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Protonic solid oxide fuel cells (p-SOFC) integrated with clean thermal energy sources are promising platforms for
decarbonized chemical production in addition to power generation, such as on-purpose propylene production
from propane dehydrogenation (PDH). The catalytic performance of the conventional nickel-cermet-based anode
materials in p-SOFC for propane conversion is restrained by their low active surface area and proneness to cok-
ing. In this work, by integration of a highly efficient industry-relevant thermal catalyst PtGa/ZSM-5 for PDH re-
action, we demonstrate that both the electrochemical and catalytic performance of the propane-fueled p-SOFC
can be effectively enhanced. The PtGa catalyst integrated p-SOFC exhibits a peak power density of 93 mW cm~2
at 600 °C, which is greater by about 100% and 50% than that without catalyst or with a perovskite-based
(Pro4asro.7)o.9Nio41Tio.9o3 (PSNT) catalyst layer, respectively. The PDH activity and olefin selectivity of the PtGa
catalyst is also significantly higher than that of the PSNT catalyst. In addition, much improved coke tolerance and
propylene selectivity (over 90%) compared to the catalyst-free Ni-cermet anode materials were achieved by inte-
grating the industrial catalyst layer. The propane conversion can be further improved by an applied current den-
sity, whereas the olefin selectivity is almost unaltered. The excellent performance of the PtGa catalyst integrated
p-SOFC is attributed to the high surface area, intrinsically high catalytic activity, selectivity, and anti-coking
properties of the catalytic layer for propane conversion. This work provides a general approach and a case study
for boosting the performances of p-SOFCs in chemical production by integrating thermo- and electro- catalysis.

1. Introduction in use nowadays [4,5]. This approach, however, has drawbacks includ-

ing relatively high energy demand, low single-pass conversion limited

Propylene is one of the most important platform chemicals for man-
ufacturing various value added chemical and polymeric products [1-3].
Conventionally, propylene is obtained mainly as a coproduct with eth-
ylene from steam cracking of crude oil in petroleum refining processes,
which is highly energy intensive and significantly contributes to CO
and NOX emissions [2,3]. In recent years, with the shift to ethane crack-
ing as a source for ethylene, which produces no propylene, on-
purpose/distributed technologies are being sought increasingly for
propylene production to meet the rising demand throughout the world
[1]. Non-oxidative catalytic propane dehydrogenation (PDH), usually
operated at around 600-650 °C, is the primary on-purpose technology
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by the thermodynamic equilibrium, and rapid coking-induced deactiva-
tion of the catalysts [4,5].

To address the issues with the PDH technology, electrochemical
membrane reactors based on proton-conducting solid oxide fuel cells
(p-SOFC) have been explored as a novel promising approach for propy-
lene production from propane [6-13]. By conducting PDH reaction in
the p-SOFC, the hydrogen byproduct from the dehydrogenation reac-
tion can be effectively separated from the product stream through the
proton-conducting electrolyte membranes in the form of protons. As a
result, the thermodynamic limitation could be overcome and thus the
single pass propane conversion is no longer equilibrium limited [13]. In
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addition, electric power can be generated via the recombination of the
protons and oxygen on the other side of the cell. Compared with the
conventional hydrocarbon fueled oxygen-ion-conducting SOFC (o-
SOFC) [14-16], there are essentially no CO2 emissions in the power
generation process in p-SOFCs.

The lower operating temperatures of the p-SOFC relative to the o-
SOFC [11,12,17] bring about benefits to the structural stability of the
cell components as well as reduced energy consumption of the reactor
system. Nevertheless, lower temperatures also result in significantly
suppressed kinetics of PDH reaction, which necessitates the develop-
ment of highly active catalysts to compensate the loss in the yield of
olefin products. To date, efficient conversion of alkane to light olefins in
p-SOFCs mainly suffer from low power densities, severe coke deposi-
tion, and complex side reactions on the anodes [12,18-21]. These
drawbacks can be attributed in part to the use of Ni-based anodes,
which have excessive catalytic activity toward hydrocarbon cracking
reactions [4,22]. Stable and efficient cogeneration of electricity and
light olefins have recently been achieved by using a novel Pr and Ni co-
doped SrTiO3 perovskite catalyst with A-site deficiency [19]. Although
good operating stability was achieved in propane fuels, the conversion
and selectivity of propylene at 600 °C was only ~ 6% and ~ 27%, re-
spectively [19]. The performances of perovskite-structured electrocata-
lysts are usually severely limited by their low surface areas, which re-
sult from the typically harsh (>1000 °C) sintering/firing conditions
during catalyst synthesis and cell fabrication processes [18-21]. In con-
trast, the catalysts commonly used in thermal catalytic PDH reaction
are supported on high-surface-area materials, such as silica, alumina,
and zeolites, to maximize the number of active sites on the surface [5].
The direct use of thermal catalysts in SOFC systems, however, has been
usually considered impractical, mainly due to their low electrical con-
ductivities [23-26] thus being incompatible with the electrochemical
environment.

In this work, we demonstrate that high-surface-area heterogeneous
catalysts for thermal catalytic PDH reaction can be directly incorpo-
rated with p-SOFC, serving as a highly efficient electrocatalytic mem-
brane reactor system for cogeneration of propylene and electric power
with both boosted catalytic activity and high electrochemical perfor-
mance. A highly active bimetallic PtGa catalyst supported on ZSM-5
type zeolite was employed for propane conversion. The catalyst-loaded
p-SOFC single cell exhibited a good and stable electrochemical perfor-
mance. Much improved carbon tolerance and propylene selectivity
(over 90%) was obtained with the incorporated catalyst layer on the p-
SOFC. Our work provides a general and facile approach to integrate the
state-of-the-art industry-relevant catalysts directly on the SOFC to co-
generate electricity and various chemicals through different chemical
reactions.

2. Experimental
2.1. Catalyst synthesis

The PtGa/ZSM-5 bimetallic catalysts were synthesized by the incipi-
ent wetness impregnation method using ZSM-5 (CBV 5524G, Si/
Al = 25, surface area 425 m2/g, Zeolyst International) as the support.
Tetraammineplatinum nitrate Pt(NH 3) 4(NO 3) R (99.9%, Alpha Aesar)
and gallium nitrate Ga(N02)3~8H20 (99.999%, Alpha Aesar) were
mixed in an aqueous solution and then added dropwise to ZSM-5 so that
the solutions can fill the pores of the ZSM-5 support. The nominal load-
ing of Pt and Ga is 3 wt%. The mixture was dried in an oven overnight
at 100 °C, then calcined in dry air at 400 °C for 1 h, and finally reduced
by 20% H,/Ar at 700 °C for 1 h. The catalysts were further annealed at
400 °C for 2 h under same flow to enhance alloying.

For comparison, the (Pro.asrw)o.gNio. 1Tio_903 (PSNT) catalyst with
A-site deficiency were prepared using a glycine and citric acid assisted
combustion method similar to that reported previously [19]. Briefly,
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stoichiometric amounts of titanium(IV) isopropoxide C ,H, O, Ti (97%,
Sigma Aldrich), strontium nitrate Sr(NO 3) A (99.995%, Sigma Aldrich),
praseodymium(III) nitrate (99.9%, Pr(NOB) 3-6H2O, Alfa Aesar), and
nickel nitrate (99 + %, Ni(N03)2-6H20, Alfa Aesar) were dissolved in
deionized water under continuous stirring. Then glycine and citric acid
were added as the complexing agents at a molar ratio of metal/glycine/
citric acid = 1/2/2. The solution was heated under stirring until self-
ignition occurred. The as-obtained powders were calcined at 1000 °C
for 2 h to form the perovskite phase structure.
2.2. Powder synthesis for cell fabrication

The Baceo.7zro.1Yo.1Ybo.103-a (BCZYYb) powders used for the elec-
trolyte and anode were prepared by the solid-state reaction method us-
ing stoichiometric amount of precursors including barium carbonate
(Sigma Aldrich, 99%, BaCO 3), zirconium oxide (Alfa Aesar, 99%, ZrOz),
cerium (IV) oxide (Aldrich, 99.9%, CeOz), yttrium (III) oxide (Alfa Ae-
sar, 99.99%, Y20 3), and ytterbium (III) oxide (Alfa Aesar, 99.9%,
Yb 203). The powder was ball milled for 24 h in ethanol, dried for 24 h,
crushed, and calcined at 1100 °C for 10 h. The process was repeated to
form a pure perovskite phase. The PrNi Co O, . (PNC) cathode mate-
rial was synthesized by a modified glycine-citrate combustion method,
where nitric acid and glycine were used as parallel complexing agents
[27]. The precursor solution was prepared by dissolving stoichiometric
amounts of Pr(N03)3~6H20 (99.9%, Alfa Aesar), Ni(NO3)3-6H20
(99 + %, Alfa Aesar), and Co(NO 3) 3-6H 2O (99%, STREM Chemicals) in a
citrate-glycine aqueous solution. Under heating and stirring conditions,
the viscous gel was ignited to obtain the ash that was further calcined at
1000 °C in air for 5 h to form the perovskite structure.

2.3. Characterizations

The morphology and the elemental distribution at the cross-section
of the cells were characterized by field emission scanning electronic mi-
croscopy (SEM JEOL 6700F) combined with energy dispersive X-ray
spectroscopy (EDS) analysis. The microstructure and elemental map-
ping of the catalyst nanoparticles were confirmed by the scanning
transmission electron microscopy (STEM, FEI Tecnai F30) equipped
with EDS. The structure of the catalysts was also examined by the X-ray
powder diffraction analysis (XRD, DBADVANCE/Germany Bruker) with
the 20 ranging from 20° to 80° at a scanning step of 0.02° min-1. The
temperature programmed reduction with H , (H,-TPR) experiments
were performed using the OmniStar gas analysis system (GSD 320 O1).
100 mg of each sample was pretreated at 120 °C for 30 min in a gas
flow (50 mL min-1) of argon, followed by cooling down to room tem-
perature. The reduction was conducted in 10% H 2/Ar (20 mL min-1) by
heating the sample from room temperature to 600 °C at 10 °C min-1
while recording the MS signals of H2 (m/z = 2) and HZO (m/z = 18).

2.4. Electrochemical cell fabrication

Button cells with a configuration of NiO-BCZYYb|BCZYYb|PNC
were fabricated by a standard procedure. Briefly, a mixture of NiO (Alfa
Aesar) and BCZYYb powder (a weight ratio of 60:40) was mixed in
ethanol and toluene using a high-energy ball mill (SPEX, 8000 M) for
20 min. Plasticizers and binders were added and then mixed for another
20 min to obtain a slurry, which was degassed and tape-cast to form
green tapes. After drying overnight, the green tape was punched into 5/
16 in., followed by pre-firing at 950 °C for 2 h forming anode supports
(~0.3 mm thick). Then, a thin layer of BCZYYb (~10 pm) was deposited
on the anode support by a slurry coating process followed by co-firing
at 1400 °C for 4 h. Subsequently, the PNC ink was screen printed onto
the top of the BCZYYD electrolyte and fired at 900 °C for 2 h to form a
porous cathode. The active electrode area for all cells is 0.0176 cm2. To
incorporate the catalyst layer, a slurry containing 20 wt% PtGa/ZSM-5
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or PSNT, 40 wt% 441-thinner, and 40% ethanol was first prepared and
then brush painted on the Ni-BCZYYb anode, followed by drying at
80 °Cfor 1 h.

2.5. Catalyst and cell performance test

The electrochemical cell was fixed in a home-made reactor (Fig. S1).
Silver mesh and silver wire were used as the current collector and leads,
respectively. A thermal couple was placed in the reactor to monitor the
cell temperature. The cell temperature was ramped to 650 °C under a
flow of air (30 mL min-1) and stabilized for 30 min. Then pure H2 with
a flow rate of 10 mL min-! was introduced at the NiO-BCZYYb elec-
trode to reduce NiO to Ni. After reduction, the temperature was low-
ered to 550 °C for the subsequent performance test. At each testing tem-
perature, a sweeping gas of argon was first introduced to the anode to
flush out residual H,, and then the propane gas mixture (C,H/H, /Ar/
= 5/5/40, total flow rate 50 mL min-1) was used as the feed gas. In the
cathode, air was used as the sweeping gas. The measurements were car-
ried out in the frequency range from 0.1 Hz to 1 MHz with a bias volt-
age of 10 mV. To evaluate the electrochemical performance of the cells,
potential-current (I-V) curve and the electrochemical impedance spec-
troscopy (EIS) were recorded using a Solartron 1400 electrochemical
working station after a stable open circuit voltage (OCV) was reached.
The catalytic activity and selectivity were also measured under both
OCV and different discharging or applied current density conditions by
using a gas chromatography (GC, Shimadzu 2010 plus) to analyze the
gas compositions at the exit of the anode side. The conversion of
propane (X _ ) and olefin selectivity (S) were determined by the fol-

- C3HS
lowing equations:

[FC3H8]in — [FC3H8]Uut

X, %) = x 100
C3H8( 0) [FCSHS]in
S(%) = neaps X Feanalow + ncsne X csnelow
Z ni[Fi]uut
x 100

Where i represents the hydrocarbon product in the effluent gas (ex-
cluding propane), n, is the number of carbon atoms of component i, and
[Fi] is the corresponding molar concentration.

3. Results and discussion
3.1. Characterization of catalysts

The XRD patterns of as-prepared and used PtGa/ZSM-5 catalyst (Fig.
S2) showed the typical diffraction features of MFI-type structure. No
diffraction peaks characteristic of metallic Pt or PtGa alloy phases can
be identified before or after reaction, which may be accounted for by
the presence of highly dispersed Pt or PtGa species or very low loading
amount of Pt and Ga. Fig. S3a shows the high-angle annular dark field
STEM image of the PtGa/ZSM-5 catalyst after reduction pretreatment at
700 °C. The bright spots dispersed on the zeolite matrix correspond to
the PtGa alloy particles, which exhibit a relatively wide distribution of
the particle size ranging from sub-nanometer to around 20 nm. The for-
mation of alloy structure between Pt and Ga is evidenced by the ele-
mental mapping results in Fig. S3b and S3c, which clearly shows the
overlapping distribution of these two elements in almost all detectable
nanoparticles. The co-existence of Pt and Ga in the nanoparticles is fur-
ther confirmed by the EDS result shown in Fig. S3d. The STEM-EDS re-
sults of the PtGa catalyst after reaction (Fig. S4) showed that the PtGa
nanoparticle sizes increased to some extent and appeared to become
more homogenous in distribution.

The reduction properties of Pt and Ga species in the catalyst upon
the pretreatment is investigated by the H,-TPR experiment. The reduc-
tion profile of the PtGa/ZSM-5 catalyst in Fig. S5 shows that there are
three major reduction peaks at ca. 242, 384, and 640 °C. To understand
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the reduction process associated with each peak, TPR experiment was
also performed for the monometallic catalysts, namely, Pt/ZSM-5 and
Ga/ZSM-5. Comparing the reduction profiles of these three catalysts re-
veals that the first two low-temperature peaks should originate from the
reduction of both Pt and Ga oxides in close proximity, whereas the high
temperature peak at 640 °C may be attributed to the reduction of segre-
gated Ga oxide particles in strong interaction with the zeolite support
[28].

The crystallite structure of the reference catalyst PSNT was charac-
terized by XRD. The characteristic diffraction peaks in Fig. S6 clearly
indicate the formation of a cubic perovskite phase with Pm3m (2 2 1)
space group (JCPDS card no. 35-0734). A reduction treatment in H2 at
1000 °C for 2 h resulted in no substantial changes to the peak position
except for an increase in the peak intensity. In addition, a small new
peak emerged at 20 = 44.3°, corresponding to the (1 1 1) diffraction of
metallic Ni phase, suggesting the exsolution of Ni0 nanoparticles from
the bulk structure of PSNT. The occurrence of Ni exsolution was further
confirmed by the SEM characterization of PSNT before and after reduc-
tion (Fig. S7), which clearly shows that a large amount of Ni nanoparti-
cles with a homogenous size of about 10-20 nm was generated on the
reduced PSNT surface, in stark contrast to that before reduction treat-
ment. In addition, the almost identical XRD pattern of PSNT after reac-
tion to that of the reduced PSNT suggests that there were negligible fur-
ther changes in the bulk structure under reaction conditions.

3.2. Catalytic performance in PDH reaction

The catalytic performances of both PtGa/ZSM-5 and PSNT catalysts
in PDH reaction were first evaluated in a fixed-bed flow reactor at dif-
ferent temperatures. The propane conversion on PtGa/ZSM-5 catalyst
was 33.1%, 37.5%, and 45.4% at 550, 600, and 650 °C, respectively
(Fig. 1a). In contrast, the PSNT catalyst exhibited significantly lower ac-
tivity by a factor of 2 ~ 3 under the same reaction conditions, with the
corresponding propane conversion of only 10.8%, 13.0%, and 19.6%.
As far as the selectivity is concerned, the olefin product selectivity ap-
pears to be relatively higher on PSNT than that on PtGa/ZSM-5 catalyst,
especially at higher temperatures (Fig. 1b). It should be pointed out,
however, that a reasonable direct comparison of selectivity should be
made at a comparable conversion level. Based on the propane conver-
sion at different temperatures, the apparent activation energies E) of
PDH reaction over different catalysts can be estimated from the Arrhe-
nius plots (Fig. S8), namely, 19.8 kJ mol-1 for PtGa/ZSM-5 and
37.4 kJ mol-1 for PSNT. Apparently, the relatively lower E_on PtGa/
ZSM-5 catalyst should be at least partly responsible for its superior cat-
alytic performance to that on PSNT catalyst. In addition, the greater
value of the intercept in the Arrhenius plot for PtGa/ZSM-5 catalyst also
indicates a higher number of surface active sites than that on the PSNT
catalyst (Fig. S8). Along this line, the distinctly different textural prop-
erties of the two types of catalysts should also be taken into account.
The N, physisorption on the PtGa/ZSM-5 catalyst shows a type I ad-
sorption isotherm and a H4 type hysteresis loop, typical for microp-
orous materials (Fig. S9). The quantity of adsorbed nitrogen slightly de-
creased after reaction, probably due to a partial blockage of the pore
structures by coke formation. The corresponding BET surface area of
the fresh and used PtGa catalyst was measured to be 370 and
355 cm2/g, respectively. In contrast, the N, sorption isotherm of the
PSNT catalyst shows a significantly lower quantity of adsorbed nitrogen
with a BET surface area of 14.6 cm2/g.

The reusability of the PtGa/ZSM-5 catalyst for PDH reaction was
also investigated. A batch of fresh catalyst was first subjected to reac-
tion at 600 °C using a Hz—free propane feed gas to induce more severe
deactivation by coking. After reaction for 20 h, the catalyst activity de-
clined by over 80%, while the propylene selectivity remained constant
at around 75% (Fig. S10). The catalyst was subsequently exposed to air
at the same temperature for 1 h and then back to the reaction condi-
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Fig. 1. Comparison of the catalytic performance between PtGa/ZSM-5 and PSNT catalysts measured in a fixed bed flow reactor at different temperatures: (a)
propane conversion and (b) olefin (propylene and ethylene) selectivity. Reaction conditions: 100 mg catalyst, C 3H s/Hz/Ar

50 mL min-1.

tions. The results showed that not only the initial propane conversion
and propylene selectivity were almost completely restored, the evolu-
tion trend of the catalytic performance with time also remained the
same. Clearly, the performance degradation of the PtGa/ZSM-5 catalyst
is fully reversible, consistent with the presumption that the degradation
was primarily caused by coke formation.

= 5/5/40, total flow rate

3.3. Characterization of p-SOFC with integrated catalyst

A schematic drawing of the configuration of the p-SOFC electro-
chemical membrane reactor with the electrode reactions is illustrated
in Fig. 2a. The representative SEM images of the cross section of the cell
before and after testing are shown in Fig. 2b and S11, respectively. The

cell consists of a thin BZCYYD electrolyte (~15 pum), the NiO-BZCYYb
anode support (~450 um) with a PtGa/ZSM-5 catalyst layer (~50 pum),
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Fig. 2. (a) Schematic of catalyst-integrated propane-fueled p-SOFC. (b) SEM image of the cross section of the electrode-supported cell before test. (c) Polarization
curves and (d) impedance spectra of the catalyst-integrated p-SOFC using propane as the fuel between 550 and 650 °C. (e) Polarization curves and (f) impedance

spectra. of p-SOFC with or without the catalyst layer using propane as the fuel at 600 °C.
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and a three-dimensional mesh-like PNC cathode (~10 pm). In a typical
propane-fueled SOFC process, propane is fed to the catalyst-
incorporated anode and dehydrogenated to propylene, electrons, and
protons. Under an applied potential or discharging current, the protons
are immediately transported through the electrolyte and recombine
with electrons and oxygen at the cathode side to produce H,O.

The acceptor-doped barium zirconate cerate BCZYYb exhibits high
ionic conductivity and hydrogen permeability at intermediate tempera-
tures (400 — 700 °C), which is an ideal electrolyte material for the
nonoxidative PDH reaction. It should be noted that the conducting be-
havior of BZC-based material is highly temperature sensitive. At ele-
vated temperatures above 700 °C, this type of materials can exhibit
both proton and oxide ion conductivity [29]. As a result, it becomes
highly likely that propane may undergo oxidation reactions to produce
carbon oxides, leading to reduced selectivity of olefin products includ-
ing propylene and ethylene. Accordingly, to minimize the contribution
of oxidation-induced propane conversion, the operation temperature
for the performance test experiments in this work was set below 700 °C,
namely, in the range of 550 — 650 °C. Considering the stable and high
electrochemical performance in both electrolysis and fuel cell modes,
the triple-conducting (H+/02-/e-) PNC was employed as the cathode
material [27]. Incorporation of the three-dimensional mesh-like PNC
electrode can continuously extract the produced hydrogen from the an-
ode side and break the thermodynamic limitation for propane conver-
sion.

3.4. Performance evaluation of p-SOFC with integrated catalyst

The electrochemical performance of the p-SOFC was initially evalu-
ated using H, as the fuel. The temperature-dependent potential and
power density plots as a function of current densities in H, are pre-
sented in Fig. S12a, and the corresponding EIS results are shown in Fig.
S12b. An OCV of 1.07, 1.05 and 1.03 V was obtained at 550, 600, and
650 °C, respectively. The measured OCVs are quite close to the thermo-
dynamic reversible potentials, which indicates that the electrolyte is
dense, and the cell is sealed well. As the temperature increases from
550 °C to 600 and 650 °C, the peak power density (PPD) increases from
173 mW cm-2 to 369 and 512 mW cm-2, respectively. According to the
EIS data (also see Table S1), the ohmic loss (RO) of the cell due to the re-
sistance of ionic and electronic conduction, determined from the high
frequency intercepts of the spectra with the real axis, is 0.47, 0.35, and
0.30 Q cm? at 550, 600, and 650 °C, respectively, and the correspond-
ing polarization resistance (Rp) is 0.59, 0.20, and 0.08 Q cmz2.

When the fuel gas was switched from pure H, to propane gas mix-
ture, the PPD at each temperature (Fig. 2c) decreased to different ex-
tents to 54, 93, and 172 mW cm-2 at 550, 600, and 650 °C, respectively.
The lower PPD in propane is attributed to the relatively slower activa-
tion kinetics of propane compared with that of H on the catalyst-
loaded Ni-BZCYYb anode. Note that the OCVs for the propane-fueled
cell are relatively lower than those for the cell fed with hydrogen. This
can be rationalized by comparing the theoretical OCVs for both fuel cell
reactions. The overall reaction in the propane-fueled p-SOFC can be
represented by the oxidative propane dehydrogenation (OPDH,
C,H, +0.50,~CH +H ,0)- Based on the Nernst equation, the the-
oretical OCV (E) at different temperatures can be calculated from the
Gibbs free energy (AG) of this reaction under thermodynamic equilib-
rium conditions using the following equation: AG = -nFE. The calcu-
lated values of AG and the corresponding E as a function of temperature
(Fig. S13) indicate that the OCVs for OPDH are lower than those for hy-
drogen oxidation in the temperature range of 300-900 °C. In addition,
the theoretical OCVs for both reactions decrease with temperature.
These results agree well with the trend obtained from our experimental
results as well as that reported in the literature [19].

According to the EIS results (Fig. 2d and Table S1), the ohmic resis-
tance is comparable in H, and propane at the same temperature, while
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the polarization resistance in propane is obviously greater than that in
H,. For example, at 600 °C, the R values in propane and H , are
0.38 Q cm2 and 0.35 Q cm?, respectively, while the R values in
propane and H, are 0.44 Q cm? and 0.20 Q cm?2, respectivelgf. The rela-
tively higher R in propane is consistent with the lower PPD and again
reflects the more sluggish reaction kinetics of propane as compared
with that for hydrogen, especially at lower temperatures. In fact, simi-
lar results have been reported previously for p-SOFCs using light alka-
nes as the fuel including both ethane and propane [12,18-21].

To assess the effect of PtGa catalyst layer on the performance of the
p-SOFC, a Ni-BZCYYb|BZCYYb|PNC single cell was fabricated without
incorporating the catalyst layer on the Ni-BZCYYb electrode. In addi-
tion, another cell with the PSNT catalyst layer was also fabricated for
comparison. The electrochemical performance in terms of polarization
curve and impedance of these two cells was evaluated under the same
reaction conditions and compared with that of the PtGa catalyst-loaded
cell. As shown in Fig. 2e, a PPD of 46 mW cm-2 was obtained on the cat-
alyst-free cell at 600 °C. In the presence of the PSNT catalyst layer, the
PPD increased to 60 mW cm-2. In contrast, the PPD was 93 mW cm-2
with the PtGa catalyst layer on the anode, which is greater by 100% and
53.3% relative to the catalyst-free and PSNT catalyst-loaded cells, re-
spectively. In accordance with the polarization curves, the incorpora-
tion of the PtGa catalyst layer also led to a decrease in the R, and Rp to
different extents (Fig. 2f) compared to that without catalyst (see Table
S1). Note that the PSNT-loaded cell exhibited a significantly greater R
especially in the low-frequency region, pointing to severe limitations in
mass transfer during the electrochemical conversion of propane. Simi-
lar EIS spectrum has been reported previously for the PSNT catalyst
[19]. This may be attributed to the rather low surface area and pore
volume of the PSNT catalyst (0.011 cm3 g-1 for PSNT vs. 0.087 cm3 g-!
for PtGa/ZSM-5) resulting from the high sintering temperature
(1000 °C) as compared with the PtGa/ZSM-5 catalyst.

The catalytic performance in PDH reaction was also measured for
the cells with different catalyst layers as well as that without the cata-
lyst layer. In the absence of catalyst layer, the propane conversion on
the Ni-BCZYYb electrode was only 4.7% with the olefin selectivity of
11.8% (Fig. 3a) at 550 °C. This result is consistent with the fact that Ni
metal is a poor catalyst for selective dehydrogenation reaction of light
alkanes due to its a high intrinsic activity toward C-C bond cleavage,
leading to the formation of methane and carbon deposits [22]. Adding
the PSNT catalyst layer resulted in higher propane conversion of 7.3%
and a dramatically improved olefin selectivity of 89.2%. In the presence
of the PtGa/ZSM-5 catalyst layer, a further increase in the propane con-
version and olefin selectivity to 14.7% and 94.1%, respectively, was ob-
tained. Note that the propane conversions obtained here are signifi-
cantly lower than that from the fixed bed flow reactor experiments de-
scribed above (see Fig. 1), especially for the PtGa catalyst. This discrep-
ancy is simply due to the much less amount of loaded catalyst given the
limited space on the cell. In specific, the actual amount of PtGa/ZSM-5
catalyst in the thin catalyst layer on the p-SOFC is only about 25 mg,
whereas the amount of PSNT is about 80 mg.

Both the electrochemical and catalytic performances of the PtGa
catalyst integrated p-SOFC are further compared with those reported in
the literature (Table S2). Note that the number of previous studies on
propane-fueled p-SOFC is rather limited [19,30,31]. Therefore, those
works on propane-fueled o-SOFC are also included for comparison
[32-37]. Clearly, both the PPD and olefin yield obtained in this work
are distinctly higher than that reported in previous works under even
lower temperature conditions (by at least 50 °C), demonstrating the
great potential of p-SOFC in propane conversion when integrated with
highly active and selective thermal catalysts.

The stability of the catalytic performance of the p-SOFC with the
PtGa catalyst layer was also investigated. The propane conversion un-
derwent a relatively fast decrease in the first two hours of reaction, fol-
lowed by a slow decay for over 10 h (Fig. 3b). A similar trend was ob-
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Fig. 3. Catalytic performance of p-SOFC with or without the catalyst layer in PDH reaction at 600 °C: (a) conversion and selectivity with different catalyst lay-
ers and without catalyst, (b) short-term stability of the catalytic performance with the PtGa catalyst layer.

served for propylene selectivity. In contrast, there was a moderate and
steady increase in the selectivity of the other olefin product, ethylene.
As a result, the overall olefin selectivity remained almost constant
throughout the short-term test.

3.5. Effect of current density on the performance of p-SOFC with integrated
catalyst

To investigate the electrochemical effect on the catalytic perfor-
mance of the catalyst layer, the cell was first operated in fuel cell mode
at different output current densities of 40, 80, and 120 mA cm-2 at
600 °C. The propane conversion and product selectivity at each current
density were measured three times, the average values of which are re-
ported in Fig. 4. The results showed that the propane conversion de-
clined continuously from 14.1% to 13.0% as the current density in-
creases from 40 mA cm-2 to 120 mA cm-2, whereas the selectivity of
different products including methane, ethylene, and propylene is essen-
tially unaltered upon the variation of current densities. At first glance,
these results seem to be in stark contrast to that recently reported in a
similar study using the PSNT catalyst for a propane-fueled p-SOFC [19],
where the current density was found to have a negligible effect on the
propane conversion but promotional effect on the selectivity of both
ethylene and propylene products. Nevertheless, we suspected that the
thermal deactivation of the catalyst as shown in Fig. 3b may also con-
tribute to the declining propane conversion as the current density in-
creases. To verify this possibility, the catalyst performance was mea-
sured again under OCV conditions following the experiment at different
current densities. The re-measured propane conversion became 12.8%
(Fig. 4a), essentially the same as that at 120 mA cm-2 within the experi-
mental error, whereas the initial conversion at OCV was 14.4%. Appar-
ently, the output current density in the fuel cell mode should have little

effect on the propane dehydrogenation reaction, in good agreement
with the literature results.

As far as the selectivity is concerned, it has been reported that the
propylene selectivity increased from 31.8 % at OCV to 36.3 % at
300 mA cm-2 with the ethylene selectivity increasing from 28.5% to
32% [19]. It should be pointed out, however, that the dependence of
olefin selectivity on the current density in the previous work is not
straightforward. In fact, a closer inspection of the reported data re-
vealed that there was even a slight decrease in the selectivity of both
ethylene and propylene as the current density increased from 100 to
200 mA cm-2 [19]. In addition, the magnitude of increase in selectivity
as a function of the current density is rather limited especially when the
possible experimental errors are taken into account. Nonetheless, the
seemingly different effect of current density on olefin product selectiv-
ity obtained in this work may be related to the different reaction condi-
tions including temperature (600 °C in this work vs. 700 °C in the litera-
ture [19]) and the composition of the feed gas (no water vs. 10% water
in the feed gas [19]). It is likely that the relatively lower reaction tem-
perature renders the electrochemical effect on the thermal catalytic re-
actions even less significant for experimental verification.

The electrochemical effect on the catalytic performance of the cata-
lyst layer was also investigated by imposing an overpotential on the cell
at different applied current densities from -100 mA cm-2 to
—400 mA cm-2 when the relatively steady state was reached during the
PDH reaction. The corresponding propane conversion and selectivity as
a function of different applied current density are presented in Fig. 5a
and 5b, respectively. The propane conversion increased from 8.5% un-
der OCV conditions to 10.3% when a current density of —100 mA cm-2
was applied. Upon further increase in the applied current density, there
was a steady increase in the propane conversion, which appears to level
off at higher applied current densities. In contrast, the product selectiv-
ity seems less affected by the applied current density. The selectivity of
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Fig. 4. The effect of current density on the catalytic performance of p-SOFC with PtGa catalyst layers in propane dehydrogenation reaction at 600 °C: (a) propane
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Fig. 5. The effect of applied current density on the catalytic performance of p-SOFC with PtGa catalyst layers in propane dehydrogenation reaction (CSHB/HZ/Ar/ =

5/5/40, total flow rate 50 mL min-1, 600 °C): (a) conversion and (b) selectivity.

the major byproduct methane hardly changed as the current density in-
creases, whereas there was a slight increase in the ethylene selectivity
at the expense of propylene, from 10% at —100 mA cm-2 to 13% at
—400 mA cm-2. Similar experiments were also performed on the PSNT-
loaded cell and the overall trend is almost the same as that observed on
the cell with the PtGa catalyst layer, except for the relatively lower
propane conversion and propylene selectivity (see Fig. S14).

The enhanced propane conversion may originate, at least in part,
from the electrochemical activation of propane, namely, the electro-
chemical promotion of the catalytic propane dehydrogenation reaction
[38,39]. While such an effect cannot be ruled out for the PSNT catalyst
given its high conductivity according to recent reports [19], this effect
is less likely for the PtGa/ZSM-5 catalyst in view of the low electronic
conductivity of the zeolite supporting materials [25,26]. Instead of di-
rect electrochemical propane activation, the promotional effect of the
applied current density on the propane conversion over PtGa catalyst-
loaded cell may result directly from the shift of reaction equilibrium to
the right direction due to the enhanced proton transfer from the anode
to the cathode side under the applied current density. We propose a tan-
dem reaction mechanism involving thermal catalytic propane dehydro-
genation on the PtGa catalyst layer followed by electrochemical activa-
tion of hydrogen on the Ni electrode to form protons (see schematic in
Fig. 2a). It is reasonable to speculate that both the formation of protons
and their ensuing transfer through the electrolyte membrane could be
accelerated by the externally applied current density.

The electrochemical performance stability of the p-SOFC with the
catalyst layer under an applied current density was further investi-
gated. The corresponding voltage was recorded as a function of time at
a constant current density of —200 mA cm-2 at 600 °C. The results (Fig.
6a) show that the voltage steadily decreases from about 1.11 V to
0.73 V after operation for 20 h. The stability test was also conducted on
the catalyst free p-SOFC and the results are included in Fig. 6b for com-
parison. As expected, there is a rapid degradation in the cell voltage in
several minutes of reaction due to severe carbon deposition, consistent
with that reported in the previous study [19]. The decrease in voltage
over the catalyst loaded cell may be associated with the OCV drop dur-
ing the PDH reaction, which occurs in parallel to the carbon deposition
on the anode. The OCV loss may also stem from the non-negligible cur-
rent leakage that is known to occur in thin-layer barium-zirconate-
cerate-based proton conductors under fuel cell operating conditions
at > 600 °C [40-42]. To check whether electronic leakage is responsi-
ble for the voltage decrease, the impedance spectrum was collected af-
ter the 20-h test and compared with that before the test. In principle, a
notable decrease in the ohmic resistance could be measured if elec-
tronic leakage occurs. Nevertheless, the EIS data (Fig. 6¢) indicates that
there was negligible change in the ohmic resistance. In contrast, a sub-
stantial increase in the polarization resistance took place, which is most
likely caused by the carbon deposition. Obviously, the distinctly differ-
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Fig. 6. (a) Shor-term stability of the electrochemical performance of propane-
fueled p-SOFC with or without the PtGa catalyst layer under applied current
density of —200 mA cm-2 at 600 °C. (b) The performance data in the first one
hour. (¢) Impedance spectra of the p-SOFC with the PtGa catalyst layer before
and after stability test.

ent stability under the same applied current density in the presence or
absence of the PtGa catalyst layer should primarily originate from the
different anti-coking properties rather than the electronic leakage.
Moreover, it is interesting to note that the trend of voltage decrease
closely resembles that of the decay in propane conversion as shown in
Fig. 3b, presumably pointing to a common mechanism for both electro-
chemical and catalytic performance degradation.

4. Conclusion

In this work, we demonstrate the high-performance and stable co-
generation of olefin products and electric power in a propane-fueled p-
SOFC by incorporating a highly efficient industry-relevant PtGa/ZSM-5
catalyst layer on the anode. Compared with the cells without catalyst or
with the conventional perovskite structured PSNT electrocatalyst, supe-
rior electrochemical and catalytic performance was successfully
achieved by taking advantage of the high activity and selectivity of the
thermal catalysts as well as the unique electrochemical performances of
proton conducting SOFCs at intermediate temperatures. The PtGa cata-
lyst integrated p-SOFC also exhibits improved carbon tolerance and
therefore better stability compared with that without catalyst layer.
While discharging current density seemed to have negligible effect on
the catalytic performance of the catalyst layer, the propane conversion
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can be effectively enhanced by applying an overpotential on the cata-
lyst-integrated cells at a certain current density without significantly
impacting the olefin product selectivity. It should be stressed that the
catalyst-integrated p-SOFC reactor system described in this work is not
yet optimized. Therefore, both the electrochemical performance of the
p-SOFC and the catalytic performance of the catalyst layer may be fur-
ther enhanced. For instance, we anticipate that the olefin yield in the
catalyst-integrated p-SOFC can be further increased by developing
more efficient PDH catalyst and/or loading more catalyst, either via in-
creasing the thickness of the catalyst layer or by employing tubular cells
that can accommodate more catalysts than planar cells. The electro-
chemical performance of the p-SOFC can be improved by developing
new electrode/electrolyte materials and optimizing the synthesis and
fabrication procedures. Overall, this work provides a general approach
for exploiting the potential of solid oxide electrochemical cells in chem-
ical manufacturing by integrating thermal catalysis and electrochemi-
cal energy conversion.
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