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Abstract 

The current study demonstrates a redox oxide @ molten salt core-shell architecture as a 

generalized redox catalyst design strategy for chemical looping – oxidative dehydrogenation of 

ethane. 17 combinations of redox active oxides and molten salts were prepared, evaluated, and 

characterized. X-ray diffraction indicates that the redox oxides and molten salts are fully 

compatible, forming separate and stable phases. X-ray photoelectron spectroscopy demonstrates 

that the molten salts aggregate at the redox oxide surface, forming a core-shell structure to block 

the non-selective sites responsible for COx formation. Up to ~74% single-pass olefin yields were 

achieved using the proposed redox catalyst design strategy. Statistical analyses of the performance 
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data indicate the potential to achieve up to 86.7% single-pass yield by simply optimizing the 

operating conditions using the redox catalysts reported in this study. Meanwhile, the 

generalizability of the catalyst design strategy offers exciting opportunities to further optimize the 

composition and performance of the redox catalysts for ethane ODH under a chemical looping 

scheme with significantly reduced energy consumption and CO2 emissions. 

 

Keyword: oxidative dehydrogenation, catalyst design, chemical looping, ethane, ethylene 

 

1. Introduction 

Ethylene is an important commodity chemical to produce various important chemical 

intermediates and products[1]. The surge of the shale gas production in the United States, which 

contains a substantial amount of ethane (~24 vol. % ethane in Bakken), has significantly increased 

ethane supply and thus opened up new opportunities for ethane to ethylene production[2–5]. State-

of-the-art for ethylene production is based on steam cracking of ethane and other hydrocarbon 

feedstocks[6,7]. However, due to the high reaction endothermicity (e.g. Reaction 1), limited single 

pass conversion (~60% at 850 ℃), significant steam consumption, and complex downstream 



separations, the energy demand for this process is very high (~16 GJ/ton C2H4 for ethane 

cracking)[6,8]. The similarity in the boiling points of unconverted ethane and the ethylene product 

also makes separation challenging. This, coupled with the various byproducts resulting from gas 

phase cracking reactions, leads to complex and energy-intensive downstream compression and 

separation operations, accounting for 40~50% of the total energy consumption of the plant. In 

addition, the cracker furnaces emit substantial amounts of CO2 and NOx[6,8]. Therefore, novel 

approaches for the autothermal or exothermic conversion of ethane to ethylene are highly desirable 

to eliminate the equilibrium limitation, simplify downstream separations, and reduce the energy 

consumption and pollutant emissions. 

Oxidative dehydrogenation (ODH) represents such an exothermic, non-equilibrium-limited 

approach (Reaction 2) [7,9–11]. Extensive studies have been performed on catalyst design and 

optimization with the goal of improving the ethane conversion and ethylene productivity. Major 

families of heterogeneous catalysts investigated include supported NiO (~35-38% ethylene 

yield)[12–15], V and V/Mo catalysts (23-32% yield)[16–18], La/Sr/Nd and Cl doped La/Sr/Fe 

oxides (~55% yields)[19,20], Sn doped Pt (~55% yield or higher)[21–24], Mo/V/Te/Nb/O (M1 

catalyst, up to 78% yield)[9,25,26], Mg/Dy/Li/Cl/O (~55% yields)[27,28], carbon nanotube and 

modified boron nitride (up to 50% yield)[29,30]. From a process design standpoint, ethane/O2 co-

feed requires an energy-intensive air separation unit for oxygen production and raises safety 

concerns[25,26,31]. In terms of catalyst design, selectivity towards unwanted CO2 and oxygenates 

(which are difficult to separate) under O2-rich environment remains a key challenge[7,9,32]. In 

addition, the long term stability of these catalysts has not been demonstrated.[26] 

𝑹𝒆𝒂𝒄𝒕𝒊𝒐𝒏 𝟏:         𝐂𝟐𝐇𝟔 ↔ 𝐂𝟐𝐇𝟒 + 𝐇𝟐                                           ∆𝐇𝟏𝟏𝟐𝟑𝐊 = +𝟏𝟒𝟑 𝐤𝐉 𝐦𝐨𝐥−𝟏 

𝑹𝒆𝒂𝒄𝒕𝒊𝒐𝒏 𝟐:         𝐎𝟐 + 𝐂𝟐𝐇𝟔 ↔ 𝐂𝟐𝐇𝟒 + 𝐇𝟐𝐎                             ∆𝐇𝟏𝟏𝟐𝟑𝐊 = −𝟏𝟎𝟓 𝐤𝐉 𝐦𝐨𝐥−𝟏 



 

Chemical looping-ODH (CL-ODH) provides an alternative route to ethane ODH that overcomes 

these challenges[32–46]. In CL-ODH, an oxide-based redox catalyst acts as an oxygen carrier to 

convert ethane with oxygen from its crystal lattice (Reactions 3), as shown in the ODH reactor in 

Figure 1a. The redox catalyst is then reoxidized in air to regenerate its lattice oxygen (Reactions 

4), as shown in the regenerator in Figure 1a. As illustrated in Reactions 3 and 4, the exothermic 

nature of the overall reaction (ODH reaction) can facilitate autothermal operations. The reaction 

cycle enabled by the redox catalyst also prevents the direct mixing of O2 and ethane and eliminates 

the need for air separation. 

𝑹𝒆𝒂𝒄𝒕𝒊𝒐𝒏 𝟑:         𝐂𝟐𝐇𝟔 + 𝐌𝐞𝐎𝒙(solid)

↔ 𝐂𝟐𝐇𝟒 + 𝐇𝟐𝐎 + 𝐌𝐞𝐎𝒙−𝟏(solid)                          ∆𝐇𝟏(oxide dependent) 

𝑹𝒆𝒂𝒄𝒕𝒊𝒐𝒏 𝟒:         𝐎𝟐 + 𝟐𝐌𝐞𝐎𝐱−𝟏(solid) ↔ 𝟐𝐌𝐞𝐎𝐱(solid)        ∆𝐇𝟐 = −𝟏𝟎𝟓 − ∆𝐇𝟏 𝐤𝐉 𝐦𝐨𝐥−𝟏 

Commonly encountered oxygen carriers in chemical looping combustion like Fe2O3 and CuO 

tend to be nonselective for ethane ODH and thus lead to COx formation. Several reports have 

demonstrated that CL-ODH of ethane with FeO/MoO, VOx, and alkali doped LSF can achieve up 

to ~50% C2H4 yield with 90% selectivity[33–35,38,39,44,47,48]. Luongo et al. has recently 

reported using nitrates as the precursor to uniformly coats the surface with carbonates as the 

selective hydrogen combustion catalyst, which, combined with MoVNbTeO based catalyst, 

achieved ~42% C2H6 conversion and 91% of C2H4 selectivity at 500 °C[39]. Previously, Yusuf et 

al. and Neal et al. proposed using Na2WO4 as a catalyst surface modifier, validating CL-ODH with 

Mg6MnO8@Na2WO4 (MGM@Na2WO4) as a potentially attractive approach by achieving <8% 

CO2 selectivity and ~86.6% ethane conversion [36,37,49]. This work suggested that the Na2WO4 

promoter may coat the MGM core as a molten shell under the chemical looping reaction 

conditions, as shown in Figure 1b. The molten salt shell decreased the presence of Mn4+ in the 



near-surface region (verified by XPS), inhibited the dissociative adsorption of oxygen, and 

decreased the rate of oxygen exchange, leading to significantly lower CO2 selectivity and higher 

C2H4 selectivity than those of unpromoted MGM[36,49]. Despite suppressing COx formation, the 

shell still support facile oxidation of hydrogen from ethane dehydrogenation. As such, ~90% of 

the H2 conversion was achieved using MGM@Na2WO4. The high H2 conversion is beneficial to 

facilitate the autothermal operation, as illustrated by Haribal et al, resulting in up to 82% reduction 

in CO2 emission when compared to state-of-the-art cracking processes[8]. In summary, the molten 

Na2WO4-promoted MGM-based CL-ODH can: (i) Circumvent C2H6 cracking equilibrium 

limitation and maintain high ethylene and C2+ selectivity; (ii) Facilitate autothermal operation via 

facile H2 combustion[49].  

 

 

Figure 1. (a) Overall scheme of CL-ODH and (b) schematic illustration of the core-shell 

structured, molten salt promoted redox catalyst (film thickness is ~8~13 nm and the particle 

diameter is 425~850 μm) 



The current study demonstrates a generalized redox catalyst design strategy, i.e. a redox oxide 

@ molten salt core-shell architecture, for CL-ODH applications. Specifically, 17 combinations of 

molten salt promoters (Mo-, V-, and W-containing alkali molten salt and their mixtures) and oxides 

(CuMn2O4 (CMO) and Mg6MnO8 (MGM)) were experimentally tested and characterized, 

confirming the generality of the core-shell structure and its effectiveness for ethane CL-ODH. Up 

to ~74% single pass olefin yields and 85% H2 conversions at 80 mol. % C2H6 feed. The extensive 

experimental results and the composition-performance relationships will enable further 

optimization of the redox catalyst for increased ethylene and C2+ olefin selectivity and yield under 

the autothermal CL-ODH scheme with near an order of magnitude lower CO2 emissions.  

 

2. Experimental Methods 

2.1 Redox catalyst synthesis 

Table 1 summarizes the compositions of the redox catalysts investigated in this study. CMO 

core oxide particles were synthesized via a sol-gel method, and the promoted redox catalysts were 

subsequently obtained through incipient wetness impregnation. Both unpromoted and promoted 

CMO samples were prepared using Mn(NO3)2·4H2O (Alfa Aesar, 98%) and Cu(NO3)2·3H2O 

(Sigma-Aldrich). The desired ratio of metal nitrates was dissolved in deionized water with citric 

acid in a 2.5:1 molar ratio of citric acid (HOC(CH2CO2H)2 , Sigma-Aldrich, 99.5%) to metal ions 

(Cu2+ and Mn4+). Once dissolved, the solution was heated to 40 ºC and stirred at 500 rpm for 30 

minutes. To promote gel formation from the slurry, a 1.5:1 molar ratio of ethylene glycol (Sigma-

Aldrich, 99.8%) to citric acid was added to the mixture. The temperature was then set to 80 ºC 

until gel formation (~1.5 hours), and the resulting gel was dried overnight in a 120 ºC oven. 



Calcination of the CMO redox core oxide samples was conducted in two steps. In the first step, 

the sample was heated in a muffle furnace to 450 ºC at a ramp rate of 5 ºC/min, where it was held 

at temperature for 3 hours. The resulting powder was then placed into a tube furnace (GSL-15 0X, 

MTI Corporation) for the second step, where the sample was heated to 1000 ºC at 4 ºC/min for 

CMO and held for 8 hours under continuous air flow. The catalyst was then cooled with air. 

The MGM core oxide was synthesized by combining Mn(NO3)2 (Sigma-Aldrich, 98%) and 

MgO (Materion Advanced Chemicals, ≥99.5%) precursors in 4 mL of water to create a 15 wt. % 

manganese catalyst. The mixture was then stirred and dried overnight at 80 ºC. The calcination of 

the MGM paralleled that of CMO, with the MGM sample heating first to 450 ºC for 3 hours and 

then to 900 ºC for 8 hours in a muffle furnace before air-cooling to room temperature. 

Table 1 also lists the promoters and their respective loadings. To promote the CMO sample with 

Na2WO4 after calcination at 1000 ºC, a calculated amount of Na2WO4·2H2O (Sigma-Aldrich, 

≥99%) was dissolved in deionized (DI) water to achieve a desired ratio of Na2+ ions to catalyst. 

The resulting solution was then homogenously dripped via pipette onto the CMO sample in a 

crucible. The crucible was then dried in an oven at 120 ºC overnight before calcination at 900 ºC 

to achieve the promoted CMO@Na2WO4 sample. 

A similar approach was used to promote MGM with Li2WO4 (Aldrich Chemistry), 

Na2WO4·2H2O (Sigma-Aldrich), K2WO4 (Acros Organics), Na2MoO4 (Aldrich Chemistry), 

Na3VO4 (Aldrich Chemistry), NH4VO3 (Sigma-Aldrich), NaNO3 (Fisher Scientific), and 

(NH4)6Mo7O24 (Sigma-Aldrich) precursors. Calculated quantities of promoters were dissolved in 

DI water according to their desired loadings and dried overnight at 80 ºC. After subsequent heating 

to 200 ºC to decompose the nitrates, the resulting mixture was calcined, ground, and sieved to 425-

850 µm for reaction testing. 



Table 1. Promoter type and loading with respect to the oxide type.  

Oxide Type Promoter Type Promoter Loading (wt. %) 

Mn:Cu=4:1 

(CMO)  
Na2WO4 (Na-W) 

10 wt. % Na2WO4 

(1.7 wt. % Na basis) 

Mn:Cu=2:1 

(CMO)  
Na2WO4 (Na-W)  

Mn:Cu=1:1 

(CMO)  
Na2WO4 (Na-W)  

Mn:Cu=1:2 

(CMO)  
Na2WO4 (Na-W)  

Mg6MnO8 

(MGM) 

Li2WO4 

(Li-W) 
20 wt. % Li2WO4 

Na2WO4 

(Na-W) 

10 wt. % Na2WO4 

(6.8 wt. % W basis)[36] 

K2WO4 

(K-W) 

12 wt. % K2WO4 

(6.8 wt. % W basis) 

(Li-Na)2WO4 

(Li-Na-W) 
10 wt. % Li2WO4 + 10 wt. % Na2WO4 

Na2MoO4 (Na-Mo) 
7.6 wt.% Na2MoO4 

(1.7 wt. % Na basis) 

NaVO3 (Na-V 1-1) 
20 wt. % NaVO3 

(3.8 wt. % Na basis) 

Na3VO4 (Na-V 3-1) 20 wt. % Na3VO4 

Na3VO4-Na2WO4 

(75 mol. % Na2WO4, Na-V-W) 

7 wt.% V2O5+10 wt. % Na2WO4 

(3.8 wt. % Na basis) 

Na3VO4-Na2MoO4-Na2WO4 

(75 mol. % Na2WO4, Na-V-Mo-W) 

3.6 wt.% V2O5+2.6 wt.% MoO3+10 wt. % 

Na2WO4 

(3.8 wt. % Na basis) 

 

 

2.2 Ethane ODH experiment 

ODH of ethane was performed in a 1/4” O.D. x 1/8” I.D. U-tube reactor was loaded with 0.5 g 

of catalyst particles. A 16 mesh white alumina grit was loaded on each side to minimize void 



volume and fix the catalyst. In the thermal cracking experiment, the U-tube is filled with the 

alumina grit to maintain a consistent gas hourly space velocity.  

Two-step redox cycle experiments were done to determine the catalysts activities. The redox 

cycle is separated into two steps: (1) during the reduction step, an Alicat mass flow controllers 

(MFCs) was used inject 5 mL of 80 vol. % of ethane (balance Ar) is injected into the U-tube. This 

is followed by 5 minutes of pure Ar gas purge. (2) During the oxidation step, 20 vol. % of O2 

(balance Ar) into the U-tube for 3 minutes to completely regenerate the redox catalyst and remove 

coke. Following the reduction and oxidation steps, pure Ar gas purged the system for 5 minutes 

and 4 minutes, respectively. This is followed by four minutes of pure Ar gas purge until the 

reduction step described in (1). The catalysts have been were tested under six different 

combinations of temperature (800, 825, 850 ºC) and gas hourly space velocity (GHSV=3000 and 

4500 hr-1). 

The products distribution profile was determined by the gas chromatography (GC). The CO2/CO 

and H2 are analyzed by two thermal conductivity detector (He/TCD for CO2/CO and Ar/TCD for 

H2). The hydrocarbons are analyzed by flame ionization detector. Previous study has verified that 

there is no significant coking in the system, so the selectivity and the conversion of hydrocarbon 

is calculated by the carbon mass balance determined by the GC using the same calculation method 

described in the previous literature, the equations for calculating selectivity and conversion are 

shown in Equations 1 and 2, respectively[36]. The hydrogen to water conversion is calculated 

based on the hydrogen balance expected from the GC results. 

𝑆𝐶𝑥𝐻𝑦
=

𝑥𝑁𝐶𝑥𝐻𝑦𝑂𝑧

𝐶𝑂+𝐶𝑂2+∑ 𝑛𝐶𝑛𝐻𝑚
6
1 −2𝐶2𝐻6

× 100%            Equation 1 

𝑋𝐶2𝐻6
= (1 −

2𝑁𝐶2𝐻6

𝐶𝑂+𝐶𝑂2+∑ 𝑛𝐶𝑛𝐻𝑚
6
1

) × 100%           Equation 2 

 



2.3 Catalyst characterization 

To determine the bulk crystalline phases, the as-prepared catalysts were analyzed by powder X-

ray diffraction (XRD), Rigaku SmartLab X-ray diffractometer with Cu Kα (λ = 0.1542 nm) 

radiation operating at 40 kV and 44 mA. All the catalysts were scanned from 10 to 80° (2θ) with 

a step size of 0.1° holding for 3.5 s at each step was used to generate XRD patterns. 

To determine the near-surface elemental composition of the as-prepared samples, X-ray 

photoelectron spectroscopy (XPS) was used. The Kratos Analytical Axis Ultra (monochromated 

Al Kα) was operated at 10mA and 15kV. The results from XPS were analyzed by CasaXPS 

software, and were calibrated with adventitious peak of carbon 1s at 284.8 eV. The estimated 

standard deviations for elemental compositions are ~1%. 

 

3. Results and discussion 

3.1 Characterization of the crystalline phases of the redox catalysts  

CMO and MGM were selected as the core oxides to demonstrate the generalizability of the core-

shell redox catalyst design, because CuO and MnOx based oxides are common options for CL-

combustion (CLC) of carbonaceous fuels such as methane, biomass, coal, and syngas.[50–56]. To 

investigate the effect of different molten salt promoters, we used MGM as the oxide core 

material[32,36,49]. V and Mo based alkali molten salts were chosen, in addition to tungstate salts, 

given their similarities.[57] The structural and catalytic effect of different molten salt promoters 

are elaborated in the following sections. 

Figures 2 and 3 summarize the XRD patterns of the promoted CMO and MGM, respectively. 

As can be seen from Figure 2, the characteristic peaks of CuMn2O4 are observed from all the CMO 

based samples. Compared to the unpromoted samples, promoted samples all show the 

characteristic peaks of Na2WO4. These results, along with our previous study with 



MGM@Na2WO4, further demonstrate that promotion with Na2WO4 would remain as a separate 

phase on different redox oxides without significant ternary phase formation[49]. The observed 

minor phases formed on the catalyst correlates to the Mn: Cu ratio. As the Mn: Cu ratio decreases, 

the minor phase shifts from Mn2O3 and/or Mn2O3 to CuO, a behavior consistent with the phase 

diagram of the Mn-Cu-O system[58]. The effect of these minority phases will be discussed in the 

following sections. 

a. b.

20 30 40 50 60 70 80

 

 

Mn:Cu=4:1

Promoted Mn:Cu=4:1

Mn:Cu=2:1

Promoted Mn:Cu=2:1

Cu1.5Mn1.5O4

Mn2O3

Mn3O4

♠

♠

♠

♠

♦

♠

♠

♠

♠

♣
♣
♣

♣

♣♠ ♣
♠
♣

♦

♦
♣♠
♣

♣

♣
♣

♣

♣

♣♠♣

Mn3O4

Na2WO4

 

Cu1.5Mn1.5O4

Mn2O3

♣
♠
♦

▲

♠♣
♣

♦ ♣
♠ ▲

♣▲
♠
▲♠ ♠

▲
♦

♠
♣

♣♦

 

CuMn2O4

Mn3O4

♦
♣

♦

♦

♦
♦ ♦

♣

♣
♣

♣

♣

♣

♦

♦

♦

♦

♦

♦
♦

♦ ♦

▲

▲

♣

♦

♦♦♣♣ ♣ ♣♣

♦

♦

♣

♦

 

2θ (°)

CuMn2O4

Mn3O4

Na2WO4

♦

▲

▲
▲

♦

♦

♦
♦

♦

♣

♣ ▲
♦

♣

♦ ▲♣♣ ♦♦♣

♣

♣

20 30 40 50 60 70 80

 

 

Mn:Cu=1:1

Promoted Mn:Cu=1:1

Mn:Cu=1:2

Promoted Mn:Cu=1:2

♦

♦

● ♦
●

♦ ♦

● ● ●●

●
♦

♦ ♦

♦
●

● ♦
♦

 

▲

▲
▲

▲

▲

●

●

●
● ●

●

♦ ● ●

♦ ♦
♦♦♦

♦

●
♦
●
♦

♦

♦●

♦●

▲

 

CuMn2O4

CuO

CuMn2O4

CuO

CuMn2O4

CuO

Na2WO4

♦

♦
♦ ♦

●

●
● ● ● ● ●

♦

●
● ● ●●

CuMn2O4

CuO

Na2WO4

♦●♦●
♦
♦♦

 

2θ (°)

● ● ●

♦

♦

♦ ♦♦

♦

♦ ♦♦

♦

♦

●

●
♦

▲

CuMn2O4

CuO

Na2WO4

▲

●
♦

▲

♦♦♦♦♦♦♦♦♦♦♦♦♦♦

●♦♦

●
♦

♦
♦
♦

 

Figure 2. XRD patterns for the promoted and unpromoted CMO samples. 

To validate our strategy with other molten salt promoters, W-, Mo-, V-based alkali metal salts 

and their eutectics on MGM were synthesized and characterized with XRD, as shown in Figure 

3. All of the XRD patterns exhibit the characteristic peaks of MGM. Li-W, Na-W, K-W and Li-

Na-W (eutectic) promoted MGM all indicate the presence of the tungstate phase on the MGM with 



only minor impurity phases (Figure 3a). The XRD pattern of Na-Mo promoted MGM in Figure 

3a also shows Na2MoO4 as a separate phase from MGM. Figure 3b summarizes the XRD patterns 

of MGM promoted with V, V-W, and V-Mo-W mixtures. As expected, 1-1 and 3-1 MGM@Na-

V both indicate the presence of Na3VO4 phase. Similarly, both MGM@Na-V-W compositions (75 

wt. % Na-W and 88 wt. % Na-W) show the formation of Na2WO4. A minor NaV2O5 phase is 

observed for MGM@Na-V-W (75 wt. % Na-W), but no vanadate phase was identified for 

MGM@Na-V-W (88 wt. % Na-W), likely due to the limited amount of V added. The XRD pattern 

of the ternary mixture promoter, MGM@Na-V-Mo-W, reveals the presence of the 

Na2WO4/Na2MoO4 on MGM but not of the vanadate promoter due to its limited loading. The XRD 

results also confirm that limited reactions take place between the redox oxide and promoter phases, 

which is an important finding given that the formation of additional phases can disrupt the desired 

core-shell structure. 
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Figure 3. XRD patterns for the promoted MGM samples. 

 

3.2 Characterization of the surface properties 



 

Figure 4. Near-surface atomic composition (oxygen- and carbon-free basis): a) Alkali metals + 

W/V/Mo in promoted MGM; b) Na+W in Na2WO4 promoted CMOs. Theoretical concentration 

corresponds to the average concentration of the promoter based on the actual loading. The 

estimated standard deviations for elemental compositions are ~1%. 

XPS results in Figures 4a, 4b and Table S2 clearly demonstrate the localization of the promoter 

phase near the surface of the redox catalysts . As can be seen from Figure 4, with the exception of 

MGM@Li2WO4 due to the poor sensitivity of Li in XPS[59], all promoted catalysts show a high 

surface concentration (150% - 700% surface enrichment) of the promoters compared to the average 

concentration based on the actual loading shown in Table 1. Elemental composition of the X-ray 

fluorescence of the selected MGM samples are shown in Table S3, which also indicates that the 

bulk composition of the molten salt is lower than that of the surface concentration, which further 

confirms that the salt are enriched at the surface.. This observation indicates that the molten salt 

promoters are indeed enriched on the surface of the oxide particles and confirms the core-shell 

structures for all the molten-salt-promoted oxides. 
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3.3 Catalyst Design – Redox Oxide Selection 

The feasibility of redox oxide @ molten salt strategy was first demonstrated with a series of 

CuxMnyOz (CMO) redox oxides promoted with Na2WO4. Figures 5a-5d and Table S4 illustrate 

the key performance parameters of CuxMnyOz@Na2WO4 (y:x=4:1,2:1,1:1 and 2:1) at 800-850 ℃ 

and GHSV = 4500 hr-1. The reliability of the data was examined and the maximum standard 

deviations of the selectivity and conversion were ≤1.5% (Tables S4).  As is apparent from Figure 

5a, unlike unpromoted CMO, every Na2WO4-promoted CMO (1.7 wt. % Na basis) exhibited 

significant increases in C2H4 selectivity (~5% → ~90%) and yield (~5% → ~56%), albeit 

moderately lower C2H6 conversions. Figure 5d also indicates that the H2 conversions of the 

promoted CMO series can surpass ~85% at 850 ℃, which would sufficiently support autothermal 

operations for CL-ODH. 

The effect of reaction temperature was also investigated. Figure 5a-5c implies that as 

temperature increases from 800 to 850 ℃, the maximum C2+ selectivity decreases slightly from 

~90% to ~80%. However, the temperature increase boosted C2H6 conversion by up to 17%, which 

in turn improved C2+ olefin yield (up to 58.9%) as shown in Figure 5b. These results further 

confirm that molten salt promoted redox oxides can enhance C2H4 and C2+ yields. CH4 and C3+ 

selectivity also rose slightly, possibly due to the heightened radical formation and thermal cracking 

activities that take place above 800 ℃[7,60–62]. Moreover, as observed in Figure 5c and 5d, the 

temperature increase led to higher H2 conversions but also higher COx selectivity. 



 

Figure 5. Molten-salt-promoted CMOs reaction testing results at 4500 hr-1 and 800, 825 and 850 

℃: a) C2H6 conversion and C2H4 selectivity profiles; b) C2+ olefin yield profiles at 4500 hr-1; c) 

Product selectivity profiles; d) H2 conversion of promoted CMOs. 

The effect of varying the Cu: Mn ratio was also examined. Figures 5c and 5d indicate that as 

the Cu composition increases in the promoted CMO, C2H4 selectivity decreases as H2 and C2H6 

conversions improve. The COx selectivity shown in Figure 6a also corroborates the trend, since 

the Cu composition increases with the increase of COx selectivity. This trend could be explained 
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by the aforementioned change in the XRD patterns due to Mn:Cu ratio changes in Figure 2. XRD 

indicated the presence of CuO as Cu content increases. CuO has a strong tendency to decompose 

and release gaseous oxygen (𝑃𝑂2
= 465 Pa at 850 ℃), which would result in deep oxidation (i.e., 

COx selectivity), higher H2 conversion, and, in turn, higher C2H6 conversion[63–65]. We also note 

that the C2+ yield first reaches a maximum as Mn:Cu ratio shifts from 4:1 to 1:1 at 800 ℃ and 825 

℃ (2:1 in 850 ℃) and then decreases as the Cu:Mn ratio continues to increase, as shown in Figure 

5b. These C2+ yield maxima resulted from the competition between C2H6 conversion increase and 

C2+ selectivity decrease, as discussed earlier. This volcano-shaped behavior also suggests the 

possibility of further tailoring the Mn:Cu ratio of the redox catalyst to optimize C2+ yield. For the 

CMO-based redox catalysts, the equilibrium oxygen partial pressure (PO2) of the oxides correlates 

positively with ethane conversion and negatively with olefin selectivity. Figure 6b also implies 

that the composition of the redox oxide influences the H2 combustion and COx selectivity. To sum 

up, these observations argue that a satisfactory redox oxide should (i) maximize selective H2 

combustion to facilitate ethane conversion and autothermal operation and (ii) minimize COx 

selectivity to reduce unwanted byproducts and emissions. In addition, selected oxide compositions 

should pair synergistically with the operating conditions of the reactor (e.g., temperature and space 

velocity). 
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Figure 6. a) The trend of COx selectivity on Na2WO4 promoted CMO series; b. H2 conversion and 

CO2; b) The relationship between CO2 selectivity and H2 conversion at 850 ℃, 4500 hr-1. 
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Figure 7. Molten salt promoted MGMs at 800, 825 and 850 ℃: a) C2H6 conversion and C2H4 

selectivity profiles at 4500 hr-1
 with error bars; b) C2H6 conversion and C2H4 selectivity profiles at 



1500 hr-1; c) C2+ olefin yield profiles of promoted MGMs at 4500 hr-1; d) H2 conversion profiles 

of promoted MGMs at 4500 hr-1; 

Testing different molten salt promoters on MGM further substantiates the redox oxide @ molten 

salt strategy. Figures 7a-7d and Table S5 highlight the key performance metrics for different 

molten promoters on MGM catalysts at 800-850 ℃ with gas hourly space velocities of 4500 h-1 

and 1500 h-1. The reliability of the data was examined and the maximum standard deviations of 

the selectivity and conversion were ≤1.5% (Table S5). As shown in Figures 7a and 7c, relative to 

that of the thermal cracking blank, all the catalysts (except Li-Na-W and Li-W promoted MGM at 

800 ℃ and 4500 hr-1) exhibit a slightly lower C2+ selectivity. However, the comparative increase 

in the ethane conversion (up to 11.4% absolute basis) leads to a higher C2+ yield in most of the 

cases. On the other hand, when compared to unpromoted MGM (<23% C2+ selectivity), the 

promoted catalysts show up to a 72% increase in C2H4 selectivity. This significant improvement 

in performance leads to a maximum single pass C2+ yield of 60.4% at 850 ℃. 

The effects of space velocity and temperature were also investigated. As can be seen in Figures 

7a and 7b, a lower space velocity leads to lower C2H4 selectivity but higher C2H4 yield. This result 

is expected since lower space velocities generally lead to greater extents of conversion and increase 

sequential oxidation of the C2+ products. The effect of temperature is similar to what is observed 

in the CMO series: as the temperature rises, C2H4 selectivity decreases slightly, but the C2H4 yield 

improves significantly due to increased H2 and C2H6 conversions.  

The effect of different promoters and their mixtures are further examined at 850 ℃. Figure 7a 

and 7c indicate that the tungstate promoters MGM@Li-W and MGM@Na-W both achieve high 

C2H4 selectivity and yield. Their mixture, MGM@Li-Na-W, attained comparable C2H4 and C2+ 

yields as well. This is anticipated, since both MGM@Li-W and MGM@Na-W have a comparable 



C2+ selectivities (90.2% and 94.7%) and C2H6 conversions (64.7% vs 63.7%). Upon adding Mo to 

V- and W-containing promoters, a synergistic effect is observed. As can be seen from Figure 7a 

and 7c, a slight decrease in C2+ yield (~3.5% on an abs. scale) when adding V to Na-W promoter 

to form Na-V-W promoter. However, further addition of Na-Mo to the binary promoter (Na-V-W) 

system increases C2+ yield (~1.4% on an abs. scale). This phenomenon could be attributed to the 

high C2+ yield from the Na-Mo promoter alone, which positively affects the C2+ yield in the 

promoter mixture. It is also noted that the C2H4 selectivity is higher for the Na-V-W-Mo promoter 

when compared to Na-V and Na-Mo promoters. 

 

Figure 8. MGM@molten salt COx selectivity profile at 800-850 ℃, 4500 hr-1 



This synergistic effect was also observed in the context of H2 conversion and COx selectivity. 

As can be inferred from Figure 7d, among the tungstate promoters, K2WO4 (K-W) exhibits the 

highest H2 conversion at 850 ℃, followed by Na-W and Li-W. For the binary molten mixture 

system, adding Na-W to Li-W (i.e. Li-Na-W) results in a ~24% increase in H2 conversion. 

Interestingly, the addition of Na-W to Li-W also decreases the COx selectivity, as shown in Figure 

8, an effect also observed in Mo-, V-, and W-containing samples. A ~16% increase (absolute basis) 

of H2 conversion is observed after supplementing the Na-W promoter with V to form Na-V-W 

promoter (~70% to 86%). This improvement could stem from the addition of Na-V (3-1), a 

promoter that previously demonstrated a high H2 conversion of ~88%. Further addition of Na-Mo 

to the binary promoter (Na-V-W) system also increases H2 conversion, as the Na-Mo promoter 

alone exhibits up to 89.3% H2 conversion. In terms of COx selectivity, Figure 8 shows that the 

COx selectivity of the MGM@Na-V-Mo eutectic is lower than those of both MGM@Na-V and 

MGM@Na-Mo. Adding Na-W to MGM@Na-V-Mo slightly increases the COx selectivity, but the 

COx selectivity remains significantly lower than those of Na-V and Na-Mo alone. From both of 

the tungstate cases and the V/W/Mo mixture cases, it can be concluded combinations of different 

molten salts can result in both a lower COx selectivity and a higher H2 conversion. These attributes 

can benefit the overall CL-ODH scheme.  

The COx selectivity and the H2 conversion of MGM@Li-W differs significantly from other W-

promoted MGM. The COx selectivity of MGM@Li-W was 5%, which is ~150% (relative basis) 

higher than those of other W-promoted MGM (~2%). The H2 conversion of MGM@Li-W was 

41.6%, which is 30~50% (absolute basis) lower than the average H2 conversion of W-promoted 

catalysts. Figure 9 further indicates that the amounts of lattice oxygen donated from Li2WO4-

containing samples (i.e. Li-W, Li-Na-W) are up to 69% lower than non-Li containing catalysts, 



using Equation S1 and S2.  These results reveal that Li2WO4 does not effectively promote 

selective H2 conversion or ethylene production. 

 

Figure 9. Lattice oxygen donation (mL O2/g catalyst) of the promoted MGM samples at 4500 hr-

1, 850 ℃. 

3.5 Potential Redox Catalyst Optimizations 

The data presented above also demonstrate that the C2+ selectivity is inversely proportional to 

the CO2 selectivity. Figure 10a summarizes the selectivity data of both promoted and unpromoted 

MGMs and CMOs at >80% H2 conversion. From this figure, we see that increase in H2 conversion 

corresponds to decreasing C2+ selectivity and increasing COx selectivity. Both Figures 10a and 

S4a imply that competition exists between H2 combustion and ethylene combustion. In other 

words, reducing the concentration of H2 promotes non-selective combustion of the olefin products 

by the redox catalyst. Additionally, shown in Figure S1a, when H2 conversion falls below 80%, 
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both CO2 and C2+ selectivity stay relatively stable at <10% and >90%, respectively. Figure S1b 

also shows that the CH4 selectivity stays below 4.6% regardless of the H2 conversion. Further 

comparisons between 4500 hr-1 and 1500 hr-1 using tungstate-containing promoted MGM are 

provided in Figure 10b. Although the R2 values of the fitted curves in Figure 10b were less than 

ideal, the slopes of the curves are significantly different statistically (at 4500 hr-1 slope = -0.09, at 

1500 hr-1 slope = -0.23, see Table S5 for the statistical test result). This discrepancy suggests that 

as conversion increases, a higher space velocity should result in higher C2+ selectivity and, 

consequently, a higher C2+ yield. Figures 10c summarizes the performance of tungstate-containing 

promoted MGMs and CMOs, respectively. Again, a significant difference between the slopes is 

observed (MGM slope = -0.09, CMO slope = -0.31; see Table S6 for the statistical test result). 

This implies that tungstate-promoted MGMs result in higher C2+ selectivities than tungstate-

promoted CMOs, due to higher COx selectivities of the former. This corroborates well with the 

discussions in the previous sections. Tables S6 and S7 provide the key statistics for the linear fit 

of the C2+ selectivity and C2+ yield for each catalyst. Table S6 and S7 also indicate that, excluding 

MGM@Na-V (3-1), all of the MGM catalysts have less negative slopes than that of CMO, which 

confirms that the MGM redox catalysts perform better than that of CMO in terms of the C2+ 

selectivity and C2+ yield. Both tables indicate that MGM@Li-Na-W have the potential to reach 

optimal C2+ yield when the conversion increases. Figure 10d shows the general trend for C2+ yield, 

with the C2+ yield performance data of MGMs fitted together using both a linear and sigmoidal 

model and the performance data of CMOs fitted with a sigmoidal model. Detailed parameters and 

key statistics are provided in Table S8. All models fit well (R2 > 0.9). We predict that further 

optimization would result in the expected yield shown in the shaded region of Figure 10d. This 

prediction indicated that it is possible to further optimize the C2+ yield to 78.2 – 86.7%. These 



analyses indicate that further increase in single-pass olefin yield would be possible by simply 

optimizing the operating conditions with the redox catalysts reported in this study. Given the 

flexibility and generalizability of the core-shell redox catalyst system, further tailoring the redox 

oxide @ molten salt compositions to minimize COx without increasing CH4 selectivity is also 

likely. 

 



Figure 10. a) C2+ selectivity and CO2 selectivity vs H2 conversion at GHSV=4500 hr-1; b) C2+ 

selectivity of tungstate-promoted MGMs at GHSV=4500 hr-1, 1500 hr-1 and 800, 825, and 850 ℃. 

c) C2+ selectivity of tungstate-promoted MGMs and CMOs at GHSV=4500 hr-1; d) Linear fit 

(black) and sigmoidal fit (blue) of all promoted MGMs, and sigmoidal fit (red) of all CMO 

performance data at different temperature and space velocities (1500 and 4500 hr-1). The blue 

region highlights the anticipated yield with the better performing redox catalysts (i.e. 88% 

conversion, 73.9% yield to 100% conversion, 86.7% yield). The red region highlights the 

anticipated yield with the less effective redox catalysts (i.e. 88% conversion, 57.6% yield to 100% 

conversion, 78.2% yield) 

4. Conclusion 

The present study demonstrates a redox oxide @ molten salt core-shell architecture as a 

generalized redox catalyst design strategy for chemical looping – oxidative dehydrogenation of 

ethane. XPS data collected on all 17 redox catalyst samples with different oxide and molten salt 

combinations confirmed that the molten salt promoters aggregate at the outer surface of the oxide, 

forming a core-shell structure. XRD results further confirmed that the promoter salts and core 

oxides are fully compatible by forming separate phases without significant chemical interactions. 

Catalyst performance tests with CMO@Na2WO4 indicated that a higher Cu content leads to higher 

C2H6 conversion but also increases CO2 selectivity. This highlights the importance to optimize the 

redox properties of the core oxides to maximize the C2+ yield. For the MGM-based redox catalysts, 

we reported a synergistic effect for molten salt mixtures: combination of different molten salts can 

further enhance the C2+ yield, increase the H2 conversion, and decrease the CO2 selectivity. Up to 

74% single pass yield of C2+ olefins was demonstrated, along with low COx selectivity. Statistical 

fitting of the performance data for the various redox catalyst compositions indicate that 78.2 – 



86.7% single pass olefin yield can potentially be achieved by optimizing the operating conditions 

(e.g. higher operating temperature coupled with higher space velocity). The generalizability of the 

core-shell redox catalyst design strategy also offers exciting opportunities to further optimize the 

composition and performance of the redox catalysts in the context of CL-ODH. 
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