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Abstract: The selective partial oxidation of methane to methanol remains a great challenge in the field of catalysis. 
Cu-exchanged zeolites are promising materials, directly and selectively converting methane to methanol with 
high yield under cyclic conditions. However, the economic viability of these aluminosilicate materials for potential 
industrial applications remains a challenge. Exploring copper supported on non-microporous oxide supports 
and rationalising the structure/reactivity relationships extends the scope of material investigation and opens new 
possibilities. Recently, copper on alumina was demonstrated to be active and selective for the partial oxidation of 
methane. This work aims to explore the formation of well-defined Cu(ii) oxo species on silica via surface organo-
metallic chemistry and examines their reactivity for the selective transformation of methane to methanol. Isolated 
Cu(ii) sites were generated via grafting of a tailored molecular precursor. Activation under oxidative conditions and 
subsequent removal of organic moieties from the grafted copper centres led to the formation of small copper (ii) 
oxide clusters, which are active in the partial oxidation of methane under mild conditions, albeit significantly less 
efficient than the corresponding isolated Cu(ii) sites on alumina.
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1. Introduction
The valorisation of methane, a major constituent of natural 

gas, has attracted much attention this past decade as a part of 
a potential energy transition from a petroleum-based economy. 
Conversion of methane to form more valuable commodity chem-
icals and liquid energy carriers, such as methanol, faces severe 
challenges due to the higher propensity of the desired products to 
further oxidize compared to methane. Extensive work has shown 
that Cu-exchanged zeolites are capable of selectively facilitating 
this transformation,[1–4] using molecular oxygen as a primary oxi-
dant. These materials demonstrate high selectivity and high yields 
of methanol per copper when the reaction is performed under 
stepwise conditions (i.e. chemical looping).[5] However, economic 
analysis of these materials shows severe challenges for their im-

plementation in an industrial process.[6] Major issues concern the 
optimisation of the stepwise process (temperature, pressure) and 
the possibility of performing this transformation catalytically and 
selectively.[7] In addition, the price of zeolitic material is a barrier 
because of the low space-time yield of methanol, as calculated 
for several Cu-exchanged materials.[6] The ideal material would 
have a very high copper loading and with an inexpensive synthetic 
protocol, neither of which is the case for zeolite-based materials.

Despite intensive research on the step-wise methane to metha-
nol conversion, only few studies have explored copper supported 
on non-zeolitic supports.[8–10] Cheap and readily available oxides, 
such as silica and alumina, are attractive because they combine 
high surface area and the absence of microporosity, thereby mini-
mizing diffusion limitations. To explore and better understand the 
reactivity of copper supported on non-microporous oxides, we 
prepared a well-defined molecular precursor on partially dehy-
droxylated silica via a surface organometallic chemistry (SOMC) 
approach.[11] This methodology allows control of the copper spe-
ciation along with its density and dispersion on the support.[11–13] 
We have previously demonstrated that this approach results in the 
formation of well-dispersed Cu(ii) sites on alumina after thermal 
activation under synthetic air. These materials showed both activi-
ty and selectivity for the partial oxidation of methane to methanol, 
where monomeric Cu(ii) sites with an Si/Al environment were 
identified as reactive sites.[14] Therefore, we decided to explore 
the possibility to generate isolated monomeric copper centres on 
silica, i.e. within a purely siliceous environment, and to study 
their reactivity towards the partial oxidation of methane. Here, 
we show that well-defined monomeric Cu(ii) surface complexes 
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state upon grafting was confirmed by Cu K-edge X-ray adsorption 
near edge spectroscopic (XANES), in contrast with the partial 
reduction of the Cu(ii) sites observed when grafted on alumina.

The blue-coloured grafted and dried material (1@SiO
2-700

) 
was further characterized by UV-vis and EPR spectroscopy; 
spectra were compared to those for the molecular complex (1). 
The optical spectrum shows two main features at 272 nm and 
715 nm (Fig. 2a), assigned respectively to the ligand to metal 
charge transfer (LMCT) and d-d transition of distorted octahe-
dral Cu(ii) (d9). The supported material is characterized by an 
axial EPR signal (g


 > g⊥ > g

e
), with a partially resolved hyper-

fine structure on the g

 component (Fig. 2b). The broad signal 

prevents precise determination of the hyperfine interaction of the 
unpaired electron with the nuclear spin (Cu, I = 3/2); however, 
this can be attributed to either a magnetic interaction between 
the supported paramagnetic centres and/or a broad distribution 
of sites with slightly different geometric configurations. The ab-
sence of half-field transition (∆Ms = 2), previously observed for 
dimeric copper supported on silica,[15] suggests the absence of di-
mers on the surface and confirms the dispersion of the monomeric 
molecular complex on the surface. The anisotropy of the signal 
was observed at room temperature with identical features com-
pared to the spectra recorded at 100 K (Fig. 2b), consistent with 
the formation of covalent interaction with the silica support.[16] 

Interestingly, the distribution of the EPR g parameters reveals a 
d

x2-y2 ground state consistent with an elongated square pyramidal 
or elongated octahedral environment of the copper centre. This is 
in stark contrast with the parameters measured for the molecular 
complex (1), which displays a d

z2 ground state, indicating a com-
plete change of copper coordination that was induced by grafting 
on the surface of silica. In conclusion, grafting the molecular com-
plex (1) on partially dehydroxylated silica (SiO

2-700
) allows the 

formation of well-dispersed Cu(ii) complex species characterized 
by a change in the copper coordination environment and retention 
of the mononuclearity of the molecular precursor (0.6 Cu.nm–2).

Thermal treatment of the material at 350 ºC under high vac-
uum (10–5 mbar) resulted in the incomplete removal of organic 

can be formed on silica upon grafting. However, upon subsequent 
thermal treatment under oxidative conditions, while the organ-
ic moieties are fully removed, evidence for the aggregation of 
copper into small Cu(ii) oxide clusters is found. This material 
activates methane under mild conditions to yield methoxy and for-
mate surface species, but the productivity observed per Cu (0.027 
mol CH

3
OH.mol–1 Cu) after aqueous extraction is significantly 

lower than previously reported for monomeric copper on alumina 
(0.11 mol CH

3
OH.mol–1 Cu), suggesting the importance of the 

aluminium environment for the dispersion and formation of reac-
tive Cu (ii) centres.

2. Results and Discussion
We synthesized a mononuclear Cu(ii) siloxide complex, 

[Cu(OSi(OtBu)
3
)

2
(TMEDA)] (1, tetramethylethylenediamine, 

TMEDA), which has previously been characterized using a com-
bination of spectroscopic techniques: X-ray crystallography, 
electron paramagnetic resonance (EPR) and IR spectroscopy.[14] 
Contacting a solution of 1 (0.32 mmol.g–1 SiO

2-700
) in benzene for 

16 h with partially dehydroxylated silica (SiO
2-700

, OH density = 
0.9 OH.nm–2) yields, after washing and drying, a deep blue pow-
der (Fig. 1). Mass balance analysis of the released product (0.21 
mmol HOSi(OtBu)

3
.g–1 SiO

2-700
) and elemental analysis of the ma-

terial (1.35 wt% Cu, 0.21 mmol.g–1 SiO
2-700

) are consistent with 
the formation of [(≡SiO)Cu(OSi(OtBu)

3
)(TMEDA)] (1@SiO

2-700
, 

0.6 Cu.nm–2) surface species via grafting. 
To gain understanding of the surface copper species formed 

upon the grafting, the materials were characterized using a com-
bination of spectroscopic techniques and compared with the spec-
tral features observed for the molecular Cu(ii) siloxide complex 
(1). Grafting of 1 on SiO

2-700
 through protonolysis was evidenced 

using FTIR spectroscopy by the disappearance of isolated silanol 
band (3747 cm–1) and appearance of the C–H stretching and bend-
ing modes of the siloxide ligand (Fig. 1). Moreover, the presence 
of the N-CH

3
 stretching vibration at 2870 cm–1 confirmed the pres-

ence of TMEDA ligands on the surface, consistent with the mass 
balance analysis by 1H NMR. The retention of the Cu(ii) oxidation 
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Fig. 1. (top) Schematic representation of the grafting and calcination of 1 on SiO2-700 and (bottom) the corresponding FT-IR spectra of the material at 
each step.
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been investigated. 1500@SiO
2-700

 was reacted with 6 bar of methane 
at 200 ºC for 30 min, and the resulting material was character-
ized by FTIR (Fig. 3). The IR spectrum after reaction shows the 
appearance of three new bands in the C–H vibration area (3000-
2800 cm–1). The two bands at 2962 and 2858 cm–1 are associated 
to the symmetric and antisymmetric C–H stretching of surface 
methoxy species bound to the surface while the band at 2928 cm–1 
was reported for monodentate formate species. 

The surface species formed are strongly bound to the surface 
and require a hydrolysis step to recover the desired product. After 
water extraction, 6.2 µmol.g–1 of methanol was recovered, cor-
responding to a methanol yield of 0.027 mol CH

3
OH.mol–1 Cu. 

Although the methanol yield is relatively low, Cu(ii) supported on 
silica is capable of activating methane. The next challenge is to 

moieties (i.e. –OtBu and TMEDA) and partial reduction of cop-
per, as confirmed by carbon monoxide adsorption monitored by 
IR. However, a direct calcination/activation step (under flow of 
dry synthetic air) at 500 ºC yields exclusively Cu(ii) surface sites, 
as confirmed by Cu K-edge XANES. Applying thermal oxygen 
treatment to the grafted material (1@SiO

2-700
) for 12 h leads to a 

green material (1500@SiO
2-700

), which is free of organic ligands 
as evidenced by the absence of any C–H stretching and bending 
bands in the IR (Fig. 1). Thermal transformation of the ligands is 
accompanied by the formation of water, resulting in the observed 
recovery of surface silanol groups upon calcination (Fig. 1). The 
thermally activated material was characterized and compared 
to the grafted species by employing similar spectroscopic tech-
niques(a). The UV-vis spectrum of the calcined material 1500@

SiO
2-700

 displays a slightly broader LMCT band at 283 nm and 
the d-d transition of the Cu(ii) at 763 nm (Fig. 2a), red-shifted 
compared to the grafted material. These experimental features 
point to the formation of Cu(ii) oxide clusters, in agreement with 
previous reports for Cu(ii) supported on silica by impregnation 
method.[9,10] The EPR spectrum of the calcined material shows 
no signal (Fig. 2b), in spite of the confirmed presence of Cu(ii) 
species via XANES and UV-vis. The complete absence of signal 
is likely due to antiferromagnetic exchange interactions between 
the Cu(ii) centres present in the copper oxide clusters, that result 
in EPR-silent diamagnetic species.

The thermally activated material was further analysed by Cu 
K-edge extended X-ray adsorption spectroscopy (EXAFS) (Fig. 
2c). The Fourier transformed EXAFS spectrum exhibits only one 
major scattering in the first coordination shell, fitted to 3.6 O at 
1.93 Å. Additional scattering contributions at 2.87 Å and 3.13 Å 
can be fitted with the presence of 1.1 Cu and 1.7 Si in the sec-
ond coordination sphere respectively. The absence of long-range 
scattering along with the low coordination number of copper in 
the second coordination sphere suggest the formation of dimeric 
Cu(ii) species on the surface. However, the absence of half-field 
transition from EPR data and the absence of characteristic fea-
tures for dimeric Cu(ii)-oxo species by UV-vis implies the forma-
tion of highly dispersed Cu(ii) oxide clusters on the silica surface.

The reactivity of this material with methane under mild condi-
tions, along with the identities of the surface species formed, has 
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improve the selectivity and increase the amount of active species 
on the silica surface.

3. Conclusion
The SOMC approach was successfully applied to graft mono-

meric Cu(ii) sites on silica, as confirmed by several spectroscopic 
techniques. Thermal treatment of the supported metal sites under 
oxidative condition yields highly dispersed Cu(ii) oxide clusters, 
according to a combination of EPR, UV-vis and EXAFS analysis. 
This material is capable of activating methane under mild condi-
tions, leading to the formation of surface methoxy and formate 
species as determined by infrared spectroscopy. The low methanol 
yield obtained was rationalised by the formation of small amounts 
of reactive sites, in contrast to the formation of well-dispersed 
reactive monomeric Cu(ii) sites on alumina. Further research di-
rections in this field should focus on modifying the direct cop-
per environment to form more reactive sites and employing these 
findings to increase the metal loading while preserving the selec-
tivity for methanol.
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