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Abstract
Density functional theory (DFT) calculations are performed to study the mechanism of carbon
dioxide (CO2) reduction to carbon monoxide (CO) and methanol (CH3OH) on CeO2(110) surface.
Thermochemistry of elementary steps for the suggested routes of CO2 reduction to CH3OH is
evaluated on stoichiometric ceria surface. Calculations are performed to determine the most
favorable adsorption orientation and corresponding binding energy of reaction intermediates.
Mechanistic routes via the formation of the carboxyl (COOH) or the formate (HCOO) intermediate
species are considered. Formate is observed to be more stable, with a binding energy of -222.9 kJ
mol, on the surface of the stoichiometric ceria as compared to the carboxy! (AEbinding = -36.0 kJ
mol?). Formate species on subsequent hydrogenation produce H2COOH. In order to produce
methanol, H2COOH is required to dissociate into H2CO and OH which is a significantly
endothermic (AExn=64.0 kJ mol™) step. On the contrary, the overall route involving a carboxyl
intermediate is exothermic, on stoichiometric, except for the dissociation of COOH into CO and
OH (COOH — CO+0H) which is endothermic by 5.0 kJ mol. On reduced ceria surface, CO2
dissociates to CO on interacting with the oxygen vacancy. The oxygen atom heals the vacancy site
and regenerates the stoichiometric surface via a redox mechanism with intrinsic activation and
reaction energies of 259.2 kJ mol™* and 238 kJ mol™ respectively. Lateral interaction of oxygen
vacancies are studied by the generation of two oxygen vacancies per unit of CeO: surface.
Compared to a single isolated vacancy, the activation and reaction energies of CO2 dissociation on
a di-vacancy are approximately reduced to half of its value. Hydrogen atom co-adsorbed on the
reduced surface is observed to assist CO2 dissociation by forming a carboxyl intermediate,
CO2+H—COOH (AEact = 39.0 kJ mol, AH = -69.2 kJ mol™) which on subsequent dissociation
produces CO via the redox mechanism. On hydrogenation, CO is likely to produce methanol on
reduced ceria surface. The energetics of CO hydrogenation to produce methanol showed
exothermic steps with activation barriers comparable to the DFT calculations reported for Cu(111)
and CeO2-x/Cu(111) interface, indicating an extended ceria surface is equally active to reduce CO2
into CO and CHsOH. Further doping of ceria surface with aliovalent metal cation (Gd, Sm and Pr)
could facilitate the facile oxygen vacancy formation and improve the electronic and ionic
conductivity inside the ceria lattice, leading to enhance the electrocatalytic activity for CO2

reduction reaction.
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Molecular dynamic simulations are performed to determine the oxygen anion diffusivity in pure
ceria (CeO2) and doped ceria MxCe1xO2-05x (M=Gd, Sm and Pr) with varying level of dopant
concentration from 5-30% (x = 0.05-0.3). Doping with Gd showed an improvement in oxygen
anion diffusivity value by two order of magnitude (D = 4.67x108 cm? s at 1173 K) as compared
to the undoped ceria (D = 1.33x10% cm? s at 1173 K). 10% of doping level was estimated as the
optimum concentration of all the dopants at which all of the doped ceria materials showed
maximum diffusivity of oxygen anion. Among the three dopants studied, Pr was observed to show
maximum diffusivity of oxygen anion in the temperature range of 773-1173 K of simulations.

By utilizing Gdo.1Ce0.902-5 (GDC) and Pro.1Ceo902-s (PDC) composited with copper as cathode
materials, solid oxide cells are fabricated. Infiltration technique is employed to impregnate: Cu-
GDC and Cu-PDC electrodes into the yttria stabilized zirconia (YSZ) scaffold. Dense YSZ phase
is used as electrolyte and Lao.sSro2MnQOs-s (LSM) is used as anode of SOEC. The polarization
resistance of the cell with Cu-PDC cathode are measured to be of relatively lower value 17.9 Q
cm? and 5.1 Q cm? as compared to the corresponding 23.8 Q cm? and 7.5 Q cm? on Cu-GDC
electrode for CO2/H: ratio of 92/08 and 28/82 respectively. Similarly, CO: electrolysis current on
Cu-PDC cathode are measured relatively higher to the values of -0.056 A cm™ at CO2/H2 = 76/24,
-0.069 A cm2 at CO2/H2 = 56/44 and -0.075 A cm at CO2/H2 = 38/62. Impedance spectra of Cu-
PDC cathode are measured at varying potential, indicated a significant decrease in polarization
resistance from 17.9 Q cm? to 6.3 Q cm?as the applied potential increased from OCV (-0.89 V) to
-1.6 V at CO2/H2=92/08. Results suggested an improved electrocatalytic activity of Cu-PDC
cathode as compared to Cu-GDC electrode. However the electrochemical performance of cell with
Cu-PDC cathode, fabricated by infiltration method, is limited to a low reduction current (-0.075 A
cm?at 2.0 V).

In order to modify the morphology of the cathode electrocatalyst, the fabrication technique is
altered and solid oxide cell prepared by using solid state method with Cu-PDC cathode, LSM
anode and YSZ as electrolyte. By varying the applied potentials and reducing environment at
different volumetric ratio of CO2/CO and COz2/H2 electrochemical measurements are carried out
to understand the role of reducing atmosphere. Polarization resistance of the Cu-Pro.1Ceo.902-
electrode is observed to decrease from 44.0 Q cm? (CO2/C0=93/07) to 7.0 Q cm? (CO2/C0O=23/77)
with the increase of CO and similarly from 7.5 Q cm? (CO2/H2=97/03) to 1.0 Q cm?

(CO2/H2=24/76) with the increase in Hz concentration. On varying proportions of CO2/H2 and
\'%



C02/CO, a maximum reduction current of -0.84 A cm™? (Vapp=2.5V) and -0.12 A cm™? (Vapp=1.5V)
is measured for 75/25 CO2/H2 and 93/07 CO2/CO respectively. The solid state fabricated Cu-PDC
cathode has shown an improved electrochemical performance with higher reduction current of -
0.50 A cm at 2.0 V as compared to the infiltrated Cu-PDC cathode (-0.049 A cm™ at 2.0 V) at
the similar ratio of CO2/Hz (~75/25) at temperature 1023 K. CO2 conversion is achieved up to 11%
with a faradic efficiency for CO production of 99% at the applied potential of 2.5 V (CO2/H2 ratio
of 75/25).

Spray pyrolysis strategy is applied to prepare a dense phase microstructure of PDC based cathode
layer on the dense YSZ substrate. Over the dense PDC thin film (thickness ~ 400 nm), Cu nitrate
precursor is injected and calcined at 673 K. The total polarization resistance of cell, with spray
coated Cu-PDC cathode, is relatively lower (7.10 Q cm?) as compared to the Cu-PDC fabricated
by solid state (7.90 Q cm?) and infiltration techniques (17.9 Q cm?) for the similar ratio of CO2/H2
(~92/08) at 1023 K, suggesting spray coated PDC, having dense phase microstructure, could offer
a minimal charge transfer resistance as compared to infiltrated and solid state prepared cathode
component. However, the maximum reduction current measured at 2.5 V potential, is lower in
case of spray deposited Cu-PDC cathode (-0.39 A cm™) as compared to that on solid state
deposited Cu-PDC cathode (-0.86 A cm2) for the similar ratio of CO2/H2 ~ 75/25, which is possible
due to the lower thickness of active cathode layer deposited by spray coating (400 nm) in
comparison to the solid state deposited layer of Cu-PDC cathode (~40 pm). The thicker electrode
could have large triple phase contact area and subsequently could offer higher area to commence

electrochemical reduction of COz, leading to improve the reduction current.
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