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Abstract: Non-oxidative CH, coupling is promoted by
silica with incorporated iron sites, but the role of these
sites and their speciation under reaction conditions are
poorly understood. Here, silica-supported iron(ll) single
sites, prepared via surface organometallic chemistry and
stable at 1020°C in vacuum, are shown to rapidly initiate
CH, coupling at 1000 °C, leading to 15-22% hydrocarbons
selectivity at 3-4% conversion. During this process, iron
reduces and forms carburized iron(0) nanoparticles. This
reactivity contrasts with what is observed for (iron-free)
partially dehydroxylated silica, that readily converts meth-
ane, albeit with low hydrocarbon selectivity and after an
induction period. This study supports that iron sites facili-
tate faster initiation of radical reactions and tame the sur-
face reactivity.
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Non-oxidative coupling of CH, (NOCM) is a one-step methane
conversion process to higher hydrocarbons (Scheme 1), which
circumvents the conventional two-step synthesis based on
steam reforming and Fischer-Tropsch process.! NOCM is
highly endothermic, requiring high temperatures, which also
thermodynamically favour the competing reaction methane
decarbonization that yields H, and coke.”’ While oxidative cou-
pling of CH, avoids the latter process, oxidative conditions
lead to the production of CO,, resulting in low hydrocarbon
yields.”! Recent reports suggested that highly dispersed metal
sites improve the selectivity of NOCM to hydrocarbons, open-
ing new opportunities.”
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Metal-exchanged zeolites, such as those based on molybde-
num and iron can convert CH, into hydrocarbons under non-
oxidative conditions, wherein the interplay between Brgnsted
sites, the pore system, and the metal site is crucial.”’ However,
the thermal instability of zeolites limits the temperature range
within which they may be applied, preventing high conver-
sions from being reached, spurring the interest to identify
more thermally stable oxides. For example, a material prepared
by melting of iron orthosilicate and quartz was reported to
produce hydrocarbons with selectivity over 99% at 1000 °C.*"!
This outstanding activity is ascribed to the formation of isolat-
ed Fe-sites, promoting the activation of CH, and yielding
methyl radicals. Recent studies have reported similar out-
comes, albeit with lower yields and the production of a broad-
er spectrum of hydrocarbons, including C,Hs and C;—Cs hydro-
carbons, along with the formation of iron carbide nanoparti-
cles ¥ These observations contrast with those related to
other iron(0) and iron oxide systems supported on silica or alu-
mina, as well as bare supports, all of which predominately
induce CH, decarbonization.” The low selectivity toward hy-
drocarbons can originate from longer contact times, low metal
dispersion, and a high ratio of surface area of the material to
the void space in the reactor bed, all of which would favour
the formation of coke."**®

These results imply that iron facilitates CH, activation; how-
ever, its structure and mechanistic role remain unclear. Similar-
ly, the role of the support in the reaction is also ambiguous.
We therefore reasoned that generating well-defined iron sites,
by combining surface organometallic chemistry (SOMC)” with
thermolytic molecular precursors (TMPs),” and complementing
it with a detailed characterization would provide molecular in-
sight into these complex systems. Indeed, recent studies have
shown that this combined approach helps engineering well-
defined surface species with tailored nuclearity and oxidation
state. This method consists of grafting a molecular precursor
on reactive surface sites, typically the isolated hydroxyl groups
of a partially dehydroxylated high surface area oxide, followed
by a thermolysis step that yields metal sites free of organic li-
gands.” Some prominent examples related to the work de-
scribed herein are isolated Cr'","” Ga""" sites on silica that are
highly productive in C;Hy dehydrogenation, and isolated Cu"™?
sites on alumina that selectively convert CH, to CH,OH.

Here, we report the generation of isolated Fe" sites on the
surface of silica dehydroxylated at 1080 °C (SiO,.105), Using di-
meric Fe'" tris(tert-butoxy)siloxide (1)'¥ as a molecular precur-
sor. These sites are stable at temperatures above 1000°C in
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Scheme 1. Conversion of CH, to C,H, under non-oxidative and oxidative
conditions, together with competing pathways.

the absence of reactive gas. Upon introduction of CH,, the ma-
terial initiates coupling and higher hydrocarbons are formed.
This reactivity differs from SiO,.,0g, that also activates CH,, but
with an induction period and lower selectivity towards hydro-

carbons.

The molecular complex 1 was first grafted on SiO,.0s
(1 equiv. per surface OH group, see characterization in Sl). This
support, SiO, 05, prepared by a vacuum treatment of Aerosil®
200 at 1080 °C, exhibits ng,=0.08 mmoly, g™, Sger=173 m?g™"
and 6,,=0.3 OH/nm? The grafting yields 1/SiO,.05 Wwith
0.7 wt% of iron and 3.5 wt% of carbon. Further treatment of
1/Si0, 1450 Under vacuum at 1020 °C yields a white material (1/
Si0,_1030)-1020- free of organic ligands and OH groups according
to IR spectroscopy (Figure 1a). Contacting the sample with

60 mbar of CO leads to the formation of a band at 2160 cm™,

1

consistent with presence of isolated iron(ll) sites (Figure S2.7).
The molar ratio between the deposited iron and surface OH is
1.6, suggesting grafting on strained siloxanes and/or formation
of centres with higher nuclearity (dimers)."™

Table 1 lists the important properties of the studied materi-
als. The Fe K-edge HERFD-XANES spectrum of (1/5i0,.1080)-1020
shows a weak two-component pre-edge, followed by an ab-
sorption edge at 7118.8 eV, consistent with the presence of Fe'
(Figure S2.2)."" EXAFS spectroscopy yields a spectrum with
three scattering paths, namely, Fe—O, Fe—Fe and Fe—Si with co-
ordination numbers of 1.8, 0.5 and 1.3 (Figure S2.4). The ab-
sence of any distant shells, along with the very low coordina-
tion number for Fe—Fe path rules out the formation of nano-
particles and is consistent with highly dispersed iron sites. Sim-
ilarly, Fe K-edge of 1/SiO, o4, is localized at 7119.7 eV, but is
preceded by a weak pre-edge with three components. The
EXAFS spectrum shows three scattering paths corresponding
to Fe—O, Fe—Fe and Fe—Si with coordination numbers of 1.9,
0.5 and 1.3, respectively (Figure S2.4). These results also sug-
gest that the spin state, oxidation state, and nuclearity of iron
remains nearly unaffected before and after thermolysis, but
that the symmetry does change. A comparison with the molec-
ular precursor 1 reveals a loss of Ty symmetry and a decrease
of coordination number upon grafting (Figure S2.2).

Zero-field *’Fe Mdssbauer spectroscopy shows significant dif-
ferences between both samples (Figure S2.5 and see SI for de-
tails). The spectrum of (1/Si0,.1050).1020 iNdicates the presence
of two slightly different Fe" high-spin sites with similar ratio
and values for the isomer shift of ¢=0.97(4) and
0.80(3) mms~', and quadrupole splitting of AE,=0.94(6) and
1.06(5) mms™', respectively. In contrast, the Mdéssbauer spec-
trum of 1/Si0,.1450 revealed two main components with isomer
shifts of 0=0.52(2) and 0.77(2) mms~', and quadrupole split-
ting of AE,=1.79(5) and 0.90(4) mms™', respectively. These ob-
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Figure 1. Synthesis of 1/5i0,.44g0 and (1/5i0,.10g0)-1020 from 1 and SiO, 450 by grafting and thermolysis, including the basic characterization, (a) IR (a), and

(b) zero-field *’Fe Mé&ssbauer spectrum of (1/5i0,.19s0)-1020-
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Analytic method 1

Table 1. Characteristic properties of 1, 1/Si0,.1050 and (1/Si0,.10g0)-1020 @s detected by given analytic method.

1/Si02>1080 (1/Si02>1080)>1020

[a]

IR spectroscopy confirms the structure and purity

oxidation state +1I
distorted T4 symmetry

Fe K-edge XANES

Fe K-edge EXAFS N(Fe—Fe) =1
N(Fe—O)=4
*’Fe Mdssbauer oxidation state +II
spectroscopy 1 Fe site
(+ by-product)®
SQUID magnetometry high-spin Fe'"

paramagnetism
(+ AF coupling or ZFS)

removal of O—H and C—H bands
CO sorption: Fe' sites
oxidation state + 1l

loss of isolated O-H band,
formation of C—H bands
oxidation state +1I

loss of Ty symmetry
N(Fe—Fe)=0.5
N(Fe—0)=2

oxidation state + I

2 different Fe sites

(4 by-product)®
high-spin Fe"
paramagnetism

(+ AF coupling or ZFS)

N(Fe—Fe)=0.5

N(Fe—0)=2

oxidation state + I

2 similar Fe sites

(+no by-product)

high-spin Fe"

paramagnetism + AF coupling or ZFS)

Information for more details.

aj >ee rigs A, /N upportmg nformation for more details. minor potentla y hexa-coor inate) Fe species. ee rigures .3, D In upportlng
[a] See Figs S1.1,S2.7in S ing Infi jon f details. [b] minor (| ially h dinate) Fe' ies."”¥ See Fi $1.3,525in S i

servations are suggestive of the presence of two distinct Fe"
high-spin sites, again in a similar ratio, but with different coor-
dination environments and bonding situations. The spin and
oxidation state assignments for 1/Si0, 1950 and (1/Si0,.10s0)-1020
are further probed by solid-state magnetic susceptibility mea-
surements (Figure S2.3 and see Supporting Information for de-
tails), also corroborating the formation of Fe" high-spin centres
in both compounds.

The reactivity of (1/Si0,.10g0)-1020 Was evaluated and com-
pared to SiO, ;g0 Under the following conditions: sample mass
100 mg, contact time 0.1 s, 7.5% of CH, in argon at atmospher-
ic pressure and temperature 1000°C. The samples were first
heated under argon and after the target temperature was
reached, the reactive gas was introduced. Figure 2a shows
that (1/Si0,.1080)-1020 immediately initiates the conversion of
CH,, but is followed by a rapid deactivation (1 min), after
which the reaction proceeds at low-conversion (2-4 %) with se-
lectivity to hydrocarbons (C,Hs, C,H,, C,H, and C¢He) between
15-22%. The remaining part of the balance accounts mainly
for production of carbon. For comparison, the reactivity of
SiO,.10g0 is shown in Figure 2b and highlights two different
stages: following the induction period (t) of 35 min, during
which no reaction occurs, the conversion of CH, rapidly in-
creases to reach a value of 25%, with overall hydrocarbon se-
lectivity of 5%, before slowly decreasing. Additional experi-
ments establish a similar behaviour, but with somewhat vary-
ing t; (Figure S3.1). This indicates that iron assists in the initia-
tion of the reaction either directly, or by rapidly forming new
reactive species. In contrast, the induction period observed
with SiO, ;05 implies that the pure support is modified prior to
initiating CH, coupling, which may be attributed to the reac-
tion of CH, with silanols or the formation of different sites.’®®'®

The effect of contact time (Figure S3.2) on the conversion
for both (1/Si0,.10g0)-1020 and SiO,.1g0 further shows that
SiO,_1030 reaches a higher conversion than (1/5i0,.19g0).1020, iNdi-
cating that the iron sites selectively suppress the surface reac-
tivity towards CH,. Figure 2 c plots the dependency of selectivi-
ty to hydrocarbons on CH, conversion and shows comparable
trends for both SiO,., 05 and (1/Si0,.40g0)-1020. iNCluding in-
creased production of carbon at high conversion levels. Figures
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3a and 3b compare the relative distribution of the hydrocar-
bons in the gas phase and show that at similar conversion (1/
Si0,_1080)-1020 Produces higher fraction of C,H, at the expense
of C,H,, compared to SiO,. 45, pOssibly attributed to the pres-
ence of iron.

STEM analysis of (1/Si0,.q050)-1020 after the activity test at
1000 °C shows the formation of iron nanoparticles with d=15-
20 nm (Figures S4.1, S4.2), Fe K-edge XANES ascribes them oxi-
dation state 0 and EXAFS reveals the presence of an extended
carburized structure (Figure S4.3). A complementary in situ
XAS study at lower temperature (800 °C) confirms a similar re-
duction phenomenon concomitant with iron nanoparticle for-
mation (Figure S4.4). Powder X-ray diffraction further confirms
these observations with a reflection at 26 =45.3° and a shoul-
der at 44.5° suggesting the presence of y-iron and iron car-
bide (Figure 54.5)."”" Formation of such species agrees with a
phase diagram of Fe—C binary system.'® The support remains
amorphous with a surface area of 170 m?g™" after oxidation of
coke deposits. IR spectra recorded after three minutes on
stream show the formation of three bands: v(O—H) at
3747 cm™', v(Si—H) at 2290 cm™' and v(C=C) at 1592 cm™' (Fig-
ure S4.6). The first two likely originate from opening of siloxane
bridges by H, or CH,, the last one belongs to coke. EPR mea-
surement resolves a narrow resonance with g,,;=2.001, and a
broad one with g;,,=1.925 (Figure S4.7). The former may
belong to carbon or silicon radicals, but the assignment of the
second peak is not straightforward. It might represent a reso-
nance of ferromagnetic Fe® nanoparticles or traces of a para-
magnetic Fe" impurity."” For comparison, the EPR spectrum of
Si0,.q050 during t;, shows formation of a weak resonance at
g, = 2.0033 belonging to carbon radicals.”” Two minutes past
t, the spectrum features a resonance at g;,=2.0048 (Fig-
ure $4.8), indicating the evolution of the defects and that they
are different to those formed in (1/Si0,.4g0).1020- The IR spec-
trum recorded after three minutes of CH, consumption reveals
the formation of a weak band v(Si—-H) at 2290 cm™' (Fig-
ure $4.9), similarly to (1/Si0,.1030).1020- It is Noteworthy that Fe®,
hydrosilanes, carbonaceous materials, and Si defects are all
known to activate CH, or olefins, complicating the deconvolu-
tion of their effects on the overall activity.®*"
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Figure 2. Relative distribution of the hydrocarbons in the gas phase at
different conversion levels at 10 and 20 min for (a) (1/Si0,.0g0).1020 and

(b) Si0,.4050- The conversion was controlled by changing the flow of the re-
active gas. (c) Conversion-selectivity plot for both compounds constructed
from the first 20 min of NOCM experiments with different contact times.

In summary, we have demonstrated that the combined
SOMC/TMPs approach enables the preparation of a high sur-
face area silica with Fe" single sites, even after a thermolysis at
1020°C. The synthesized material promotes non-oxidative cou-
pling of CH, to higher hydrocarbons (C;H,, C,H,, CH,, CgHy),
reaching a selectivity of 20% at 3% conversion. However, the
Fe" sites quickly reduce and form carburized Fe® nanoparticles.
This is accompanied by the deposition of coke, the formation
of surface hydrosilanes and paramagnetic defects. This con-
trasts with the reactivity of silica dehydroxylated at 1080°C
that favours, after an induction period, the formation of
carbon deposits, rather than hydrocarbons. This indicates that
iron sites selectively suppress the surface reactivity and im-
prove the selectivity.
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different conversion levels at 10 and 20 min for (a) (1/Si05.1080)-1020 and

(b) Si0,.10g0- The conversion was controlled by changing the flow of the re-
active gas.
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