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Full Length Article 
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A B S T R A C T   

To examine the elementary steps of the Rochow-Müller process we placed copper oxides, viz., Cu2O(111) and the bulk Cu2O precursor “29”-structure on Cu(111), 
under supersonic molecular beams (SSMB) of CH3Cl. The SSMB energies range from 0.5-1.9 eV. We employed X-ray photoemission spectroscopy (XPS) in conjunction 
with synchrotron radiation (SR) to determine the resulting adsorbed species present. We identified two reaction paths, viz., Reaction I and Reaction II. Reaction I 
involves dissociative adsorption of CH3Cl. In Reaction II, CH3Cl also dissociates, but with Cl as the dominant adsorbed species (higher than that of adsorbed 
carbonaceous species, as observed for Reaction I). For the incident energies and exposure conditions considered, we found Reaction II as the dominant reaction path 
for CH3Cl reaction on both Cu2O(111) and the “29”-structure on Cu(111).   

1. Introduction 

The discovery of the Rochow-Müller process in 1945 served as a 
breakthrough for the silicone industry [1–4]. With the aid of copper- 
based catalyst, this simple (to implement) but highly selective process 
allows for the industrial-scale production of dimethyldichlorosilane 
((CH3)2SiCl2, M2), the principal precursor to silicone compounds [1–4]. 
Despite experimental and theoretical efforts (cf., e.g., [3–19] and ref-
erences therein), a clear understanding of the many-body Rochow- 
Müller process has remained elusive, esp., the actual form and role of the 
Cu(-based) catalyst. For example, previous studies report that CH3Cl 
dissociatively adsorbs (cf., e.g., [15] and references therein) on the low- 
index surfaces of Cu2O, a p-type semiconductor with a band gap of ca. 
2.1 eV [20]. CH3 bond to surface O and Cl bonds to surface Cu of Cu2O 
[15]. On pure Cu surfaces, previous studies report that CH3Cl also dis-
sociates [14]. However, only Cl adsorbs on the pure Cu surface. The CH3 
scatters back to the vacuum [14]. 

Here, we report on the reaction of energetic CH3Cl with copper oxide 
surfaces, viz., Cu2O(111) and the bulk Cu2O precursor “29”-structure on 
Cu(111) (so named because the oxide layer has a unit cell area 29 times 
that of the underlying Cu(111) unit cell, cf., e.g., [20] and references 
therein). We bombarded the copper oxide surfaces with supersonic (ca. 
0.5 ~ 1.9 eV) molecular beams (SSMB) of CH3Cl. We then determined 

the resulting adsorbed species present on the surface using X-ray 
photoemission spectroscopy (XPS), in conjunction with synchrotron 
radiation (SR). We were able to identify two competing reaction paths. 
One results in the dissociative adsorption of CH3Cl (Reaction I), and the 
other results in the adsorption of Cl and scattering of CH3 (Reaction II). 
One reaction process dominates over the other depending on the CH3Cl 
incident energy. These results hint at the role of copper oxides in real-
izing the high efficiency and high selectivity of the Rochow-Müller 
process. 

2. Experimental methodology 

We carried out all the experiments with the surface reaction analysis 
apparatus (SUREAC 2000) built at BL23SU in the third-generation 
synchrotron radiation facility of SPring-8 [21–25]. Briefly, 
SUREAC2000 has a base pressure of < 2 × 10-8 Pa, a photo-electron 
energy analyzer (OMICRON EA125-5MCD) and a Mg/Al Kα twin 
anode X-ray source (OMICRON DAR400). It is also equipped with a 
quadrupole mass spectrometer, located opposite the CH3Cl SSMB 
source, for monitoring the molecular beam. To generate 0.5 ~ 1.9 eV 
CH3Cl SSMB, we employed the adiabatic expansion of a gas mixture of 
CH3Cl and He from a nozzle with a small orifice at 300 ~ 773 K. To clean 
the bulk Cu2O(111) (purchased from SurfaceNet GmbH) samples (10 
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mm × 10 mm × 1 mm), we repeatedly sputter (with 1.5 keV Ar+) and 
anneal (for 20 min at 723 ~ 773 K) the sample until no impurities were 
detectable by synchrotron-radiation XPS (SR-XPS). The low-energy 
electron diffraction (LEED) of the prepared clean Cu2O(111) surface 
shows the (√3 × √3)R30◦ (Supplementary Data 1: Fig. 1S). For the bulk 
Cu2O precursor “29” structure on Cu(111), we prepared a thin oxide 
layer on the clean Cu(111) as we reported in [20]. (A typical LEED 
pattern, the O-1s spectrum and the corresponding structural model of 
“29” structure is shown in Supplementary Data 2: Fig. 2S.) We irradiated 
the clean copper oxide surfaces (viz., Cu2O(111) and the “29” structure) 
with varying SSMBs incident energies. We then characterized the 
resulting surfaces by performing SR-XPS measurements (at 300 K) with 
741 eV soft X-ray photons. The high-intensity focused X-ray beam 
allowed for short (time period) but highly-resolved XPS spectra mea-
surements with reasonably high S/N ratios and fine-peak deconvolution. 

The pass energy of the photo-electrons in the energy analyzer was set to 
10 eV. To calculate the area intensities for the evaluation of the surface 
reactivity, we subtracted the background from the SR-XPS measured C- 
1s and Cl-2p (using the Shirley method [26] for the Cl-2p spectra and 
linear background subtraction for the C-1s spectra), and then, integrated 
the resulting peaks. 

3. Results and discussions 

Fig. 1 shows typical C-1s and Cl-2p XPS spectra measured after 
exposure of Cu2O(111) to 1.2 eV CH3Cl at TS = 300 K (cf., Supple-
mentary Data 3: Fig. 3S for XPS spectra for the other incident energies). 
Cl-2p spectra show a clear peak growth with increasing CH3Cl dose, 
whereas the C-1s spectra show broader and less prominent peak growth. 
In Fig. 2, we show the measured incident-energy dependent uptake 
curves for the dissociative adsorption of CH3Cl on Cu2O(111) at TS =

Fig. 1. Evolution of typical XPS spectra of C-1s and Cl-2p measured after the energetic 1.2 eV CH3Cl incidence on Cu2O(111) at 300 K.  

Fig. 2. (a) CH3 and (b) Cl uptake curves for CH3Cl at various incident translational energies on Cu2O(111).  
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300 K. We obtained the uptake curves by integrating the C-1s and Cl-2p 
spectra in Fig. 1 (cf., Supplementary Data 3: Fig. 3S). We see that the C 
and Cl uptake curves follow different trends. At the same exposure (fixed 
CH3Cl dose), the CH3 and Cl coverages reach maxima at Ei = 1.0 and 1.2 
eV, respectively. The CH3 uptake curves show no clear incident energy 
dependence (except for the outlying Ei = 1.2 and 1.9 eV at high CH3Cl 
dose), in contrast to that of Cl uptake curve. At Ei = 1.2 eV, although the 
Cl adsorption increases with CH3Cl dose/beam exposure, the corre-
sponding CH3 adsorption starts to exhibit saturation, within the present 
experimental dose/exposure range. This seems to be the general trend 
for all the incident energies considered. Cl exhibits higher coverage as 
compared to CH3 coverage (also cf., Supplementary Data 5: Fig. 5S). As 
mentioned earlier, dissociative adsorption of CH3Cl occurs (cf., e.g., 
[15]) on copper oxide surfaces, whereas CH3Cl dissociation, CH3 
abstraction, and Cl adsorption occur on pure Cu surfaces [14]. All of 
these results seem to hint at two competing (incident energy-dependent) 
reaction paths: One where dissociative adsorption dominates (cf., e.g., 
[15]), and another where only Cl adsorbs (cf., e.g., [14]). Also, note the 
clear enhancement of the corresponding Cl uptake curve for Ei = 1.2 eV. 

To analyze the uptake curves, we construct reaction rate equations 
(slope of the uptake curves, Fig. 3) (1) and (2): 

dNCH3 θCH3

dt
= Fα

(
1 − θCH3

)
(1 − θCl), (1)  

dNClθCl

dt
= Fα

(
1 − θCH3

)
(1 − θCl)

+Fβ(1 − θCl) − kdNCl
2θ2

Cl,

(2)  

based on the simple reaction mechanisms depicted in Fig. 4. As 
mentioned earlier, two different competing reaction pathways seem to 
contribute to the resulting uptake curves, viz., Reaction I: both dissoci-
ated CH3 and Cl adsorb on the surface, and Reaction II: dominant Cl 
adsorption (cf., possible electron attachment mechanism in Supple-
mentary Data 4: Fig. 4S). Which reaction (I or II) dominates depends on 
the incident energy (vide ante). In addition, Reaction III: associative 
desorption of Cl may also occur in the exposure region (for the condi-
tions) with a Cl coverage smaller than CH3 coverage (see Supplementary 
Data 5: Fig. 5S (a)-(c)). (We observed no significant changes in the O-1s 
areal intensity from the XPS spectra of the flat Cu2O(111), before and 
after energetic CH3Cl dosage.) 

In Eqs. (1) and (2), NCH3 and NCl give the areal densities of the 
possible adsorption sites for CH3 and Cl on the Cu2O(111) surface, 

Fig. 3. Reaction rates determined from the slope of the (a) CH3 and (b) Cl uptake curves (Fig. 2).  

Fig. 4. Some depictions of possible CH3Cl reaction processes on Cu2O(111) viz., Reaction I: dissociative adsorption, Reaction II: abstractive reaction (dissociative 
scattering and adsorption), and Reaction III: associative desorption. 
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respectively. θCH3 and θCl give the coverages, defined as the ratio of the 
number of adsorbates to that of possible adsorption sites for CH3 and Cl 
on the Cu2O(111) surface, respectively. We expressed the reaction rates 
in terms of the flux density F of incident molecular beam, the reaction 
probability α of Reaction I, the reaction rate constant β(θCl) for Reaction 
II, and the Cl associative desorption rate constant kd (θCl) for Reaction 
III. 

The first terms on the right-hand sides of Eqs. (1) and (2) represent 
Reaction I in Fig. 4. The second and third terms in Eq. (2) represent 
Reaction II and Reaction III in Fig. 4, respectively. Fitting results using 
equations (1) and (2) are shown in Fig. 5 for 0.7 and 1.2 eV CH3Cl 
incidence on Cu2O(111) (cf., Supplementary Data 5: Fig. 5S with the 
parameters in Supplementary Data 5: Table 1S). Although simple, the 
reaction models depicted in Fig. 4 reproduce the experimental uptake 
curves for CH3 and Cl quite well. The slope of the uptake curve corre-
sponds to the beam-exposure dependence of reaction rate. In Fig. 3, we 
see that the CH3 adsorption rate decreases with increasing CH3Cl 

exposure, while the Cl adsorption rate increases (in general). The Cl 
adsorption may accelerate with further Cl adsorption. We again note the 
predominantly large and increasing Cl reaction rate at Ei = 1.2 eV as 
compared to the correspondingly reduced and decreasing CH3 reaction 
rate (at the same energy). 

The relative importance of Reactions I and II depends on the CH3Cl 
incident energy and Cl coverage (cf., Fig. 5, Supplementary Data 4 and 5: 
Fig. 4S and Fig. 5S). Comparing Fig. 5(a) and (b), we see that Reaction I 
dominates at (low) incident energy 0.7 eV, and Reaction II dominates at 
(high) incident energy 1.2 eV. We also see from Fig. 5(a) that the Cl 
adsorption in Reaction II increases with Cl coverage. 

Next, in Fig. 6, we compare the reaction of CH3Cl on the surface of 
bulk Cu oxide and on a very thin oxide layer grown on Cu(111), viz., the 
bulk Cu2O precursor “29”-structure on Cu(111) [20] at TS = 300 K. We 
see that reaction occurs more efficiently on the “29”- structure when 
compared at Ei = 0.7 eV. This may be due to the difference in available 
adsorption sites for Cl and/or the contribution of Reaction II, with 

Fig. 5. Experimental uptake curve and fitting curve (a) 0.7 eV, (b) 1.2 eV with Equations (1) and (2).  

Fig. 6. Cl uptake curves for CH3Cl incident at various translational energies on 
Cu2O(111) and the bulk Cu2O precursor “29”-structure on Cu(111). Fig. 7. Comparison of the valence band of Cu2O(111) and the “29” structure.  
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predominant Cl adsorption (cf., difference in densities of states at the 
Fermi level, Binding energy = 0 eV in Fig. 7). At Ei = 1.9 eV, Reaction II, 
with predominant Cl adsorption (cf., Supplementary Data 4: Fig. 4S), the 
“29”-structure exhibits less reactivity possibly due to the smaller density 
of states just below the Fermi level (cf., Binding energy > 0 eV, Fig. 7). 

4. Summary 

To examine the elementary steps in the Rochow-Müller process, we 
subjected copper oxides, viz., Cu2O(111) and the bulk Cu2O precursor 
“29”-structure on Cu(111), to supersonic (0.5–1.9 eV) molecular beams 
(SSMB) of CH3Cl. We then peformed X-ray photoemission spectroscopy 
(XPS) in conjunction with synchrotron radiation (SR) to determined the 
corresponding adsorbed species present. We identified Cl as the pre-
vailing adsorbed species (higher than that of adsorbed carbonaceous 
species) coming from CH3Cl dissociation. We also identified two 
competing adsorption processes, with one dominating over the other 
depending on the incident energy. Comparison of the bulk Cu2O and the 
“29”-structure suggests the possible efficacy of thin oxide films as cat-
alysts working at low temperatures. We will further consider the effects 
of surface temperature in a future study. 
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