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Fig. 1.4 (a) Voltage, current and power output of CFCs operated using various fuels:
hydrogen (F1), ammonia (F2), methanol (F3), iso-butane (F4), n-butane (F5), simulated
desulfurized natural gas (NG) (F6), simulated NG with H2S (F7), propane (F8), methane
(steam/carbon ratio S:C =2, F9), ethanol (F10), methane (S:C=2.5, F11), and iso-octane
(F12). (b) A summary of the obtained peak power densities of these CFCs with their
lifetime and degradation rate. Reprinted with permission from Ref [53]. See Appendix C

for Copyright Permission to the reuse of this figure.

Hydrogen can be readily oxidized on the anode of CFCs to release electrons by the

following reaction [71-73]:

H> + O* — H20 + 2¢

Furthermore, hydrocarbon (CxHy) fuels can be used to produce electrons by a

general equation [74, 75]:

CxHy + [2x+(y/2)]0* — xCO2 + (y/2)H20 + (dx+y)e”

Notably, steam reforming of hydrocarbons can be used to convert hydrocarbons to

syngas (a mixture of H2 and CO) [76-78]:

CiHy + xH20 — [x+(y/2)]Hz + xCO



Because H2 and CO can be produced from hydrocarbon fuels by the steam
reforming, the direct utilization of CO as a fuel would enhance the fuel cell efficiency,

where CO can be oxidized on anode with the generation of electrons [68, 79]:

CO+0* — CO2 +2¢

1.2 LiNio.8C00.15Al0.0502 (LNCA)?

1.2.1 Structure and Properties of LNCA

Layer structured LiMOz-type oxides (M represents transition metals, e.g., Ni, Co,
Mn) have been designed as an important type of cathode material for lithium-ion batteries
(LIBs), which are widely applied in commercial portable electronics and electric vehicles
due to their high operating voltage and excellent specific capacity [80-83]. Their
representative is the LiNio.8Coo.15Alo.0sO2 (LNCA) cathode (Fig. 1.5) with enhanced
structural stability by Al-doping, enabling the stable operation of LIBs at room
temperature [82, 84, 85]. The crystal structure of these LiMO:z-type oxides comprises
alternating layers of Li and M, which are surrounded by tetrahedral or octahedral oxygen
atoms. In particular, the LNCA cathode with improved stability was designed by doping
a tiny amount of AI** to replace Co®" (both are located on Ni sites) in LiNio.sC00.202 to

stabilize its structure.

2 The contents in this section have been published in (1) Wei Zhang, Yun Hang Hu, Journal of Physics and
Chemistry of Solids 171 (2022): 111040. (2) Wei Zhang, Yun Hang Hu, Ceramics International 49, 2
(2023): 3049-3057. (3) Wei Zhang, Yun Hang Hu, Physics Letters A 470 (2023) 128774. See Appendix C
for Copyright Permission to the reuse of these materials.
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LiNig §C0g.15Al0,0502

Fig. 1.5 The crystal structure of LNCA. The model is based on a LiNiOz2 structure with

Al and Co doped into the Ni sites.

The properties of LNCA-structured materials were explored as follows. Because the
alternating layers of Li and M (M = Ni, Co, Al) are capable of conducting protons (H")
by the intercalation of extrinsic H-containing species in the layered structure,
LiAlosCo00502 (LAC), an analogue of LNCA, was demonstrated as a novel proton
conductor with a relatively stable sub-lattice matrix in 2014 [86]. Then, LNCA was
exploited to replace silver as a high conductive current collector due to its high electronic
conductivity [87]. The conductivity of LNCA was then systematically evaluated from
intermediate to low temperature range (600—200 °C), showing ~10 S cm™ at ~500 °C
[88]. A LNCA-SDC (samarium doped ceria) composite was reported with hybrid H*—O?*
conductivities and negligible e~ conductivity [89], and Li" content in LNCA was
demonstrated to have significant influence on its oxygen reduction reaction (ORR)
activity [90]. Li2ZrOs-coated LNCA exhibited enhanced hydrogen oxidation reaction

(HOR) activity due to more active sites on its surface [91].
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1.2.2 Applications of LNCA in CFCs

CFCs are capable of directly converting chemical fuels (e.g., H2, CH4 and CO) to
electricity at a high-temperature range (e.g., 400-800 °C), achieving high efficiency, fuel
flexibility, and low emission [5, 92, 93]. The commercialization progress of CFCs highly
depends on continuous technical innovation on electrode materials to maximize the
electrocatalytic activity of an electrode [94, 95]. Recently, it was found that the LNCA
can be used as a bifunctional electrode material for CFCs, displaying catalytic activities
for both HOR and ORR, significantly enhancing power outputs [50, 55, 88, 96-102]. This
has stimulated intensive efforts to develop more efficient CFCs with LNCA electrodes,

leading to a hot research area (Fig. 1.6).
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Fig. 1.6 Number of publications regarding LNCA electrode-based CFCs since 2015. The
data were collected from the Google Scholar database by searching for “NCAL
electrode” plus “fuel cells” as keywords. “NCAL” is the commonly used abbreviation in

these publications.

Inspired by its unique structure, LNCA and many of its analogues were exploited for
CFC applications. For example, triple-conduction of H*/O*/e” with a high protonic
conductivity is a highly preferred property for CFC electrodes, by which the
electrochemically active region on electrodes can be extended significantly [103-105].
The insertion phenomenon of H" under hydrogen atmosphere and the resultant high H"
conductivity were firstly reported in the LiAlo.sCo00.502 (LAC) used as an electrolyte for
CFCs [86]. Afterwards, LNCA was examined to replace silver-made current collector in
a hydrogen-fueled CFC with greatly enhanced power output [87]. In addition, efficient
oxide-ion conduction and catalytic oxygen reduction were proved in LNCA and layer-
structured LiNio.8C00.202 (LNC) for solid fuel cells operating on both hydrocarbon and
hydrogen fuels [55, 103]. A BaCoo4Fe0.4Zr0.1Y0.1035 (BCFZY)-ZnO composite
electrolyte sandwiched between symmetrical LNCA electrodes (simultaneously used as
the cathode and anode) achieved an attractive power density of 643 mW cm at 500 °C
with Hz fuel [101]. Furthermore, a high power output was obtained at 550 °C by
constructing a Lao.6Sr0.4Co0.2Fe0s03-s and Sm-Ca doped ceria (LSCF-SCDC) composite
electrolyte with the same electrode configuration [99]. All these configurations achieved

remarkably high ionic conductivities of ~10" S cm™ in a relatively low temperature
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range of 500-550 °C. To date, LNCA has been optimized as a bifunctional electrode
(both cathode and anode) for developing high-performance CFCs, typically with a

symmetrical configuration of “LNCA/electrolyte/LNCA” [106-108].
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2 Goals and Hypotheses

Stability of electrode materials is important for the stable operation of CFC devices
under the harsh operating environments of CFCs (i.e., reactive atmospheres and high
temperatures). Recently, the LNCA electrode material has demonstrated excellent
electrochemical performances in CFCs. However, systematic investigation on its stability
is still a research gap. (1) It is unclear whether the crystal structure of LNCA is stable
when it is subjected to various gases at high operating temperatures (e.g., hundreds of
Celsius). (2) It is unclear, if the LNCA decomposes, what is the required temperature for
its decomposition. (3) It is also unclear what reaction products can be obtained from the
gas-solid reaction between LNCA and different gases. The clarification of these issues
would help researchers with understanding the underlying mechanisms of the obtained
high performances in LNCA electrode-based CFCs, and more significantly, designing

more efficient electrode materials based on the decomposition of LNCA.

This dissertation focuses on the stability of LNCA under typical gaseous
environments of CFCs (namely, air, H2, CHs, CO2, and CO) at elevated temperatures,
with the aim of answering three key questions: (1) Determine whether the reaction
between LNCA and a selected gas occurs. (2) Determine how the reaction occurs (i.e.,

required temperature). (3) Determine what reaction products are.
The research in this dissertation is based on the following hypotheses:

(1) Under oxidizing atmospheres, LNCA could maintain its original oxide structure

at a relatively low temperature; LNCA could decompose into several metal oxides (e.g.,
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Li, Ni, Co and Al-containing oxides) at an elevated temperature due to the thermal-

induced change in the lattice.

(2) Under reducing atmospheres, LNCA could decompose into several metal oxides
followed by a metallization process. This decomposition could be due to the gas-solid

reaction starting at a certain temperature.
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