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Abstract 
The active sites on the methane dehydroaromatization (MDA) catalyst Mo/HZSM-5 are very hard to 

characterize, because they are present in various geometries and sizes and only form under reaction 

conditions with methane at 700 ºC. To address these issues an experimental strategy is presented 

that enables distinguishing different active sites for MDA present on Mo/HZSM-5 and helps 

determining the Mo charge, nuclearity and chemical composition. This approach combines a CO 

pretreatment to separate the active Mo site formation from coke formation, quasi-in situ spectroscopic 

observations using DNP, 13C NMR, CO IR and theory. This allows the discrimination between three 

different types of active sites. Distinct spectroscopic features were observed corresponding to two 

types of mono- or dimeric Mo (oxy-)carbide sites as well as a third site assigned to Mo2C nanoparticles 

on the outer surface of the zeolite. Their formal Mo oxidation state was found to be between 4+ and 

6+. Dynamic nuclear polarization (DNP) measurements of samples carburized in CO as well as in CH4 

confirm the assignment and also show that accumulated aromatic carbon covers the bigger Mo 

nanoparticles on the outer surface of the zeolite, causing deactivation. It was previously observed that 

after an initial period where no desired products are formed yet, benzene starts slowly forming until 

reaching its maximum productivity. Direct observation of the active site with 13C NMR confirmed that 

Mo-sites do not transform further once benzene starts forming, meaning that they are fully activated 

during the period where no desired products are observed yet.  Therefore the slow increase of the 

benzene formation rate cannot be attributed to a further transformation of Mo sites. 
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1. Introduction 

Direct, non-oxidative conversion of methane provides an alternative way to obtain aromatics. If this 

process could be brought to commercialization, it could compensate for the decrease in production of 

aromatics from naphtha crackers of which many, especially in the US, are currently revamped to gas 

crackers [1]. Shale gas is available and cheap, which makes it an attractive feedstock [2]. Because of 

that, developing an active and stable methane dehydroaromatization catalyst has gained a lot of 

research interest since this reaction was shown to be possible over a Mo/HZSM-5 catalyst [3, 4]. Still 

today Mo supported on HZSM-5 remains the most researched system, because of its superior 

performance. It is not fully understood why this particular system performs so well and how the 

structure of the Mo active site looks like exactly.  

Pinpointing the active site on a heterogeneous catalyst and its full spectroscopic characterization have 

rarely been achieved, because of the plethora of sites with different geometries and nuclearities one 



has to consider [5]. At the same time, only a small fraction of these sites is responsible for all catalysis 

[5-7] and to spot which ones are most active is a challenge. Developing a structure-activity relationship 

for the methane dehydroaromatization (MDA) is further complicated because the active sites form at 

reaction conditions in an initial period where no desired products are observed yet [8-14]. Because of 

this, measurements need to be performed operando or quasi-in situ to characterize the active site, 

which is challenging, mostly because of the high reaction temperature of 700 to 800 ºC. During the 

activation period, Mo was shown to reduce and carburize [8]. However, there is no agreement about 

the degree of reduction and carburization and several species have been proposed to constitute the 

active site: MoC, Mo2C, coke modified Mo2C [15], Mo2C [10, 16], any kind of Mo6+ and partially 

reduced oxide MoO(3-x) [17, 18]. Gao et al. and Khan et al. performed DFT calculations to determine 

the dehydroaromatization activity of fully carbidic clusters with the formula Mo2Cx and Mo4Cx [19, 20]. 

Since these are only a few of many possible structures Mo can take on at reaction conditions, to really 

get valuable insight from such calculations, more direct evidence on the nuclearity and size of the Mo 

sites is needed. XAS [13] and Operando XAS [9, 14, 21] have been performed to detect Mo carbide 

formation, but since it is a bulk technique only an average over all active sites present can be obtained 

[6, 22].  
95Mo NMR, similar to XAS also directly probes the electronic state of Mo, but leads to a very broad 

signal that does not allow to determine the nuclearity, stoichiometry or location of Mo inside the zeolite 

channels [23, 24]. EPR can also directly probe, but unfortunately does not lead to much insight on the 

(oxy-)carbidic species either [14, 25, 26].  

Gao et al., using UV Raman, were able to gain valuable insight on the location and nature of the Mo 

oxidic species before reaction [27]. The bands for oxidic species disappeared upon contact with 

methane at reaction temperature, which lead them to speculate about the formation of Mo 

(oxy-)carbides. These Mo (oxy-)carbides themselves however cannot be detected by UV Raman, also 

demonstrating the limitations of this technique to elucidate the exact nature of the active site.  

Other techniques often used to determine the structure of supported organometallic compounds, like 

NMR and IR [28] are difficult to apply, since the catalyst experiences severe coking already during the 

activation period. This means that the carbon signal in 13C NMR is obscured and absorption of the 

sample is very high, leading to weak infrared (IR) signals. Additionally, access to some of the active 

sites could be blocked by coke and therefore renders it inaccessible to probe molecules.  

CO IR spectroscopy can be used to determine the oxidation state, nuclearity and uniformity of metal 

cations and to probe the acidity of the zeolite [29-37]. Mo is present in its oxidized form on the as-

synthesized catalyst and does not adsorb CO. The more reduced a Mo species is, generally, the lower 

the vibrational frequency of the CO adsorbed on the Mo species [35, 38]. Information about the 

nuclearity of metal species can also be obtained from the full width at half maximum (FWHM) of the 

absorbance band [36, 37]. The broader the band, the bigger the metal cluster, because a bigger 

cluster offers many slightly different adsorption sites leading to broadening of the CO vibrational 

absorption band. Although not yet applied for Mo, DFT calculations can be used to calculate CO 

vibrational frequencies for CO adsorbed on proposed structures [39]. Comparing the experimental 

results with calculated values helps determine which structures are present on the catalyst.  

Dynamic nuclear polarization surface enhanced NMR spectroscopy (DNP SENS) measurements of 

the 13C chemical shift give a much enhanced signal and better resolution compared to normal 13C 

NMR spectroscopy [40-45]. The samples to be investigated are impregnated with a solution containing 

a stable free radical (usually bi-nitroxides), which allows transfer of polarization from its unpaired 

electrons to surrounding protons from either the solvent or the sample. Through cross-polarization and 

spin diffusion this polarization is then transferred to the nuclei of interest, in this case 13C [46]. To allow 

for the polarization to be transferred from 1H to 13C, the two nuclei need to be in close contact. This 

way information can be gained about the proximity of protons from the Brønsted acid site (BAS) to the 

Mo (oxy-)carbides. If the acidic protons are not close enough to the Mo (oxy-)carbides, the polarization 

can be transferred through the solvent, which is also able to diffuse into the pores of the zeolite. 

Because the spin can diffuse via the solvent, the radical can in principle be further away from 13C. 

TEKPol does not fit inside of the pores of the zeolite, which is a fact that can be exploited to 

distinguish between species on the outer surface of the zeolite and inside the pores of the zeolite [47]. 



In the MDA process, three phases are distinguished: (i) the activation period in which Mo carburizes 

and reduces to its active phase on which methane can be transformed to the intermediates of the 

reaction, (ii) the induction period, in which the benzene production slowly reaches its maximum rate, 

and (iii) the reaction/deactivation period of the reaction [14]. Both phase (i) and (ii) need to be 

completed for the catalyst to reach full activity. The induction period was previously ascribed to a 

hydrocarbon pool formation [14], but it could also be due to a further transformation of the Mo active 

site.   

As in previous studies by the authors, three different loadings of Mo are used in the current study to 

cover a broad range of possible configurations Mo can assume on the zeolite, 1 wt.%, 2 wt.% and 5 

wt.%. As reported by the some of the authors [14, 48, 49], on the 1 wt.% catalyst Mo is mostly present 

as mono- and to a lesser extent dimeric species. For 2 wt.% already some bigger Mo nanoparticles 

are formed, while the 5 wt.% catalyst contains a lot of Mo nanoparticles on the outer surface of the 

zeolite. It was shown that initial methane conversion asymptotically levels off with Mo loading, but 

linearly depends on the amount carbon present at the active site after the activation [49]. This means 

that the mono- and dimeric species incorporate relatively more carbon than the Mo nanoparticles and 

are also more active. 

The authors have used operando XAS on the same system studied in this work and were able to track 

the reduction of Mo to (oxy-)carbidic species [49]. It was speculated that most of the Mo is present as 

mono- or dimeric species even after on-stream activation, since only a low intensity for the Mo-Mo 

scattering path was observed in the FT-EXAFS [14]. Information about how many different sites exist, 

their nuclearity and structure could not be deduced. EPR measurements lead to the conclusion that 

only about 8 wt.% of all Mo is present as an EPR detectable species, the paramagnetic Mo5+ [14]. 13C 

MAS NMR was also used to understand the chemical interaction of carbidic carbon with Mo and 

therefore the structure of the active site [49]. Aside from the chemical shift itself, the anisotropy of the 

observed resonances can reveal the uniformity and nuclearity of the contribution. 13C MAS NMR, 

however, yields low intensity for the carbon of the Mo (oxy-)carbidic structures, because of the low 

amount of carbon present. 

As we reported, an active Mo site equivalent to the one forming under MDA conditions can also be 

produced using a pretreatment of the catalyst in carbon monoxide (CO). This pretreatment leads to a 

coke-free catalyst, which does not need further activation [49].  

Herein, we used this technique to obtain active sites, freely accessible for probe molecules that can be 

examined by IR. CO IR spectroscopy is used to determine the oxidation state, nuclearity and 

uniformity of the Mo species after activation. The obtained experimental results were compared to 

theoretical results from DFT calculations. For this, mostly oxycarbidic structures were considered as 

we previously found that a considerable amount of oxygen remained at the active site during 

activation, accounting for an average O/Mo ratio of 1, while an average C/Mo ratio of 0.9 was found 

[49]. We however also considered Mo4C3 (structure 17, Figure S12) as a structure without oxygen to 

be able to draw a comparison with previous DFT calculations of the methane dehydroaromatization 

activity over MoxCy structures [19, 20]. The samples activated in CO are also investigated by 13C NMR 

and DNP SENS.   

The described techniques are not only used to understand which structures form during the activation 

period, but are also employed to better understand whether the induction period occurs due to a 

hydrocarbon pool build up or due to further transformation of the active site. Instead of using a 

continuous stream of methane, samples are prepared by a pulsed reaction technique where pulses of 

methane are injected into a continuous flow of carrier gas. This leads to a high time resolution and 

good quantification [8, 14, 49]. 

2. Experimental 
Mo was introduced to the ammonium form of a commercial ZSM-5 zeolite (Südchemie) with 

Si/Al=13 or a silicalite-1 zeolite (synthesis details below) through incipient wetness impregnation (IWI) 

dissolving appropriate amounts of ammonium heptamolybdate (AHM) in a volume of water needed to 

fill the pores of the zeolite powder (210 µl/g). The samples were dried overnight at 80 °C and calcined 

at 550 °C for 7 h using a heating rate of 2°C/min. Samples are denoted as yMo-x, where y denotes 



the wt.% of Mo introduced and x the pre-treatment. Catalysts were prepared with 1, 2 and 5 wt.% of 

Mo. 

Silicalite-1 was synthesized mixing 25.6 g TPAOH with 30.0 g distilled water, after which 36.9 

g TEOS was added dropwise to the solution. The obtained mixture is aged at room temperature 

overnight. Afterwards the mixture was transferred into autoclaves to perform further crystallization at 

150 ºC for 10 days. After cooling down, the product was collected by filtration and washing, and dried 

in air overnight. The dried product was calcined at 550 ºC for 5 h (2 ºC/min) to remove the template 

[50]. 
CO carburization was performed in a custom-made setup, where a 30 ml/min flow of 2.5% CO 

in He was continuously fed to the reactor containing 300 mg catalyst, that had been pelletized and 

sieved to 212 to 425 µm particles. The reactor consists of a quartz tube with an inner diameter of 6 

mm. A heating rate of 10 ºC/min to 800 ºC (if not otherwise stated) was applied and the reactor was 

kept at the final temperature for 1 h. Samples subjected to this treatment are denoted as yMo-CO. 

H2 treatment was performed in the same setup and under the same conditions as CO carburization, 

but with a 30 ml/min flow of 5% H2 in He. 

CH4 pulsing experiments were performed in a custom made setup described previously [14]. A 

catalyst mass of 300 mg was pelletized and sieved to 212 to 425 µm particles and filled in a quartz 

tube with a 4 mm inner diameter. It was equipped with an injection loop in the feed line kept at 

atmospheric pressure, injecting 223 µmol every 200 s into a 30 ml/min flow of He by switching a multi-

position valve to the reactor. The catalyst bed was heated to 700 ºC under a 30 ml/min flow of He. 

Once the temperature was reached the first pulse was injected. Samples subjected to CH4 pulsing are 

denoted as yMo-zCH4 where z stands for the number of pulses applied. 

Fourier transformed infrared spectroscopy (FT-IR) of the vibrations of CO adsorbed on the 

catalyst was measured in a custom made stainless-steel cell with CaF2 windows that could be sealed 

airtight inside the glovebox. Spectra were measured with the addition of 128 scans in transmission 

mode using a Nicolet FT-IR spectrometer equipped with a cryogenic MCT detector. Samples were 

transferred from either the CO pre-treatment setup, the CH4 pulsing setup or the H2 pre-treatment 

setup to the glovebox without exposure to the ambient atmosphere. Pre-treated samples were pressed 

undiluted into pellets with 10 mm diameter inside the glovebox and loaded into the IR cell. The sealed 

cell was then transferred to the spectrometer evacuated and cooled to -167 ºC with liquid N2 before 

introducing 250 µl CO pulses. The pulsing sequence for CO consisted of 6 pulses keeping the 

injection loop at 100 mbar, 3 pulses at 200 mbar and another 11 pulses at 1 bar. One sample with 

2wt.% Mo loading was not reduced but instead dried at 450 ºC in the infrared cell under dynamic 

vacuum for 16 h and denoted 2Mo. All spectra were normalized by the framework vibration intensity at 

1876 cm-1.  

Dynamic Nuclear Polarization surface enhanced NMR spectroscopy (DNP SENS) sample 

preparation: 3.65 mg of the radical TEKPol was first dissolved in 20 µl of 1,1,2,2-tetrachloroethylene 

(TCE) and then mixed well with about 20 mg of the sample inside an Ar glovebox. The impregnated 

samples were packed into 3.2 mm o.d. sapphire rotors capped with a Teflon plug inside the glovebox 

and measured the same day. Spectra were acquired using 263 GHz/400 MHz Avance III Bruker DNP 

solid-state NMR spectrometer (𝜈𝐿( 𝐶13 ) = 100.6 𝑀𝐻𝑧) equipped with a 3.2 mm Bruker triple resonance 

low temperature magic angle spinning (LTMAS) probe. The experiments were performed at ~100 K 

with a 263 GHz gyrotron. The sweep coil of the main magnetic field was set for the microwave 

irradiation occurring at the 1H positive enhancement maximum of the TEKPol biradical. The 13C NMR 

experiments the acquisition parameters used are 20 s repetition delay to allow complete relaxation, a 
1H π/2 pulse length of 2.5 μs to afford 100 kHz 1H decoupling using the SPINAL 64 decoupling 

method. A contact time between 1H and 13C was set to 8 ms. 5,000-15,000 scans were performed, the 

MAS frequency varied between 8 and 10 kHz. All 13C NMR spectra were referenced to adamantane 

with the higher frequency peak set to 38.48 ppm with respect to TMS (0 ppm). DNP enhancements 

factors (εH) of the TCE solvent were determined by comparing the integration of the resonance of 

interest for the spectra acquired with and without microwave irradiation. 13C spin lattice relaxation 

times were measured using a saturation recovery experiment. Data are fitted using either a stretched-



exponential (Formula 1) or a mono-exponential (Formula 2) with 𝐴 being the equilibrium signal 

intensity when microwave irradiation is used, 𝑆(𝜏) the integrated intensity at recycle delay time 𝜏  , 𝛽 

being the stretching parameter and 𝑇1
∗ the build-up time. 

 

𝑆(𝜏) = 𝐴 [1 − exp (− (
𝜏

𝑇1
∗)

𝛽

)]     (Formula 1) 

𝑆(𝜏) = 𝐴 [1 − exp (−
𝜏

𝑇1
∗)]     (Formula 2) 

For 13C NMR spectroscopy samples were prepared as described in section CH4 pulsing 

experiments using 13CH4 and transferred from the setup to the glovebox without exposure to the 

atmosphere. A known amount of sample was filled into zirconia rotors inside the glovebox and tightly 

closed. 1D 13C MAS NMR spectra were recorded on a Bruker AVANCE III spectrometer operating at 

resonance frequencies of 100 MHz, and using a conventional double resonance 4 mm CPMAS probe. 

The spinning frequency was set to 15 kHz. NMR chemical shifts are reported with respect to TMS as 

the external reference. Spectra were recorded by a spin echo pulse sequence (pulse length 3.4 µs) 

with four-phase alternation synchronized with the spinning rate for the MAS experiments. The 

interscan delay was set to 30 s to allow the complete relaxation, and 5,000-30,000 scans were 

performed. An apodization function (exponential) corresponding to a line broadening of 80 Hz was 

applied prior to the Fourier transformation.  

Periodic DFT calculations were performed to determine the vibrational frequencies of CO 

adsorbed on Mo clusters in different speciation and oxidation state (between +2 and +6). For this 

purpose extra-framework [MoxOyCz]2+ (x = 1, 2 or 4) clusters were constructed in the ZSM-5 zeolite 

framework as counter-ion for two framework Al ions positioned in the six-membered ring located at the 

intersection of straight and zigzag channels, previously referred to as 𝛿-site (see Figure S11) [51]. 

This site was chosen as an open site allowing for anchoring of Mo species of different sizes and also 

leading to high symmetry of a pair of framework Al. Gao et al. calculated the Raman frequency for a 

monomeric oxide structure in this location and confirmed that it falls within the range observed 

experimentally [27]. The resulting ZSM-5 model had a Si/Al ratio of 47. On the clusters one and two 

CO molecules were placed and their geometry optimized. All spin polarized DFT calculations were 

performed by using the Vienna Ab initio Simulation Package (VASP, version 5.3.5) [52-56]. The PBE 

functional based on the generalized gradient approximation was chosen to account for the exchange–

correlation energy [57]. A plane-wave basis set in combination with the projector augmented wave 

(PAW) method was used to describe the valence electrons and the valence-core interactions, 

respectively [58, 59]. The kinetic energy cut-off of the plane wave basis set was set to 450 eV. A 

Gaussian smearing of the population of partial occupancies with a width of 0.05 eV was used during 

iterative diagonalization of the Kohn-Sham Hamiltonian. Considering the large unit cell, Brillouin zone-

sampling was restricted to the Γ point [60].  Geometry optimizations were assumed to have converged 

when forces on each atom were less than 0.04 eV/Å. The Van der Waals (vdW) interactions were 

included by using Grimme’s DFT-D3(BJ) method as implemented in VASP [61]. Geometry 

optimization was completed for all possible spin states for the given oxidation state which was followed 

by frequency analysis on the most stable spin state.  Vibrational frequencies were calculated by 

determining the second derivatives of the Hessian matrix using the density functional perturbation 

theory as implemented in VASP 5.3.5. To decrease the computation costs only the CO molecules 

were considered in the analysis. The computed frequencies were corrected according to the following 

Formula 3.  
𝜈𝑒𝑥𝑝(𝐶𝑂)

𝜈𝑐𝑎𝑙𝑐(𝐶𝑂)
=

𝜈𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑(𝐶𝑂𝑎𝑑𝑠)

𝜈𝑐𝑎𝑙𝑐(𝐶𝑂𝑎𝑑𝑠)
= 1.009     Formula 3 

 

where νexp(CO) is the experimentally measured frequency of the gas-phase CO (2143 cm-1), νcalc(CO) 

is the calculated vibrational frequency (2124 cm-1), νcalc(COads) is the calculated C-O vibrational 

frequency  of the adsorbed CO molecule and νnormalised(COads) is the corrected vibrational frequency of 

the adsorbed CO molecule. The difference between νcalc(CO) and νexp(CO) is about 19 cm-1 and 

provides an estimate of the expected error for the calculated frequencies. 

Partial charges were calculated with the atoms in molecules (AIMS) method. The program was 



developed by the Henkelman Group [62-65]. 

The orthogonal MFI unit cell with lattice parameters of a = 20.241, b = 20.015 and c = 13.439 Å as 

optimized by DFT with an all-silica MFI periodic model was used for all calculations. The optimized unit 

cell parameters agree well with experimental data for calcined ZSM-5.  

The binuclear [Mo2O5]2+ cluster at the same location of 𝛿-site was chosen to establish reaction 

pathways for reduction and carburization by methane and CO. The kinetic energy cut-off of the plane 

wave basis set was set to 500 eV, and the geometries were assumed to have converged when forces 

on each atom were less than 0.05 eV/Å. All other parameters were the same as described above. All 

adsorption and desorption energies were corrected by taking enthalpy and entropy contributions of 

gas phase species into consideration. A typical reaction temperature of 700 °C and methane and CO 

partial pressures of 0.95 atm and 0.025 atm were used for thermodynamic corrections, respectively. 

For the products of CO, H2 by methane carburization, CO2 by CO carburization, the partial pressures 

of 0.1 atm, 0.2 atm, and 0.001 atm were used, respectively. It is expected that the partial pressure 

fluctuations in the reactor would have negligible influences on the thermodynamics.           

3. Results  

3.1 CO IR 

Using a CO pretreatment the active phase of Mo was created avoiding any carbonaceous deposits, 

which surround the active site after activation under methane. The absence of those deposits allows 

probe molecules to absorb on the active site. CO vibrations were probed after adsorption on fresh 

samples as well as samples reduced in CO Figure 1 (see Figure S4 for full spectra). The CO 

activated sample shows several distinct vibrations (Figure b), while only the vibrations characteristic 

of the zeolite are observed on the fresh sample, 2Mo (Figure 1a) namely CO adsorbed on Brønsted 

acid sites (2173 cm-1, BAS) with a shoulder at 2164 cm-1 which is assigned to Al-OH [66] or silanols 

[67] as well as a band at 2138 cm-1 characteristic of physisorbed CO [68]. A slight decrease in acidity 

is observed on the CO treated sample as well, likely due to dehydration/dehydrogenation occurring at 

the high temperature of the activation [69-71]. This however is not accompanied by a change in 

morphology and extraction of Al. The 27Al MAS spectra comparing the dehydrated as-synthesized 

samples to the samples carburized in CO show very similar features (Figure S8). The same vibrations 

of CO can be observed on a sample activated in methane confirming that similar Mo species are 

forming with both pre-treatments (Figure S4). The absorbances however are slightly lower, maybe 

due to some carbonaceous deposits formed during activation in methane blocking access to the active 

site. More information about the different Mo sites observed can be gained from deconvolution of the 

vibrational spectrum as shown in Figure 1c with spectra collected at low CO coverage on 5Mo-CO. 

The two pink bands (2121 and 2153 cm-1) and the two turquoise bands (2133 and 2163 cm-1), 

respectively, grow simultaneously with the same rate. This is demonstrated in Figure S6, which shows 

the intensities of each vibrational contribution plotted against the number of pulses of CO introduced to 

the sample. Because the intensity of the two turquoise and the two pink bands grow simultaneously, 

each of these pairs likely corresponds to two CO molecules adsorbed as dicarbonyls on the same Mo 

site. The two turquoise bands and the dark blue bands (Figure 1c) already appear at low pressures of 

CO (dark blue spectra in Figure 1b), while the two pink bands appear only after the turquoise and the 

dark blue bands do not grow any further. Around the same time the bands corresponding to BAS 

appear. The silanol bands are less acidic and only adsorb CO later on. Only after almost all other sites 

are saturated, the band for loosely physisorbed CO appear. 
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Figure 1. a) IR-spectra of the CO vibrations after consecutive pulsing of CO to 2Mo. b) after consecutive pulsing 
of CO to 5Mo-CO. c) Gaussian deconvolution of the spectrum taken after introducing 9 pulses of CO to 5Mo-CO. 
A spectrum was taken after each pulse of CO sent to the evacuated IR cell kept at -167 ºC. A total of 20 pulses 
was sent to the cell in a sequence described in the experimental part. The pre-treated samples were transferred 
to the IR cell without exposure to the atmosphere. d) Summary of all observed vibrations with assignment, 

references and FWHM. 

This is further supported by the fact that they are separated by  Δσ = 33 cm-1, a separation distance for 

dicarbonyl absorbances observed elsewhere [72]. The four dicarbonyl bands are rather narrow with a 

full width at half maximum (FWHM) of 7 and 8 cm-1. Another broad absorbance is observed at around 

2100 cm-1 and seems to comprise three rather broad contributions with a FWHM ranging between 11 

and 14 cm-1. These broad vibrations around 2100 cm-1 are observed in higher intensity, the higher the 

loading of Mo. CO adsorption on 2Mo/silicalite-1 treated in CO was also probed by IR (Figure S7), 

because the silicalite-1 support provides no Al sites for anchoring the Mo and should provide a good 

reference for Mo nanoparticles. Only two broad absorbances between 2080 and 2100 cm-1 are 

observed apart from the vibrations corresponding to the silicalite-1 support. 

3.2 DFT calculation of CO vibrations 

DFT calculations were performed to gain more insight into the nature of the Mo species giving rise to 

the CO vibrations observed experimentally. 18 different possible mono-, di- and tetrameric 

(oxy-)carbide structures were proposed and the vibrational frequencies of CO adsorbed on those 

structures calculated. Both the adsorption of one CO on one structure as well as two CO molecules on 



one structure was explored. When a second carbonyl is adsorbed, two new vibrations arise as the 

vibrations of the two CO molecules are coupled to a symmetric and an antisymmetric stretching 

vibration. This is the case both for monomeric and dimeric Mo-structures. When relating the 

wavenumber of the CO vibration and the nuclearity of the species no clear trend can be observed. 

Instead the wavenumber seems to increase with the partial charge of molybdenum (Figure 2 and 

Figure S9). Wavenumbers of both adsorbed single carbonyls (Figure S9) as well as dicarbonyls 

(Figure 2) follow a linear trend with the partial charge. The separation between the dicarbonyl 

vibrations Δσ is inversely proportional to the partial charge for the monomers and dimers (Figure 2). 

The same trend can in principle be observed for the tetramers, but the calculations for the tetramers 

corresponding to structure 10 and 16 (Figure S12), yielded very high values of Δσ, which is due to the 

fact that the four Mo of the tetramer have a different electronic structure. The range of wavenumbers 

observed (~2060 to ~2170 cm-1) corresponds to a partial charge between 1.5 and 2.4.  

 

Figure 2. Vibrational wavenumbers of the symmetric stretching of the dicarbonyls (open symbols) and separation 
Δσ between the two contributions (filled symbols) as calculated by DFT plotted against partial charge. Colors key: 
pink: tetramers, turquoise: dimers, black: monomers. The horizontal orange line indicates the lowest wavenumber 
observed experimentally, while the vertical line represents the lower limit regarding partial charge. Thus all points 
above and to the right of the orange lines could be possible candidates of Mo structures present on the 
investigated samples based on this analysis. Corresponding structures are shown in Figure S12.  

Finally this information can be used to find  the formal oxidation state corresponding to the 

experimentally observed wavenumbers, because the partial charge of molybdenum is proportional to 

the formal oxidation state (Figure S10). From this correlation, it can be concluded that Mo has a 

formal oxidation state of Mo between 4+ and 6+. For a given formal oxidation state however, the 

partial charge for structures containing carbon is generally lower than for structures without carbon. 

This is, because the formal oxidation state of carbon is -4 and for oxygen only -2, while oxygen is 

much more electronegative, meaning that the partial charge remains almost the same when replacing 

oxygen by carbon in a given structure (compare structure 6 and 8 in Figure S12). This illustrates well 

that the partial charge is a better descriptor compared to formal oxidation state, when one wants to 

correlate the charge of a metal species with the vibrational frequency of CO adsorbed on that metal 

species. 

0

50

100

150

200

250

300

350

1700

1750

1800

1850

1900

1950

2000

2050

2100

2150

0.70 0.95 1.20 1.45 1.70 1.95 2.20

Δ
σ

/ 
cm

-1

σ
/ 

cm
-1

partial charge

6

1615 4

14

12

118 
7 

10 

9 

1 

17 

18 



3.3 13C MAS NMR 
13C NMR spectra collected after sending several 233 µmol pulses of 13CH4 to 5Mo during the induction 

period are presented in Figure 3b and S18. Figure 3a and Figure S15 show the MS readouts during 

pulsing. During the first 14 pulses of methane sent to the catalyst, no benzene formation is observed, 

marking the 'activation period'. After the activation of Mo is completed, benzene starts to be produced 

and the rate of formation slowly increases until it reaches its steady state value at around pulse 35. 

This gradual increase represents the 'induction period' and was previously attributed to an 

accumulation of catalytically active polyaromatic coke that acts as a hydrocarbon pool [14]. The first 
13C MAS NMR spectrum was collected right before the onset of benzene production after Mo 

activation was completed (Figure 3b). The same three Mo (oxy-)carbide contributions as previously 

observed on the 5Mo pretreated in CO [49] can be observed on this sample activated under MDA 

conditions. Two broader contributions at 360 ppm and 306 ppm were attributed to well-defined mono- 

or dimeric Mo (oxy-)carbide species inside the pores of the zeolite and a third contribution at 270 ppm 

to bigger Mo2C nanoparticles on the outer surface of the zeolite.  

 

a) b) 

  
Figure 3. a) left axis: MS readout for C6H6 (m/z = 84) during consecutive pulsing of 233 µmol of 13CH4 at 700 ºC 
into a continuous flow 30 ml/min He over 300 mg of 5Mo. Right axis: polyaromatic carbon content obtained from 
deconvolution of 13C MAS NMR spectra (Figure S18) plotted in b). b) 13C NMR spectra measured on the samples 
prepared by the pulsing experiments depicted in a). A fresh 5Mo sample was subjected to 14, 18, 23 and 34 
pulses sealed and transferred to NMR rotors without exposure to the atmosphere. Asterisks denote spinning side-
bands. 

In addition to the signatures of the Mo (oxy-)carbides, another resonance corresponding to 

polyaromatic carbon is observed at 121 ppm [14, 73-77]. This polyaromatic carbon already forms while 

Mo is still being activated. After 3, 9 and 20 more pulses, the resonances corresponding to Mo 

(oxy-)carbides do not change further. Instead accumulation of more polyaromatic carbon on the 

catalyst is observed. The relative amount of polyaromatic carbon on the samples taken after an 

increasing number of CH4 pulses was determined by deconvolution (see Figure S18 for an example 

deconvolution of the spectra shown in Figure 3b) of the 13C NMR spectra and is plotted together with 

the MS readouts at m/z = 84 in Figure 3a. Interestingly, polyaromatic carbon accumulates, mostly 

inside the pores of the catalyst [14], at the same rate as the benzene production goes up.  

3.4 DNP SENS 

DNP spectra shown in Figure 4 show that well-separated peaks can be resolved for Mo 

(oxy-)carbides, while these contributions shown in our previous publication [49] (reproduced in Figure 

S17) and in Figure 3b are rather broad and were only visible after collecting many scans. For the 

lowest loading of Mo, 1Mo-13CO two peaks can clearly be observed at 360 and 306 ppm, where with 
13C NMR only one broad resonance was observed in that region (Figure S17). These resonances are 



assigned to well-defined species inside the pores of the zeolite [49]. Very good enhancement of 

εH = 90±4 and 105±5 were observed in proton experiments using TCE for the low loading Mo samples, 

1Mo-13CO and 2Mo-13CO, respectively (Figure S19). For the high loading, 5Mo-13CO however no 

enhancement could be observed initially, instead the signal for the decomposed radical was observed 

(Figure S20) [45]. On this sample several bigger nanoparticles are present on the outer surface of the 

zeolite and therefore Mo is in direct contact with the radical, while for 1Mo-13CO and 2Mo-13CO, Mo is 

shielded from the radical inside the pores of the zeolite. TEKPol with 𝑑𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒~2 𝑛𝑚 is too big to 

penetrate the pores with 𝑑𝑝𝑜𝑟𝑒~0.6 𝑛𝑚 [45]. TEKPol can decompose when in direct contact with an 

organometallic complex immobilized on silica [45], so it is concluded that the bigger nanoparticles on 

the outer surface of 5Mo-13CO fully decompose TEKPol. 

 

Figure 4. DNP SENS 13C MAS NMR spectra of a) 1Mo-13CO b) 2Mo-13CO c) 5Mo-13CO after a second 
impregnation with TEKPol d) 5Mo-1813CH4. a) to c) were measured at a MAS frequency of 9 kHz, while d) was 
measured at 8 kHz. The measurement was performed at different rotation speeds to identify spinning side bands, 
which are indicated by the asterisks. 1Mo-13CO measured at 8 kHz can be found in Figure S21 for comparison. 

After impregnating the sample a second time with the radical solution an enhancement of εH =32±3 

was observed for 5Mo-13CO. It is important to note that the spectra measured after the second 

impregnation with TEKPol (Figure 4c) still did not show the resonance corresponding to Mo2C 

nanoparticles at 270 ppm observed in Figure 3, because the decomposed TEKPol that is still in close 

proximity to the Mo2C sites has a paramagnetic character and renders the carbon next to it NMR 

invisible.  

When impregnating the sample 5Mo-1813CH4 carburized by 18 pulses of 13CH4 (the same sample 

used for the 13C NMR measurements shown in Figure 3 with the TEKPol solution) an enhancement of 

εH =43±3 can be observed immediately upon the first exposure to TEKPol (Figure S22) and only weak 

signals for degraded TEKPol are observed. At the same time Figure 4d shows that the contribution for 

bigger Mo2C nanoparticles at 269 ppm can be observed.  



4. Discussion 
The active sites of Mo/HZSM-5 form during an initial period of the MDA reaction coined 'activation 

period', where no desired products are formed yet and where coking is concurring together with the 

transformation of Mo to its active phase. A possible pathway for this carburization is presented 

together with thermodynamic analysis of the separate steps is presented in Figure S23. Both the 

pathway of carburization with CO as well as with CH4 is explored. Similar Mo species are forming on a 

catalyst treated in CO and one that was activated in methane confirmed by the fact that the same CO 

vibrations and the same 13C NMR and DNP SENS resonances are observed for the two treatments.  

 

While it has been proposed in literature that Mo forms (oxy-)carbidic species at reaction conditions and 

that some Mo stays anchored inside the pores of the zeolite while some Mo is present as bigger 

clusters and nanoparticles on the outer surface of the zeolite crystal, here we provide direct 

spectroscopic evidence showing distinct contributions that can be assigned to two different kinds of 

species inside the pores of the zeolite as well as the previously proposed nanoparticles on the outer 

surface of the zeolite. This is demonstrated using CO IR together with computational modeling as well 

as 13C NMR and DNP SENS. 

  

The vibrations of the CO probe molecule adsorbed on the activated samples are very sensitive to the 

electronic structure of Mo [38] and the FWHM of the observed vibrations can give information about 

the nuclearity of the adsorption site [36]. The various distinct CO vibrations observed on the pretreated 

Mo/HZSM-5 samples, allow us to distinguish between the different activated Mo species.  

Direct assignment of the observed wavenumbers however, becomes very difficult, because relatively 

little infrared studies of CO adsorbed on Mo species are found in literature. Zaki et al. [78] provide a 

good summary of the literature of Mo supported on different oxides and also further investigate CO 

adsorption of reduced species at 77 K. But, on the studied catalysts Mo is mostly present as 

nanoparticles, which are not comparable to the mono- and dimeric species reported in the current 

manuscript. In addition, the applied reducing treatments include H2 reduction and CO photo-reduction, 

but no carburizing treatment was employed.  The CO absorbance wavenumbers observed after the 

H2-treatement (Figure S13) are very different from those observed for CO adsorbed on the carburized 

samples (Figure 1), which explains the mismatch between the wavenumbers observed by Zaki et al. 

and our results. Rasko et al. report CO IR recorded at RT for Mo nanoparticles carburized in a CH4/H2 

mixture supported on silica [79], while Wu et al. provide a study of a similarly prepared catalyst 

supported on alumina [80]. But their observed vibrational frequencies match only match the 

wavenumbers for CO adsorbed on nanoparticles observed in this study. Spectra were also recorded at 

RT instead of at 77 K as in the current study. Chen et al. study CO and CH4 adsorption on 

MoO3/HZSM-5 [81], but only find absorbance wavenumbers of CO adsorbed on the acid sites of the 

zeolite support, since CO does not adsorb on fully oxidic Mo. Table III in [72] shows that the 

separation of νsym(CO)2 and νasym(CO)2 for Mo4+(CO)2 supported on TiO2 and CeO2  resembles what is 

observed in this study, but the CO absorbances are observed at lower wavenumbers. This could be, 

because the size of species studied by Williams et al. are much bigger than the species in the current 

study. It could also be due the large differences between the supports used. The observed 

wavenumbers seem to heavily depend on the pretreatment used to create reduced Mo. Williams et al. 

report the wavnumbers of Mo4+(CO) between 2186 vs 2180, but after sulfidation, the wavnumbers of 

Mo4+(CO) are more similar to what is observed in our study. The lack of infrared studies on CO 

adsorbed on Mo and more specifically on molecular Mo and Mo species supported on zeolite 

highlights the importance of our work. Generally, little (theoretical) studies exist on CO IR of transition 

metal ions supported on zeolites. 

The narrow FWHM of the dicarbonyl species is indicative for presence of two types of sites with very 

similar geometry, which only contain a few atoms, previously coined ‘well-defined’ species [36, 37]. 

Such small species are created inside the pores of the zeolite through anchoring to the Al of the 

framework. Previous studies [14, 48, 82] suggest that these are mono- and dimeric (oxy-)carbide 

species. The contributions of these well-defined species are not observed when the zeolite support 



used does not contain any framework Al for anchoring the Mo, as is the case for 2Mo/silicalite-1 

treated in CO (Figure S7) [49]. The two types of well-defined species are also observed with 13C NMR 

and DNP SENS. While three contribution could already be seen by deconvolution of the 13C NMR 

signal, the enhancement of the signal with DNP SENS enabled resolving three distinct and separated 

resonances. 

 

A third species observed in all three characterization techniques is assigned to bigger Mo 

nanoparticles, because it leads to a broad contribution in the CO IR, typical for a site that allows the 

CO to adsorb on many slightly different locations of the nanoparticle with similar electronic structure. 

This species is observed in almost negligible amounts for low loadings of Mo (1 wt.% and 2 wt.%) 

while it becomes a dominant species for 5 wt.% Mo loading. At the same time it leads to a rather 

narrow resonance in 13C NMR, also indicative of nanoparticles. These nanoparticles were observed 

earlier by HR-TEM on an equivalent catalyst by Kosinov et al. [14]. I is suggested that these 

nanoparticles are mainly present on the outer surface of the zeolite, since a nanoparticle of Mo should 

not form inside the pores of the zeolite, because of size and because it is more likely to form 

coordinated structures in proximity to BAS. They don't directly exclude however that some smaller 

nanoparticles are located inside the pores of the zeolite.  

 

In this regard, DNP SENS proved to be a very useful technique to clearly distinguish between 

(oxy-)carbidic Mo located on the outer surface of the zeolite and inside the pores. The DNP SENS 

measurements presented here confirm that the Mo2C nanoparticles are indeed only located at the 

outer surface of the zeolite particles. The biradical TEKPol decomposes, because it is in direct contact 

with the Mo2C nanoparticles and TEKPol is too large to penetrate the pores. Thus the nanoparticles 

have to be on the outer surface. The resonance corresponding to Mo2C also disappears, because 

TEKPol becomes paramagnetic when it decomposes and effectively makes carbon close by 

undetectable by NMR, which further confirms that the Mo2C nanoparticles must be located close to 

TEKPol and thus on the outer surface of the zeolite crystals. In line with this, for the sample activated 

with 18 pulses of methane, 5Mo-1813CH4 , the deposited aromatic carbon shields the bigger 

nanoparticles avoiding the decomposition of TEKPol and allowing for the resonance of Mo2C 

nanoparticles to be observed. 

 

It was speculated that different kinds of Mo sites are present on Mo/HZSM-5 after activation, while it 

was not known how many different sites exist. With our findings, we were able to determine that (at 

least) three different (oxy-)carbidic species exist on Mo/HZSM-5 after activation. Knowledge about the 

exact number of different types of Mo sites provides a good starting point to assign different activity to 

those sites. Comparing DNP SENS measurements of samples prepared with CH4 and coke-free 

samples prepared with CO confirm that the aromatic carbon mostly is associated with bigger Mo2C 

nanoparticles on the outer surface of the zeolite, which is indication that these nanoparticles are the 

cause of deactivation through a kind of fouling.  

 

In that case, only fully carburized nanoparticles of Mo are observed. This suggests that full 

carburization is only achieved of the bigger Mo nanoparticles, while it is very hard or impossible to fully 

carburize Mo when it is stabilized as mono- or dimeric species through the framework Al in the zeolite. 

This is also supported by the CO IR results, where the bigger Mo nanoparticles give rise to lower 

wavenumbers than the well-defined oxycarbidic species, meaning that the Mo nanoparticles are more 

reduced than the smaller, mono- or dimeric species. 

 

As the mono- and dimeric species inside the pores of the zeolite seem to be most active for 

conversion of methane to valuable aromatics, we further elucidated the nature of these Mo sites using 

DFT calculations. Although for nanoparticles it was suggested that the wavenumber of CO generally 

decreases with higher Mo oxidation state, for well-defined, mono- or dimeric transition metal sites in 

zeolites and especially for Mo little information is available. We find a linear relationship between the 

observed CO vibrational wavenumber and the partial charge of Mo for well-defined sites. This partial 



charge can be translated to the formal Mo oxidation state (Figures 2, S9 and S10). For the 

experimentally observed CO vibrational wavenumbers it can be concluded that the Mo in these active 

sites has a formal oxidation state between 4+ and 6+. It is emphasized that simply reduced structures 

that do not contain any carbon can be excluded as active sites, because a sample reduced in H2 does 

not give rise to any of the vibrations observed on the samples treated in CH4 or CO (Figure S13). This 

H2 treated sample also exhibited lower benzene yields during MDA as was shown in our previous 

publication [49] and the EXAFS of that sample does not match with the spectra measured on the 

samples treated in CO or CH4 (Figure S14). Further, it should be noted that the structures highlighted 

in Figure 2 mostly contain only oxygen, but given that many (oxy-)carbidic structure calculated CO 

frequencies were close to the ones observed experimentally, we cannot exclude structures with similar 

partial charges that contain carbon. This especially in comparison to the 13C NMR results and what 

has been proposed previously [9, 23, 24, 27, 83-85]. Furthermore, only a limited number of structures 

in only one location inside the zeolite framework could be considered here. The choice of structures 

was, however, sufficient to achieve our goal of determining a formal Mo oxidation state, but we cannot 

claim to have exhausted all configurational possibilities.  

 

With more information about the exact nature of the active site after completion of the activation at 

hand, we wanted to investigate the impact of Mo speciation on the induction period occurring right 

after completion of the activation period. During this period benzene formation slowly increases to its 

maximum. The species observed with 13C MAS NMR did not transform further during this period, so no 

further evolution and activation of the Mo sites takes place in the induction period. Instead the build-up 

of (poly-)aromatic carbon on the sample follows the same trend as the increase in benzene formation 

rate (Figure 3), suggesting that the build-up of a hydrocarbon pool [14, 86] is necessary for the 

catalyst to achieve maximum activity, while not leading to deactivation yet.  

It has been speculated that Mo agglomerates at reaction conditions [27], our results however suggest 

that this agglomeration occurs later on in the process after the induction period. Figure 3 clearly 

indicates that no significant agglomeration occurs during the induction period, since the resonances 

corresponding to Mo (oxy-)carbide do not transform further during induction. This is also supported by 

CO IR. There is no change in wavenumber of the CO vibrations for a sample that has seen 5 or 10 

pulses of CH4  (Figure S16). The agglomeration of Mo might even be the cause of deactivation. The 

fact that the nanoparticles seem to be cause for deactivation is supported by our DNP SENS 

measurements, where we find that the aromatic carbon surrounds the bigger Mo2C nanoparticles 

(fouling) on the outer surface of the zeolite. This is concluded, because no TEKPol decomposition is 

observed on a sample containing aromatic carbon.  

 

Although, we were able to distinguish between different Mo species present on the catalyst, it remains 

very difficult to assess whether one particular species is more active than another species. In a 

previous publication we demonstrated that the activity of the catalyst does not linearly increase with 

the Mo amount, but starts to levels off after 2 wt.%. Instead activity linearly increases with the amount 

of carbon present at the active site after the activation period [49]. We had also found that the C/Mo 

ratio is higher for oxycarbidic Mo species anchored to the zeolite framework than for Mo2C 

nanoparticles. These two results together suggest that the oxycarbidic Mo species are more active 

than the Mo2C nanoparticles on the outer surface of the zeolite. In addition, oxycarbidic species are 

definitely active to initiate the hydrocarbon pool and to produce the final products benzene and 

naphthalene. The two catalysts with low loadings of Mo (1 and 2 wt.%) were shown not to contain any 

fully carbidic species (Figure S17) and yet benzene and naphthalene is easily produced on those 

catalysts (Figure S2-3). 

5. Conclusions 
A quasi-in situ strategy is presented to directly probe the different types of Mo sites on the methane 

dehydroaromatization catalyst, Mo/HZSM-5, after activation. CO IR, 13C NMR as well as DNP SENS 

combined with theory were used to find the nuclearity, charge and stoichiometry of the three different 

types of Mo sites observed. A coke-free active site was obtained using a CO pretreatment leading to 



very clear spectra. We provide direct spectroscopic evidence showing distinct contributions that can 

be assigned to two different kinds of species inside the pores of the zeolite as well as nanoparticles on 

the outer surface of the zeolite. The latter contribute to the deactivation of the catalyst by coke 

deposition. 

For the observed Mo species an oxidation state between 3+ and 6+ was determined. The 

(oxy-)carbidic Mo species do not transform further during the induction period, but instead the build-up 

of a hydrocarbon pool is necessary for the catalyst to achieve maximum activity.  
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