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Approximate weight percentage of Mo for 1 ML MoOx/Fe2O3: 

The approximate weight percent of molybdenum can be estimated as a useful comparison with the 

value obtained experimentally by EDX studies. 

It is determined that there are 5.25 ×1019 (Mo sites).(g-1 support): 

For 1ML MoO3/Fe2O3;  

No. Surface atoms in Fe2O3= 1019 m-2 (surface approximation for complete coverage of a surface) 

For 1ML coverage of MoO3, the number of Mo sites at this surface will be ¼ x 1019 m-2 

           = 2.5 x 1018 m-2 

Since surface area of Fe2O3= 21m2g-1, No. Mo sites = 21 x 2.5 x 1018 m-2 

           =5.25 x 1019 m-2 (Mo sites).(g-1 support) 

 

Thus, on 0.5 g of support (which is made experimentally), there are: 

5.25 x 1019 m-2 (Mo sites).(g-1 support) × 0.5 g = 2.625 ×1019 Mo sites 

In moles, this is: 

2.625 × 1019Mo sites

6.02 × 1023 mol−1
= 4.375 × 10−5 mol Mo 

 
and in grams: 

4.375 × 10−5 mol Mo × 95.95 g mol−1 = 4.2 × 10−3 g Mo 

 

The mass of oxygen in the molybdate monolayer can be determined in an analogous fashion: 

1019 (O sites).(m-2 support) × 21 m2 g-1 x 3/4 = 1.575 ×1020 (O sites) (g-1 support) 

1.575 ×1020 (O sites) (g-1 support) × (0.5 g support) = 7.875 ×1019 O sites 

 

7.875 × 1019 O sites

6.02 × 1023 mol−1
= 1.3125 × 10−4 mol O 

 

1.3125 × 10−4 mol O × 16.00 g mol-1 =2.1 ×10-3 g O 

 

The total mass of catalyst, including support is: 

[4.2 ×10-3 g Mo] + [2.1 ×10-3 g O] + [0.5 g support] =0.506 g 

 

The weight percent Mo is therefore: 

4.2 × 10−3 g Mo

0.506 g
 × 100% = 0.83 wt. % Mo
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Pre-reduction analysis: 
 

SEM EDX: 

 
Figure S1. SEM EDX mapping across several areas for 1, 3 and 6ML MoOx/Fe2O3. 

 

TEM EDX: 

                                
                

Figure S2. TEM and accompanying EDX line scan data for 1ML MoOx/Fe2O3. 
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Raman: 

Table S1. Raman vibrational bands and their proposed assignments for MoO3 and Fe2(MoO4)3 systems. 

 
Wavenumber / cm-1 Band Assignment  

667 O-Mo-O symmetric stretch in MoO3 1, 2 
700-850 Antisymmetric  Mo-O-Mo stretching vibrations in MoO3

3
 

 
Td Mo species in Fe2(MoO4)3

4 
780 Mo-O-Mo asymmetric vibrations in Fe2(MoO4)3 5 
816 Mo-O-Mo vibrations in MoO3

3 
 

966 Debate in assignments: 
Mo=O symmetric stretch of the three distinct isolated 
sites in Fe2(MoO4)3

3 
Fe-O-Mo asymmetric stretch in Fe2(MoO4)3 

992 Terminal Mo=O  symmetric stretch in MoO3 1, 2, 6 

 
 

 

Figure S3. Reference Raman spectra for Fe2O3, MoO3 and Fe2(MoO4)3. 
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Figure S4. Raman Spectroscopy for 1, 3 and 6ML MoOx/Fe2O3, at varying calcination temperatures, 24 hour calcinations. 

 

XAFS: 

 

Figure S5. Normalised XANES spectra of 1ML MoO3/Fe2O3 catalysts annealed to 300 and 600 °C, 24 hour calcination. 
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DRIFTS: 

 

Figure S6. In situ DRIFTS spectra of the 6ML MoOx/Fe2O3 during calcination. 

DRIFTS spectra (Figure S6) were collected every 15 °C during a 10 °C min-1 ramp from room temperature to 600 °C. At 

approximately 380 °C on both catalysts, a band at 997 cm-1 appeared which can be assigned to the Mo=O band of MoO3. By 

560 °C, a band at 967 cm-1 appeared consistent with the Fe-O-Mo band of Fe2(MoO4)3. 8, 9 These assignments are in 

agreement with the in situ Raman data, which also showed the formation of MoO3, followed by the formation of 

Fe2(MoO4)3. 

Reduction studies: 

DR UV/ Vis spectroscopy: 

    UV/ Vis DRS were collected using a UV-Vis 2600 spectrometer with an integrating sphere. Typically, a portion of the 

sample was placed into the sample holder and introduced to the integrated sphere. The R % was recorded in the range of 

200 – 800 nm, and converted to absorbance using the Kubelka-Munk function. Prior to taking measurements, the baseline 

was corrected by using BaSO4 as standard. For the reduced samples, a portion of the calcined sample was placed and 

heated in tube furnace under H2 at 400 ° C for 2 h, then cooled down to RT in the same atmosphere. The tube containing 

the sample was sealed well, and transferred into a glove box for the preparation purpose (placed in a homemade PTFE 

sample holder, covered by a quartz window) prior to each measurement.  

 

    The speciation of Mo and Fe ions present in MoOx/Fe2O3 system have been investigated by DR UV/ Vis 

spectroscopy, after treatment under different conditions. For comparison purposes, the spectra of bulk Fe2O3 and MoO3 

materials have also been recorded, with results presented in Figure S7a. It should be noted here, that as there are 

absorption bands of Mo and Fe based materials in the region of 200 – 400 nm, any absorption bands located in this region 

should be correlated to both Mo and Fe species. The components located at ~ 220 and 335 nm for MoO3 bulk phase 

(Figure S7a, red curve), are due to the charge transfer transitions from p oxygen orbitals to d molybdenum orbitals (O2- → 

Mo6+) of Mo(VI) ions in octahedral structures.10 The absorption bands observed for Fe2O3 bulk material (Figure S7a, black 

curve) in the range of 300 – 700 nm are in general for the d-d transitions of Fe(III) ions in octahedral structures.11 Any 

bands below 300 nm could be ascribed to the charge transfer (CT) of O2- to d Fe orbitals. 

 

967
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Figure S7. DR UV-Vis spectra of (a) Fe2O3 and MoO3 phases, (b) 3ML MoOx/Fe2O3 at different conditions and (c) 6ML 

MoOx/Fe2O3 at different conditions. Where, C= Calcined, R= Reduced. 

Raman: 
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Figure S8. Raman spectra for bulk Fe2(MoO4)3 with Mo:Fe ratio 1.7:1, and 6ML MoOx/Fe2O3 after reduction treatment. It is 

shown that MoO2 phase formation occurs for the bulk catalyst, but does not for 6ML MoOxFe2O3.  
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XRD: 

 
Figure S9. XRD data pre and post-reduction for bulk Fe2(MoO4)3, 6ML MoOx/Fe2O3 and references Fe2O3 and Fe2(MoO4)3. 

Phases indicated12: MoO2 (black circles), β- FeMoO4 (white squares), and Fe3O4 (asterix).The results agree with the findings 
of the Raman.  

 
    XRD was performed using a Panalytical X'pert pro analyser with Cu K- alpha radiation across a 2θ range of 0-80 ˚. 

Data corroborates that seen through vibrational spectroscopy; for iron molybdate with a Mo:Fe ratio of 1.7:1, the catalyst 
is composed of MoO2 shown through the bands at 26, 38 and 53 ˚ 2θ, corresponding to the (011), (020) and (022) 
reflections.13, 14 In addition to this, there is strong evidence for β- FeMoO4, most easily identified through the Bragg peaks 
at 12.97  ̊ and 26.31  ̊ 2θ. This extends upon the information obtained through Raman. In contrast, for the 6ML 
MoOx/Fe2O3 catalyst, these phases were not observed, showing reduced Fe2O3 in the form of Fe3O4.15

 Peaks at 30.08, 
35.35, 43.06, 53.41, 57.09, and 62.62  ̊ 2θ, correspond to the (220), (311), (400), (422), (511) and (440) planes respectively.  

 

EXAFS:   
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Figure S10. k2 weighted Fourier Transform data for MoO2 and bulk Mo:Fe 1.7:1, reduced at 350 ̊ C ex situ. For bulk Fe2(MoO4)3 

after reduction ex situ, the primary Mo environment is comprised of oxygen neighbours, attributed to the Mo-O bonds in the 
reduced forms of the molybdenum compounds. These are associated with a shorter Mo4+–O distance found in MoO2 , and a 

longer Mo6+-O distance, accredited to FeMoO4, a known reduced form of Fe2(MoO4)3. Additionally, further out in R-space, there 
is a significant shell at 2.5 Å representing a Mo4+- Mo4+ interaction [56]. This is analogous to the bonded Mo-Mo unit found 
within the di-nuclear units of MoO2.There is a consistent match in term of phasing and amplitude between the materials, 

especially at further out values of k. Data agrees well with that seen through Raman and XRD, confirming the production of 
MoO2 in this bulk catalyst. 

 

 

 
 

Figure S11. k2 weighted Fourier Transform data for 3 and 6ML MoOx/Fe2O3 reduced at 350 °C.    
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Figure S12. k2 weighted Fourier Transform data for 3 and 6ML MoOx/Fe2O3 calcined at 500 °C 

 
 
Table S2. Selected bond distances for MoO3 and Fe2(MoO4)3. 16-19 

 

Catalyst Bond Distance / Ȧ Assignment 

MoO3 1.67 Mo-O(1) 

 1.73 Mo-O(2) 

 1.94 Mo-O(3) 

 2.25 Mo-O(2)’ 

 2.33 Mo-O(3)’ 

 

Fe2(MoO4)3 1.987 Fe(1)-O(1) 

 1.973 Fe(1)-O(2) 

 1.978 Fe(1)-O(3) 

 1.969 Fe(1)-O(4) 

 2.005 Fe(1)-O(5) 

 1.989 Fe(1)-O(6) 

 1.746 Mo(1)-O(2) x 2 

 1.733 Mo(1)-O(4) x 2 

 1.757 Mo(2)-O(1) 

 1.737 Mo(2)-O(3) 

 1.736 Mo(2)-O(5) 

 1.725 Mo(2)-O(6) 

 

BET: 

    
Table S3. Surface areas for various catalysts pre and post reduction. 

 
Sample calcined at 500 ° C Surface Area  / m2g-1 

Commercial Fe2O3 (<50nm) 21 
1ML MoO3 /Fe2O3 pre- reduction 20 
3ML MoO3 /Fe2O3 pre- reduction 15 
6ML MoO3 /Fe2O3 pre- reduction 
3ML MoO3 /Fe2O3 dried 120 ° C 
3ML MoO3 /Fe2O3 calcined at 300 ° C 

12 
16 
15 
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3ML MoO3 /Fe2O3 calcined at 400 ° C 
3ML MoO3 /Fe2O3 calcined at ° C 

14 
15 

Fe2(MoO4)3 4.5 
MoO3 

Fe2O3 reduced at 350 ⁰C in MeOH/He 
1ML MoO3 /Fe2O3 reduced at 350 ⁰ C in MeOH/He 
3ML MoO3 /Fe2O3 reduced at 350 ⁰ C in MeOH/He 
3ML MoO3 /Fe2O3 reduced at 350 ⁰ C in MeOH/He 

0.6 
21 
17 
14 
11 

 

Catalytic testing 
 

Catalytic testing of the reduced samples (Figures 13- 15) was performed using TPD of MeOH/He. Desorption profiles 
for reduced 1 and 6ML MoOx/Fe2O3 and reduced iron molybdate are presented.Referring to the different catalysts, all 
produce CO, H2CO, H2 and CO2 during the desorption process. Water is also seen for all profiles, with two peaks occurring. 
The first is coincident with methanol since the solution used is an aqueous solution, and the second, at a higher desorption 
temperature coincident with CO2 as a combustion product (Equation 1).  

 

CH3OH (g) + 3Oa  HCOOa + H2O (g) + OHa  CO2 (g) + 2H2O (g)              Equation 1 

 

    The CO by-product is consistent with isolated Fe sites, where a change in binding energy at Fe-O-Mo bridging 

oxygen encourages dehydrogenation of the adsorbed methoxy intermediate.  

The higher temperature H2 and simultaneous CO2 production is consistent with methanol decomposition via formate 

intermediate (Equation 1), which is also indicative of the presence of more Fe at the surface after this reduction procedure, 

especially the presence of dual sites of iron. Clearly there is a higher population of these for the 1 ML catalyst compared 

with the 6ML sample.  

 

   Disregarding the differences in the onset temperature of the various by- products, on assessment of these data, 

there appears to be a strong correspondence between the reduced bulk and monolayer catalyst reactivity profiles, with all 

producing H2 and CO2 as the major products. Since monolayer and bulk reduced catalysts perform so similarly, this would 

infer a similar surface termination in each of these materials. Information obtained from catalytic testing implies that we 

have aggregated clusters of Mo after reduction, with the majority of the surface comprised of exposed Fe3O4. The presence 

of this Fe rich phase leads to the adsorption of bidentate formate, responsible for the rises in CO2 and H2, and ultimately 

for poor selectivity to formaldehyde. 

 

 
Figure S13. TPD of MeOH/He for 1ML MoOx/Fe2O3 after reduction at 350 ⁰C. 
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Figure S14. TPD of MeOH/He for 6ML MoOx/Fe2O3 after reduction at 350 ⁰C. 

 
 

 
 

 
Figure S15. TPD of MeOH/He for Bulk Fe2(MoO4)3 after reduction at 350 ⁰ C. Less CO2 at 260 ⁰C, since more lattice oxygen 

available to the surface. 
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