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A B S T R A C T   

Oxidative dehydrogenation (ODH) of propane offers an attractive and feasible method for increasing propylene 
production to meet the growing demand. In this study, a dual phase catalyst composed of proton conducting 
SrCe0.95Yb0.05O3 (SCY) and mixed oxygen ionic and electronic conducting (La0.8Sr0.2)0.95MnO3 (LSM) has been 
investigated for propane ODH. TPD-DRIFTS was used to study H2O adsorption and the presence of basic lattice 
oxygen on the surface of SCY. The addition of 40 wt% SCY to LSM resulted in significant improvements in 
propane conversion and olefin selectivity. These enhancements were likely due to the highly basic nature of the 
SCY surface by helping rapid desorption of propylene resulting in high propylene yields. In addition, proton 
conductive SCY facilitated the proton abstraction from propane and its transport to the interface between SCY 
and LSM where an oxidation reaction occurs. It was demonstrated by TPrxn experiments using C3H8 and C3H6 
that a moderate oxygen ionic conductivity and a basic surface of the catalyst are needed for the selective con
version of propane to olefins.   

1. Introduction 

Ethylene and propylene are the most widely used raw materials in 
the petrochemical industry [1]. Most of these olefins are produced 
through steam cracking of naphtha and heavy oils at high temperatures 
[2,3]. However, this conventional method is energy intensive and pro
duces unwanted byproducts such as methane, hydrogen, NOx, and COx, 
leading to lower olefin selectivity. Furthermore, propylene is merely a 
byproduct of steam cracking, whereas ethylene is the main olefin 
product [3]. This imbalance between propylene supply and demand has 
spurred interest in propylene production. 

One potential solution is the catalytic dehydrogenation (DH) of 
propane, which involves the removal of two hydrogen atoms from 
propane to produce propylene:  

C3H8 ↔ C3H6 + H2                                                                         (1) 

However, this reaction is endothermic and has thermodynamic 
limitations that restrict propane conversion [2,4]. An alternative 
approach is oxidative dehydrogenation (ODH), where the H2 molecule 

formed during DH is removed by converting it to H2O with an oxidant 
[2,4,5].  

C3H8 + 0⋅5 O2 ↔ C3H6 + H2O                                                         (2) 

ODH is exothermic and requires lower operating temperatures 
compared to DH, which minimizes side reactions. Traditionally, ODH is 
performed in a fixed bed reactor with co-feeding of propane and oxygen. 
However, this can lead to lower propylene selectivity due to the reaction 
of propylene with gas phase oxygen to produce carbon oxides. To 
improve selectivity, researchers have explored alternative oxidants [6, 
7] and halide catalyst promoters [8–14], as well as new reactor designs 
with short contact times between reactants/products and the catalyst 
surface [15–17]. A solid oxide electrocatalytic cell (SOEC) offers the 
potential for improved selectivity by enabling the control of oxygen ion 
flux to the reaction medium via external current/voltage application 
[18]. 

Perovskite-type mixed metal oxides, with their ABO3-type crystal 
structure, are mixed ionic-electronic conductors (MIECs) with excellent 
redox properties, tunable oxygen ion accessibility, high stability, 
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resistance to coke formation, and easily tunable surface properties such 
as acidity/basicity [19–24]. ODH of alkanes on perovskite oxides fol
lows the Mars van Krevelen (MvK) reaction mechanism, which involves 
C–H bond activation with lattice oxygen [22]. 

High-temperature solid state proton conductors have been studied 
since the discovery of proton conductivity in barium and strontium 
cerate-based materials in the 1980′s [25]. Materials based on BaZrO3, 
BaCeO3, SrZrO3 and SrCeO3 have now been widely accepted as 
high-temperature proton conductors [26–30]. When an alkane adsorbs 
on the surface of these materials, a hydrogen atom can potentially be 
abstracted by an adjacent lattice oxygen to form an OH– ion. The proton 
can then migrate through the oxide ions, giving the perovskite protonic 
conductivity. 

In this study, a dual phase composite material composed of a cerate 
proton conductor with the formula SrCe0.95Yb0.05O3 (SCY) and mixed 
electronic and oxygen ionic conductor (MIEC) (La0.8Sr0.2)0.95MnO3 
(LSM) was investigated as an anode catalyst for electrocatalytic propane 
ODH. A schematic illustration of the process can be found in Fig. 1. The 
presence of basic lattice oxygen on the surface of SCY was found to be 
crucial for the selective conversion of propane to olefins. Moreover, the 
dual phase catalyst effectively improved propane ODH by facilitating 
the abstraction of protons and their transfer to the interface between 
SCY and LSM. 

2. Experiments 

2.1. Preparation of catalysts 

Citric acid-ethylenediaminetetraacetic acid (EDTA) complexation 
method was used to prepare SrCe0.95Yb0.05O3 (SCY). Stoichiometric 
amounts of strontium carbonate (Sr(CO3)2), cerium nitrate hexahydrate 
(Ce(NO3)•6 H2O) were dissolved in 100 ml of deionized water. EDTA 
and citric acid at 1:1 ratio to the total metal ions were added to the 
solution at room temperature. At 60 ◦C, ammonium hydroxide was 
added to the solution to stabilize the pH at 6. The solution was heated to 
80 ◦C, maintaining a pH of 6. Afterward, the gel formed was dried at 
150 ◦C. Crystalline SCY was obtained by calcining the dried powders for 
2 h at 1000 ◦C. (La0.8Sr0.2)0.95MnO3 was purchased from Nextech Ma
terials. LSM and SCY were mixed at different weight ratios 
((LSM)x(SCY)(10–x), (x = 0,2,4,6,8)). 

2.2. Evaluation of electrocatalytic performance 

A button cell was fabricated using a screen-printing technique on a 
commercial yttria-stabilized zirconia (YSZ) electrolyte (25 mm in 
diameter, 125 µm in thickness; Nextech Materials). A slurry mixture of 
SCY and LSM at different weight ratios was screen-printed on the anode 
side. LSM-YSZ was also screen-printed onto the cathode side and then 
fired at 1200 ◦C for 2 h. Gold paste was used to attach the current col
lectors (silver wires) on both electrodes. 5ccm of 10 % C3H8/He was 
flowed into the anode chamber and cathode side was open to air. The 
electrochemical impedance spectrum (EIS) was collected with fre
quencies ranging from 1 MHz to 10 mHz using a potentiostat (BioLogic). 
The gas products were quantified using a pulse discharge helium ioni
zation detector (PDHID) and a flame ionization detector (FID) in an on- 
line gas chromatograph (Shimadzu 2014). 

2.3. Material characterization 

Bruker D8 Lead X-ray powder diffractometer equipped with Cu Kα X- 
ray source was used to measure the X-ray diffraction patterns. The 
voltage and current in the generator were 40 kV and 40 mA, respec
tively. The 2θ scan range was 20–60◦ and the step size was 0.014◦ per 
0.5 s 

An MKS Cirrus mass spectrometer was used to analyze the effluent 
produced during the temperature-programmed experiments under 
30ccm of 5 % H2/N2, 1 % H2O/He, 10 % C3H8/He, or 10 % C3H6/He. 
These experiments were conducted by packing catalyst powders into a 
quartz reactor and heated with a ramp rate of 10 ◦C min–1. All the 
samples were pretreated with 10 % O2/He up to 1000 ◦C before 
temperature-programmed experiment. 

Thermoelectron Nicolet 6700 FTIR equipped with an MCT detector 
was used to collect temperature-programmed desorption (TPD) -diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS) data. 
Helium pretreatment of the samples at 450 ◦C was performed to desorb 
any surface adsorbed species. The background spectra were acquired 
during a cooling process from 450 ◦C to 50 ◦C, following the pretreat
ment. DRIFTS spectra were collected during a heating process under 
helium after exposing the samples to H2O or CO2 at 50 ◦C. The DRIFTS 
spectra were plotted by subtracting the background spectra from probe 
molecules absorbed spectra at the corresponding temperatures. 

X-ray Absorption Near Edge Spectroscopy (XANES) was performed 
on the catalyst powders at Sector 10-BM of the Materials Research 
Collaborative Access Team (MRCAT) at the Advanced Photon Source 
(APS, Argonne National Laboratory). Athena software was used to 
process the collected data [31]. 

Electrical conductivity of catalyst samples was carried out on pellets 
formed by compressing the powder in a hydraulic press, followed by 
sintering at 1300 ◦C for 5 h. Four gold wires were connected to four 
points on the pellet using gold paste. A Keithley 6220 current source was 
connected to the two leads for current application and Keithley 6182 
sensitive nanovoltmeter was connected to the other two leads to mea
sure the corresponding voltages. 

3. Results and discussions 

3.1. Structural analysis 

The crystalline structure of SCY and LSM was studied using X-ray 
diffraction (XRD) technique. Fig. 2 shows XRD patterns of the powder 
materials before and after the thermochemical treatment with 5 % H2/ 
N2 at 850 ◦C for 2 h. The as-prepared LSM powder had a rhombohedral 
perovskite crystal structure with no impurities [32]. The XRD pattern of 
SCY showed a distorted orthorhombic perovskite structure with a space 
group Pbnm, which transformed to cubic symmetry when heated to 
850 ◦C [33]. Both perovskite materials showed an excellent thermo
chemical stability, with intact XRD patterns, although SCY showed a 

Fig. 1. Schematic illustration of electrocatalytic propane ODH on the dual 
phase anode catalyst consisting of LSM and SCY. 
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slight shift towards lower 2θ values, possibly due to unit cell expansion. 
Temperature-programmed reduction (TPR) was conducted under 

30ccm of 5 % H2/N2 by monitoring H2O signal (m/z = 18). In Fig. 3, 
LSM showed two distinct peaks, while SCY did not have a noticeable 
peak. The first peak on the TPR curve of LSM is attributed to the 
reduction of Mn4+ to Mn3+ and the formation of oxygen vacancies, and 
the second peak to the reduction of Mn3+ to Mn2+ [34]. The TPR results 
of SCY are in alignment with literature, which suggested that only a 
minimal proportion, approximately 1 %, of cerium ions undergo 
reduction to the trivalent state [35]. The high reducibility of LSM sug
gests that it has a higher oxide ion conductivity, potentially leading to 
complete oxidation of propane or propylene to COx. 

3.2. TPD-DRIFTS analysis 

An analysis of the acidic/basic surface characteristics of the SCY and 
LSM was performed using TPD-DRIFTS. CO2 is known as a probe 

molecule for the basic sites on metal oxides. In metal oxides, Lewis basic 
sites are commonly found as basic hydroxyl groups or surface lattice 
oxygens. The interaction of CO2 with basic OH groups or surface oxygen 
groups may lead to the formation of bicarbonates and other carbonates, 
respectively. In Fig. 4(a), on the SCY surface, CO2 adsorption led to the 
formation of various surface species, including bicarbonates (1610 cm–1 

and 1212 cm–1) and carbonates (1025–1060 cm–1, 1295 cm–1, 
1575 cm–1, and 1672 cm–1) [36,37]. On the SCY surface, both bicar
bonate and carbonate vibrations suggest that both OH– and lattice ox
ygen sites are present, and the persistence of the corresponding bands 
even at elevated temperatures indicates a strong basicity. It has been 
found that an increase in surface basicity leads to an enhancement in the 
desorption of alkenes, resulting in improved selectivity [38,39]. 
Therefore, the presence of basic lattice oxygen on the surface of SCY as 
shown by TPD-DRIFTS of CO2 suggests SCY as a potential catalyst for 
propane ODH. However, the bicarbonate and carbonate bands were 
absent on the spectra for LSM, which indicates extremely weak basicity 
of the LSM surface (Fig. S1(a)). 

Water adsorption and hydroxyl group formation are crucial charac
teristics for proton conductive materials since hydroxyl ions provide the 
“hopping” sites for protons [33]. For water to dissociate, oxygen va
cancies are necessary as indicated by the following Kröger-Vink’s 
equation: 

H2O + V••
O + OX

O ↔ 2OH• (3) 

TPD-DRIFTS were used to investigate the adsorption of water on the 
surface of SCY. The broad band between 3000 cm–1 and 3700 cm–1 is 
corresponding to the stretch modes of hydrogen-bonded –OH in Fig. 4 
(b). The broad nature of the band results from hydrogen bonds between 
water molecules. The sharp peak at 1630 cm–1 is attributed to H2O 
bending vibration of residual adsorbed water [40,41]. When hydrogen 
bonds are formed, water molecules vibrate at a frequency higher than 
that of freely rotating water, which has a 1595 cm–1 frequency. 
Considering the peak found at 1630 cm–1, water molecules are likely to 
form dimeric or polymeric hydrogen bonds on the SCY surface. How
ever, no such peak was seen on the surface of LSM in Fig. S1(b). 

H2O adsorption was also investigated using mass spectroscopy by 
monitoring H2O signal (m/z = 18) while heating SCY and LSM powders 
under He. Fig. 5(a) shows the H2O desorption profiles on SCY and LSM 
powders treated with H2O at room temperature. The desorption of water 
molecules began at around 100 ◦C on both samples, but the amount of 
water desorbed on SCY was much greater than that on LSM. This 
desorption may be attributed to the water molecules physically adsor
bed on the surface of the catalysts. A further water desorption peak was 
observed only on SCY at temperatures above 400 ◦C. It can be hypoth
esized that the water molecules have chemically bonded to the SCY since 
the desorption temperature is greater than 400 ◦C. Moreover, it is likely 
that the desorbed water above 400 ◦C originated from the perovskite 
lattice as OH• in Eq. 3, considering the massive amount of evolution. 
Fig. 5(b) shows the result of further investigation under continuous 1 % 
H2O/He flow through the SCY and LSM catalyst beds at elevated tem
peratures. H2O adsorption was performed at 400 ◦C until the H2O signal 
is stabilized to saturate the samples and then, the samples were heated 
up to 600 ◦C. When the temperature was increased, H2O signal 
increased only on SCY. Since the starting temperature was at 400 ◦C, the 
adsorbed amount of water on the catalysts surface would be minimal. 
Therefore, the increased H2O signal upon increasing temperature is 
likely due to the water molecules being evolved from the perovskite 
lattice, indicative of the high proton conductivity of SCY. It is expected 
that the proton conductive nature of the SCY would assist in transporting 
hydrogen atoms that have been abstracted from propane to the interface 
between the SCY and the LSM, where the oxidation reaction occurs, 
resulting in the production of water. 

Fig. 2. XRD patterns of SCY and LSM before and after reduction.  

Fig. 3. TPR profiles of SCY and LSM under 30 ccm of 5 % H2/N2 at a ramp rate 
of 10 ◦C min−1. 
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Fig. 4. TPD-DRIFTS of CO2 and H2O on SCY.  

Fig. 5. (a) TPD of H2O under He, (b) evolution of H2O on heating from 400 ◦C to 600 ◦C under 1 % H2O/He flow.  

Fig. 6. (a) XANES spectra of Ce L3 edge and (b) deconvoluted spectra, (c) XANES spectra of Mn K edge and (d) approximated oxidation state of Mn.  
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3.3. Investigation of elemental oxidation state 

Fig. 6 shows the normalized Ce L3 edge XANES spectra of SCY and 
Mn K edge of LSM along with the standard compounds. The edge energy 
of Ce L3 edge of as-calcined SCY powders was measured as 5725.5 eV in 
Fig. 6(a), which was between Ce3+ (5719.6 eV) on Ce(NO3)3 and Ce4+

(5728.0 eV) on CeO2. The Ce L3 edge energy of SCY reduced at 600 ◦C 
under 5 % H2/N2 for 2 h (SCY red 600 ◦C) was 5725.4 eV. It shifted to a 
lower energy, 5725.2 eV, after the reduction at 850 ◦C (SCY red 850 ◦C). 
The XANES spectra of Ce L3 edge of SCY samples were deconvoluted as 
shown in Fig. 6(b). The estimated oxidation states of Ce ions in SCY 
perovskites decrease from 3.84 to 3.82 and to 3.81 following the 
reduction at 600 ◦C and 850 ◦C, respectively. The lower than expected 
oxidation state of Ce (4 +) in the as-synthesized SCY suggests the 
presence of oxygen vacancies, which may be caused by the addition of 
doped Yb ions [42]. In view of such minimal changes in the oxidate 
state, SCY is considered to have moderate oxygen accessibility, which 
prevents complete oxidation of propane or propylene to COx. 

The Mn K edge energy of as-calcined LSM was found as 6552.97 eV 
which is very close to that of Mn2O3, 6553.0 eV. The edge energy 
slightly decreased to 6552.4 eV after reduction at 600 ◦C (LSM red 
600 ◦C). It further shifted to 6549.7 eV after the reduction at 850 ◦C 
(LSM red 850 ◦C). The oxidation state of Mn ions estimated by a linear 
fitting decreased from 3.1 to 2.33 as shown in Fig. 6(d). Since the redox 
behavior of B-site ions is related to catalytic activity, LSM perovskites 
have high oxygen accessibility, resulting in complete oxidation of pro
pane and propylene to COx [43]. 

3.4. Electrical conductivity 

Electrical conductivity was measured using the four-probe van der 
Pauw method at a temperature range of 25 ◦C–600 ◦C for LSM and 
mixtures of LSM and SCY as shown in Fig. 7(a). LSM has a high con
ductivity, ranging between 39 S cm–1 and 153 S cm–1 in the measured 
temperature range. SCY, on the other hand, is an electrically insulating 
material. It is therefore necessary to mix it with electrically conductive 
LSM to serve as an electrode. Increasing amounts of LSM were found to 
result in increased conductivity for the SCY and LSM composite mix
tures. The electrical conductivity of (LSM)6(SCY)4 was measured to be 
10.3 S cm–1 at 600 ◦C, which is above the generally acceptable level of 
conductivity of 10 S cm–1 for densified electrode materials in SOEC/ 
SOFC applications [44]. The electrical conductivity followed a linear 
Arrhenius relationship over the entire temperature range (Fig. 7(b)), 
indicating that LSM and the mixtures of LSM and SCY follow a small 
polaron conduction mechanism [45]. An activation energy of 0.12 eV 
was measured for LSM, which is consistent with literature [45]. The 
activation energy of the electrical conductivity of the LSM and SCY 
composite increased from 0.11 to 0.25 eV with increasing contents of 
SCY. 

3.5. Electrocatalytic performance for propane ODH 

The electrocatalytic performance of dual phase LSM and SCY catalyst 
anodes was investigated for propane ODH with 5 ccm of 10 % C3H8/He 
at 600 ◦C. The SEM images of LSM and (LSM)6(SCY)4 after densification 
at 1200 ◦C are presented in Fig. S2. The (LSM)6(SCY)4 exhibits smaller 
particles size compared to LSM, which may be due to the higher tem
perature requirement for densification of SCY. Both electrodes were 
densified to an adequate level, ensuring good mixed ionic and electric 
conductivity. The electrocatalytic propane conversion and propylene 
selectivity were obtained under 10 mA of applied current on the dual 
phase catalysts at different ratios. SCY could not be evaluated as an 
electrode material because it does not have adequate electrical con
ductivity. Propane conversion under open-circuit voltage (OCV) was 6.7 
% on LSM but less than 3 % for the LSM-SCY composite catalysts at 
600 ◦C. This is because propane is readily activated by oxygen and LSM 

has high oxygen ionic conductivity, which facilitates oxygen transport to 
the anode surface even under OCV. To assess the effect of electro
catalysis, the electrocatalytic conversion of propane was calculated as 
the propane conversion under closed-circuit subtracted by the propane 
conversion under OCV. 

The electrocatalytic propane conversion is shown as red circles in  
Fig. 8 increased from 3.5 % on LSM to 8.1 % on (LSM)2(SCY)8. This is 
likely due to the ability of SCY to activate propane and facilitate the 

Fig. 7. Electrical conductivity measurement on the mixtures of LSM and SCY at 
different weight ratios. 

Fig. 8. Electrocatalytic performance for propane ODH on the dual phase LSM 
and SCY catalyst anodes at different weight ratios under 10 mA at 600 ◦C. 
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hydrogen atom abstraction [46]. Specifically, a proton is abstracted 
from propane molecule, leaving a propyl anion on the SCY surface. 
Then, a hydride ion is removed from the propyl anion releasing pro
pylene. When two electrons are removed from the hydride ion, a proton 
is formed. Since this is an electrocatalytic reaction, it is expected that a 
higher current density would lead to higher propane conversion. In 
addition, the electrochemical environment on the anode promotes the 
oxidation of the hydride ions to protons, hence preventing them from 
being released to the reaction environment as H2. This, in turn, sup
presses the reverse of the non-oxidative dehydrogenation (i.e., hydro
genation reaction). This may also contribute to the increased propane 
conversion with increasing current densities. Increasing SCY ratios led 
to a substantial decrease in COx selectivity, from 19.5 % to 7.9 %, as well 
as an increase in olefin selectivity including propylene and ethylene, 
with a combined selectivity from 52.7 % to 55.8 %. The high basicity of 
the SCY surface may explain the enhanced olefin selectivity and lowered 
COx selectivity. When propane adsorbs on the surface of SCY, C–H bond 
activation and hydrogen abstraction take place, producing propylene. 
Propylene adsorbed on the basic SCY surface can readily desorb, leading 
to high propylene selectivity. The proton conductivity of SCY can also 
contribute to decreasing the rehydrogenation reaction rate, as the 
H-atom abstracted from propane is transported to the interface between 
SCY and LSM, where oxidation reaction takes place to produce water. 

In Fig. 9, the electrocatalytic performances of (LSM)6(SCY)4 and LSM 
were compared under different applied currents at 600 ◦C. With the 
increase in applied current from 5 mA to 20 mA, the propane conversion 
increased about 3 times from 3.7 % to 11.3 % on (LSM)6(SCY)4, while 
the increase was about 2 times on LSM from 3.5 % to 7.2 %. The 
selectivity did not change much with increased current, however, higher 
currents resulted in greater olefin yields on (LSM)6(SCY)4 compared to 
those on LSM as shown in Fig. 9(c). The fact that product selectivity 
remains unchanged, while the propane conversion increases with 
increasing current, suggests that the first dehydrogenation of propane is 
electrocatalytically initiated, while subsequent steps, such as desorption 
of propylene gas or cracking to ethylene and methane, are independent 
of the electrochemical process. As a result, the increase of carbon oxides 
selectivity was not significant with the increase in current. This differs 
from ODH in thermal catalysis where the rate was reported to be inde
pendent of oxygen partial pressure. Also, in thermal catalysis, olefin 
selectivity always decreases with increasing conversion. The fact that 
the selectivity remained essentially constant with increasing conversion 
in this study signals different mechanisms being in operation in elec
trocatalysis and thermal catalysis ODH reactions [47]. 

The cell voltage of (LSM)6(SCY)4 and LSM electrodes were measured 
for 3 h under during electrocatalytic propane ODH reaction at 600 ◦C 
(Fig. 10(a,b)). The cell voltage of (LSM)6(SCY)4 ranged between 0.68 V 
and 1.33 V for propane ODH and appeared to be stable for 3 h. On the 
other hand, the cell voltage of LSM anode was not stable and exhibited 
an increase for the three applied current values. Specifically, the cell 
voltage increased from 0.61 V to 0.74 V at 20 mA. Electrochemical 
impedance spectra (EIS) were obtained on (LSM)6(SCY)4 and LSM for 
propane ODH (Fig. 10(c,d)). The ohmic resistance at the X-axis intercept 
at high frequency, was measured as 15 Ω cm2 on (LSM)6(SCY)4, which 
was higher than that on LSM, at 11 Ω cm2. Given that ohmic resistance is 
attributed to electrolyte, current collector, and contact resistance be
tween electrode and current collector, the higher resistance on 
(LSM)6(SCY)4 is likely due to the contact resistance between 
(LSM)6(SCY)4 and current collector [48]. (LSM)6(SCY)4 has 40 wt% 
electrically insulting SCY, which may result in an increase in contact 
resistance between the electrode and the current collector. 
(LSM)6(SCY)4 also had a higher polarization resistance than LSM 
because of its lower electrical conductivity. However, on (LSM)6(SCY)4, 
polarization resistance decreased significantly with increasing applied 
current, which indicates propane ODH is electrocatalytically activated. 
On the other hand, the polarization resistance on LSM remained almost 
the same as the current increased. 

3.6. Temperature-programmed reactions 

The activation of propane and propylene on SCY and LSM catalysts 
was investigated using the temperature-programmed reaction (TPrxn) 
technique. Fig. 11 shows the evolution of main products such as pro
pylene, CO, and CO2 throughout the TPrxn process. It should be noted 
that lattice oxygen in the structure of SCY and LSM perovskite oxides 
was the only oxygen source used in this set of experiments. Compared to 
SCY, peaks corresponding to CO and CO2 were much larger on LSM, 
showing that propane is oxidized to COx more readily on LSM. The ratios 
of propylene-to-COx were calculated based on the area under the curves 
for the two electrocatalytic materials. The propylene-to-COx ratio on 
SCY was 2.0 which was much higher than 0.3 on LSM, indicating higher 
propylene selectivity of SCY over COx. Moreover, TPrxn under propyl
ene was conducted on SCY and LSM by monitoring CO2 signal (m/ 
z = 44) in Fig. 11(c). An intense CO2 peak was observed on LSM catalyst 

Fig. 9. Electrocatalytic performance for propane ODH on (a) (LSM)6(SCY)4 and 
(b) LSM under different currents, and (c) corresponding olefins yields. 
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starting 400 ◦C while a minimal peak was detected on SCY at 700 ◦C. It 
is due to the highly basic surface of SCY that provides a fast desorption of 
propylene before further oxidation to COx as well as the moderate ox
ygen mobility of SCY. Therefore, for better propylene selectivity, the 
catalytic/electrocatalytic material should have a moderate oxygen 

accessibility to prevent complete combustion of propylene, and high 
proton accessibility to selectively activate propane in favor of propylene. 

Fig. 10. Cell voltage for the electrocatalytic propane ODH for 3 h on (a) (LSM)6(SCY)4 and (b) LSM at 600 ◦C. Electrochemical impedance spectra for propane ODH 
on (c) (LSM)6(SCY)4 and (d) LSM. 

Fig. 11. TPrxn on (a) LSM and (b) SCY under 10 % C3H8/He by collecting C3H6, CO, and CO2 signals, (c) TPrxn on LSM and SCY under 10 % C3H6/He by monitoring 
CO2 signal. 
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4. Conclusions 

A dual phase catalyst consisting of proton conductive SCY and mixed 
oxygen ionic and electronic conductive LSM was investigated for its 
ability to improve electrocatalytic propane ODH. When 40 wt% of SCY 
was mixed with LSM, the electrocatalytic performance for propane ODH 
improved the electrocatalytic conversion of propane and olefin yields. 
This performance improvement was attributed to the highly basic nature 
of the SCY surface which facilitated the rapid desorption of propylene 
and resulted in high propylene yields. In addition, the proton conductive 
SCY helped the hydrogen abstraction step as well as the transport of 
abstracted hydrogen to the interface between SCY and LSM where an 
oxidation reaction occurs. TPrxn experiments with C3H8 and C3H6 
showed that SCY barely activated propylene while LSM oxidized both 
propane and propylene to COx, indicating that a moderate oxygen ionic 
conductivity and a basic surface of the catalyst are necessary for the 
selective conversion of propane to olefins. 
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