Those are nickel on
silica which in the first case was the non-porous fumed SiO,
HDK® N20 (Ni/PK-SiO,) and the second was ordered meso-
porous oxide SBA-16 (Ni/OM-SiO,).

KPK1 and KPK2 reached effective reaction rates for meth-
ane of 0.6 mmol g™* s™* after 1 h time on stream (TOS). How-
ever, those two samples activated over the whole reaction
time. The maximum rates for KPK2 outperformed those of
KPK1. The powder X-ray diffraction results (Fig. 4) had
already shown that treatments analogous to the reduction as
pre-treatment for the DRM allowed the generation of Ni°
although nickel silicides were formed as well. Since the peak
widths of NiO before and Ni afterwards are larger for KPK2,
it can be assumed that nickel was better dispersed which
induced higher conversions. Simultaneously, the reverse

279a KPKI = KPKlox ® KPK2 = KPK2ox[ >°
24 - 45
—.': 21 = Ni/PK-Si0, = Ni/OM-SiO, L 40
= L35 —
= 30 &
g 154 A
E 12 >3
S 7 =20 %
5 0.9 - L 15
5 0.6 | L 10
0.3 -5
S A L L L L L

0 60 120 180 240 300 360 420 480

time on stream [min]
Fig. 6 Effective reaction rates (left axis) and accordingly conversions
(right axes) of methane during the dry reforming process for KPK1,
KPK2, KPKlox, KPK2ox as well as the two reference systems Ni/PK-
SiO, and Ni/OM-SiO,.
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Table 4 Results of the catalytic testing in the DRM reaction at 800 °C after a TOS of 1 h and 8 h

Catalyst sample Terf(CHy, 1 ) mmol g ™" s7']

reg(CH,, 8 h)fmmol g™ s7']

npy, : Nco(1 h)?[mol mol™] 1, : No(8 h)’[mol mol™]

KPK1 0.6 0.9
KPK2 0.6 1.1
KPK1ox 0.9 1.2
KPK20x 1.0 1.0
Ni/PK-Si0,° 0.0 0.0
Ni/OM-Si0,° 0.1 0.3

0.42 0.44
0.85 0.62
0.58 0.57
0.61 0.61
0.36 0.38

“ Effective reaction rate of methane which was normalized to the catalyst mass of 10.0 mg used after a TOS of 1 h and 8 h. ? Molar ratio of
hydrogen and carbon monoxide after a TOS of 1 h and 8 h. ¢ Reference systems of nickel on non-porous SiO, (PK-SiO, = HDK® N20) and

mesoporous SiO, (OM-SiO, = SBA-16).

water gas shift reaction (eqn (7)) was disadvantaged as is con-
firmed by the higher molar ratio of hydrogen to carbon mon-
oxide. The activation with TOS indicates that structure
changes occurred under DRM conditions. Both the variation
of the particle sizes and the phase composition are possible.
Probably, additional nickel could be extracted out of the sili-
cides during DRM.

The avoidance of the silicide formation during the reduc-
tive pre-treatment for KPK1lox and KPK2ox (Fig. 4) could be
achieved based on the passivation of the applied DUT-
87(1300) and DUT-87(1500) supports. Accordingly, the loss of
active material could be diminished which yielded higher
effective reaction rates r.;(CH,) from the beginning of the
DRM experiment. The activities observed were stable over the
whole TOS of 8 h.

H2 + C02 - CO + Hzo (7)

The maximum methane conversions obtained are in the
range of 16 to 22% which was significantly below the thermo-
dynamic value of 98%. This further promoted the RWGS reac-
tion which is already favoured because of the excess of CO,
used in comparison to the reaction equation, and resulted in
lowered H,:CO-ratios compared to the thermodynamically
controlled ratio of 0.89 mol mol™" at 800 °C.

A beneficial effect of a calcination step in an oxygen
containing atmosphere before the DRM reaction with Ni/SiC
was also described by Nguyen et al. who used low surface
area SiC as support.'"® But the information given did not
allow the calculation of reaction rates and the results were
not compared to any other system. Zhang and co-workers
reached values of 2.0 mmol g‘l st at 750 °C for Ni/Al,O;
and Ni/La,0O; which were sometimes modified with
Ca0.>®* In opposition, rates of 0.19 mmol g s were
reported from Guo et al. at similar conditions.®® Hence, the
exact preparation conditions and the process for testing is
crucial which makes the comparison of the results reported
here with the literature difficult. Therefore, nickel supported
on silica was tested under identical conditions as the for-
mer ones. Hence, SiC (KPK1 and KPK2), SiC@SiO, (KPK1ox
and KPK2o0x) and SiO, (Ni/PK-SiO, and Ni/OM-SiO,) sup-
ports should be compared. The results for the latter sup-
ports are given in Fig. 6 and Table 4. Primarily, it was

This journal is © The Royal Society of Chemistry 2015

shown by H,-TPR measurements that the NiO could be
reduced to Ni® (Fig. S41) and the literature-known behaviour
for Ni/SiO, was obtained.”” Nevertheless, the activities are
much lower as for all other systems, and in the case of Ni/
OM-SiO, even no conversion could be detected. Probably,
this system was already deactivated in the first minutes of
the experiment before the determination of the composition
of the exhaust gas could be performed. Fast coking and
sintering of the active species were described for compara-
ble supports (e.g. SBA-15 and MCM-41).°>*> Pore blocking
caused by coke could be a further explanation and might
have hindered the mass transport to the active nickel cen-
ters.”® For Ni/PK-SiO, it is likely that the activity increase
with TOS was caused by surface nickel silicate species which
is known from the literature.®*® Their reduction under
DRM conditions is possible and probably resulted in the
availability of higher nickel amounts with TOS.®® The overall
low conversion levels for Ni/SiO, can be explained by large
particle sizes and an incomplete nickel(un)-oxide reduction
after heating in an inert gas flow.

A performance increase when using SiC compared to silica
as the support was already observed by Xu and co-workers in
the dehydration of propane.>* In contrast to this highly exo-
thermic reaction the dry reforming of methane is highly
endothermic, and it could be shown that SiC is advantageous
even in those application fields.

Conclusions

In the presented work, nanoporous silicon carbide was syn-
thesized by a nanocasting approach using hydrophobic func-
tionalized fumed silica as a template. The materials obtained
are denoted as DUT-87 (DUT = Dresden University of Tech-
nology). Hence, a pore builder was implemented in this pore
generating strategy which is highly abundant and very low in
cost compared to e.g. ordered mesoporous silica such as SBA-
15. The adjustment of the pyrolysis temperature during car-
bide formation allowed tuning of the structural parameters
of the resulting products. Specific surface areas up to
328 m®> g' and total pore volumes of 0.54 cm® g were
obtained. Thermogravimetric analysis was used to determine
the stability in an oxidative environment and showed that if
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applying stepwise heating a passive oxidation could be
reached for nanoporous silicon carbides which had not been
confirmed so far. Even after a treatment at 900 °C for 12 h, a
material which can be described as a layer of SiO, on a SiC
core (SiC@SiO,) was stabilized. Hence, it could be shown that
even nanoporous silicon carbides are highly stable and that
the pore properties and the crystallinity have an influence on
the performance. Based on these results, DUT-87 samples
were passivated by a controlled oxidation procedure.

The use of the fresh SiCs DUT-87(1300) and DUT-87(1500)
as supports for 10 wt% Ni resulted in the catalyst samples
KPK1 and KPK2, respectively. The substitution of the sup-
ports by the passivated carbides gave KPK1ox and KPK2ox.

The application of the KPK catalyst samples in the dry
reforming of methane showed that the nickel silicide forma-
tion for the KPK1 and KPK2 materials resulted in a loss of
active nickel species, and therefore low conversion levels were
observed. Much higher reaction rates were achieved if the
passivation of the supports was performed and hence, the Ni-
SiC contact and so the silicide formation was prevented. The
highest effective methane reaction rate was determined for
KPK1ox at 1.2 mmol g " s7, correlating to a conversion of 22%.
The hydrogen-to-carbon monoxide ratio was 0.6 mol mol™.
Furthermore, stable performances were achieved for the
whole investigated TOS of 8 h with KPKlox as well as
KPK2o0x.

It has to be emphasized that all catalyst samples based on
the DUT-87 supports reached much higher levels of activity
than the purely siliceous supports. Furthermore, the passiv-
ation of silicon carbides by a deliberate oxidation even
enhanced the conversions and stabilities for those nickel-
based, precious metal free catalysts. This synthesis strategy
allowed an optimization and the differing results for the
Ni/SiC@SiO, (KPKox samples) compared to the Ni/SiO, sam-
ples show the beneficial effect of the SiC supports in the
DRM for the first time. Furthermore, these results indicate
the importance but at the same time the opportunities of
tuning the characteristics of nanoporous SiC as catalyst sup-
port for the individual application as desired. Such a con-
trolled synthesis might be successful also for several active
materials and in numerous catalytic reactions.
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