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RESUMEN

La reduccion de las emisiones de didoxido de carbono (CO2) en la atmosfera es una
prioridad en la agenda politica mundial, con el objetivo de lograr una produccion de energia en
un ciclo neutro en carbono. En este contexto, las tecnologias de Captura, Almacenamiento y
Utilizacion de Carbono (CAUC) han sido objeto de investigacion durante las Ultimas décadas. En
particular, la conversion del CO. en productos Utiles se presenta como una solucidén para

abordar de manera conjunta los desafios del calentamiento global y la escasez de energia.

Entre las diversas aproximaciones disponibles para activar y convertir el COz2 en
productos Utiles (como la conversidn quimica, termoquimica, hidrotérmica, bioquimica,
electroquimica o fotoquimica, entre otros), destaca la via electrocatalitica por su capacidad para
almacenar energia renovable intermitente en forma de enlaces quimicos. Es decir, la
electroreduccion no solo proporciona una forma viable de reutilizar el CO2, sino también un
método para la produccion de quimicos con valor afiadido. Ademas, la aplicacion de luz directa
sobre los electrodos durante la electroreduccion, la conversion fotoelectrocatalitica de CO,
ofrece la ventaja de reducir el voltaje externo necesario y, por ende, el consumo de energia
requerido para llevar a cabo la reaccién. Este voltaje de polarizacién externo aplicado en el
proceso, junto al empleo de celdas divididas, impulsa la separacion efectiva de los pares
electréon-hueco generados por la luz en el electrodo, superando una de las principales
limitaciones de la reduccién fotocatalitica de CO. Asi la fotoelectrocatdlisis destaca como
una alternativa prometedora que combina las ventajas de la electrocatalisis y la fotocatalisis,
reduciendo el voltaje necesario requerido en la conversion electroquimica de CO: en

productos quimicos Utiles mediante el uso de la luz.

La presente Tesis Doctoral se enmarca en los proyectos de investigacion
CTQ2013-48280-C3-1-R, CTQ2016-76231- C2-1-R, y PID2019-104050RA-I00, los cuales se
centran en el desarrollo de procesos eficientes para la valorizacion de CO.. Bajo la direccién
del Prof. Angel Irabien, el grupo de investigacién de Desarrollo de Procesos Quimicos y Control
de Contaminantes (DePRO) perteneciente al Departamento de Ingenierias Quimica vy
Biomolecular de la Universidad de Cantabria, ha logrado avances significativos en la
transformacion electroquimica de CO:2 en productos de alto valor, como acido formico,
alcoholes e hidrocarburos. En esta Tesis Doctoral, se busca desarrollar un proceso continuo de
conversion de CO: por via fotoelectroquimica, con el fin de reducir los sobrepotenciales
necesarios para la conversiéon de CO2 mediante el uso directo de la luz, lo cual representa una

linea de investigacion nueva en el grupo.

Para alcanzar este ambicioso objetivo se llevo a cabo, en primer lugar, una exhaustiva
revision del estado del arte. De esta revision, se destaca que la configuracién mas empleada es

la de fotoanodo-catodo a oscuras, aprovechando los beneficios de utilizar semiconductores tipo
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n, mas abundantes, econdmicos y estables para la oxidacion de H20, en lugar de semiconductores

tipo p.

Posteriormente, se disefia y construye un sistema experimental para llevar a cabo la
fotoelectroreduccion de CO: a metanol y etanol en continuo. Se emplea una celda
fotoelectroquimica (PEC) compuesta inicialmente por un fotoanodo basado en TiO2-P25 en
configuracion MEA, que se ilumina con luz LED UV (100 mW'cm2), junto con una placa de Cu a
oscuras. Con esta configuracion, se logra un incremento de hasta 4,3 mA-cm™ (2 V vs. Ag/AgCl)
al iluminar la superficie del fotoanodo. El funcionamiento del sistema se ve favorecido al aplicar
-1,8 V vs. Ag/AgCl con una carga catalitica de TiO2-P25 de 3 mg'cm?, lo que permite alcanzar
una velocidad de produccion de 9,5 pmol'm2's?, una eficiencia Faradaica del 16,2% y una
eficiencia energética del 5,2% para metanol, y una velocidad de produccion de 6,8 pmol'm2's?,
eficiencia Faradaica del 23,2% vy eficiencia energética del 6,8% para etanol. La produccion de
metanol se ve favorecida con el incremento de voltaje, mientras que la produccién de etanol se
ve afectada negativamente. Se puede concluir que es posible mejorar la produccion de alcoholes
a partir de CO2 con luz UV, reduciendo la energia requerida en un sistema electroquimico a

oscuras.

Tras estos desarrollos, se investiga el empleo de nanoparticulas sintetizadas en medio
supercritico (TiO2-SC) para la preparacion de fotoanodos, con el objetivo de mejorar la eficiencia
del proceso. La caracterizacion fotoelectroquimica de los fotodanodos revela que la densidad de
corriente alcanzada es significativamente mas elevada (12,31 mA'cm2) que la obtenida en el
sistema en ausencia de luz (7,18 mA'cm?). Esta corriente también supera la obtenida
anteriormente con los fotoanodos fabricados con nanoparticulas comerciales de TiO2-P25
(5,9 mA*'cm2) en las mismas condiciones. Esto se atribuye a las propiedades mejoradas del TiO2-
SC, como su morfologia, su cristalinidad y area superficial, que influyen en la absorcion de luz y
la banda prohibida (o bandgap, en inglés), permitiendo un mejor acceso de reactivos a los sitios
fotoactivos y una mejor separacion de cargas. Como resultado, la producciéon de etileno, un
producto de gran interés comercial, se incrementa hasta seis veces (147,4 umol'm='s') cuando
se utilizan superficies de TiO2-SC como fotodnodos, en comparacion con el rendimiento del
proceso a oscuras. La formacion de metanol también se favorece bajo la luz (4,72 pmol'm=2-st).
Ademas, las eficiencias Faradaicas tanto para el etileno como para el metanol (46,6% y 15,3%,
respectivamente), aumentan con la irradiacion de luz, superando los resultados reportados en la
literatura para sistemas fotoelectroquimicos en configuracién fotoanodo-catodo. En
consecuencia, la eficiencia en la conversion de energia solar en productos mejora en el sistema
basado en Ti0O2-SC iluminado (5,4% para etileno y 1,9% para metanol), en comparacién con el
comportamiento de los fotoanodos de TiO2-P25 (3,7% para etileno y 1% de metanol).

Xiv
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CAPITULO 1. PLANTEAMIENTO

1.1 Marco de la Tesis Doctoral

El uso de combustibles fosiles para generar energia eléctrica y su aplicacion en sectores
como la agricultura, la industria y el transporte ha ocasionado un constante incremento de las
emisiones de didxido de carbono (CO2) a la atmésfera desde la Revolucion Industrial (Mustafa et
al., 2020). Los ultimos datos de la Administracién Nacional Oceanica y Atmosférica (NOAA, por
sus siglas en inglés) muestran que la concentracion de CO2 ha superado las 421 ppm (ESRL Global
Monitoring Laboratory, 2023). Estas emisiones son responsables del efecto invernadero,
reconocido internacionalmente como la principal causa del cambio climatico por el Panel
Intergubernamental del Cambio Climatico (IPCC, por sus siglas en inglés) (The Intergovernmental
Panel on Climate Change, 2023) y la Organizacion de las Naciones Unidas (ONU) (Naciones
Unidas, 2023). El IPCC recomienda limitar el calentamiento global a un aumento de 1,5 °Cy, en
todo caso, a 2,0 °C, tomando como referencia la época preindustrial, para el afio 2100, con el fin
de evitar un cambio climatico irreversible, tal como se establecié en la Conferencia de las Partes
(COP) de Paris en 2015. En consonancia, la ONU ha definido 17 Objetivos de Desarrollo Sostenible
(ODS) (Obijetivos de Desarrollo Sostenible, 2023), con diferentes metas en cada uno de ellos, a
alcanzar para el afio 2030. Entre los ODS se encuentran los nimeros 7 y 13, que se centran en
obtener energia asequible y no contaminante, y en la accién por el clima, respectivamente. Estos
objetivos abordan distintos aspectos como la implementacion de fuentes de energia renovable y
la reduccion de las emisiones de gases de efecto invernadero. En la misma linea, es importante
mencionar el Pacto Verde Europeo, aprobado en 2020 por la Comision Europea. Este pacto
incluye, entre otras cosas, un conjunto de iniciativas politicas con el objetivo de lograr la

neutralidad climatica de la Unién Europea para el afio 2050 (Comision Europea, 2023).

Para alcanzar estos objetivos, es necesario reemplazar las fuentes de energia con alto
contenido de carbono por fuentes renovables, como la energia edlica o solar y, al mismo
tiempo, mejorar la eficiencia de los procesos industriales. Sin embargo, la transicion
hacia la descarbonizacion avanza lentamente y se prevé una fuerte dependencia de los
combustibles fésiles en las proximas décadas (International Energy Agency, 2023). Por lo
tanto, se estan realizando esfuerzos significativos para promover la tecnologias de CAUC
(Irabien et al., 2018), especialmente en aquellos sectores de dificil descarbonizacion
como la produccion de acero, cemento, el sector de la aviacion o la produccion de sustancias

quimicas basicas, entre otros (Marco Estratégico de Energia y Clima, 2023).

Los procesos tradicionales de captura de CO, como la absorcion con aminas, presentan
limitaciones debido a los altos costes asociados con la captura, separacion y purificacion del CO2
(Vadillo et al., 2022a; Vadillo et al., 2022b). Ademas, el almacenamiento de CO: conlleva un
consumo energético significativo, principalmente por el transporte requerido a explotaciones de

gas y petréleo o a acuiferos salinos (Aminu et al., 2017). En general, la sociedad tiene una
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percepcion negativa de estos procesos (Isa et al., 2019). Por lo tanto, existe un creciente interés
en la conversion del CO2 capturado en productos quimicos de valor afiadido mediante el uso de
fuentes de energia renovable. Esto no solo tiene beneficios medioambientales, sino también

econdmicos y sociales (Zhang et al., 2020a, 2020b).

En la actualidad, existen diversas tecnologias para activar y convertir el CO2 en productos
utiles, como es la conversién quimica, termoquimica, hidrotérmica, bioquimica, electroquimica o
fotoquimica, entre otras (Fernandez-Caso et al., 2023; Han et al., 2023; Okoye-Chine et al., 2022;
Ampelli et al., 2023). Entre ellas, la via electrocatalitica es especialmente interesante, ya que
permite almacenar energias renovables e intermitentes en forma de enlaces quimicos (Lin et al.,
2023). En otras palabras, la electroreduccion no solo es una ruta técnicamente viable para
reutilizar el CO2, sino también una forma de generar productos quimicos de valor afiadido (Kumar
et al., 2023). El CO> puede ser reducido a una gran variedad de productos finales, como mondxido
de carbono (CO) (Jouny et al., 2019), acido férmico (HCOOH) (Fernandez-Caso et al., 2023),
metanol (CH3OH) (Duan et al., 2023), metano (CH4) (Zheng et al., 2022) o etileno (C2H4) (Ai et
al., 2022), entre otros. En la Tabla 1.1 se presentan los potenciales termodindmicos para la
reduccién del CO2 a pH= 7 en disolucién acuosa, con un electrodo estandar de hidrégeno (SHE,
por sus siglas en inglés) como referencia a 25 °C y presion atmosférica. El avance de la reaccion
depende en gran medida del catalizador, el electrolito y el potencial del catodo. Normalmente, se
requieren multiples etapas de transferencia de electrones acoplados a protones, lo que implica
importantes barreras cinéticas para la reaccion directa (Kumar et al., 2016; Liu et al., 2021;
Nandal & Jain, 2022; Verma & Yadav, 2023; Wang et al., 2019).

Tabla 1.1. Reaccion de evolucion de hidrogeno y de reduccién del CO2 a productos con
sus correspondientes potenciales estandar de reduccién a pH=7 (Irabien et al., 2018).

Reaccién de evolucidn de hidrégeno Potencial estandar de reduccidn vs. SHE (V)
H20 +2e" > Hy + 20H- -0,31
CO; + H0 + 2e” - CO + 20H- -0,52
CO; + 5H,0 + 6e” = CH30H + 60H" -0,39
CO; + 9H,0 + 12e" = C,HsOH + 120H" -0,33
CO; + 6H,0 + 8¢ > CHy + 80H- -0,25
CO; + 8H,0 + 12e” = CHq + 120H- -0,34
CO; + Hy0 + 2e" > HCOO" + OH- -0,43

Sin embargo, la electroreduccion tiene una elevada demanda energética para romper los
enlaces de la molécula de CO:. Este alto sobrepotencial puede comprometer su efectividad como
medida de mitigacion del cambio climatico (Creissen et al., 2022). Por lo tanto, es necesario
realizar esfuerzos para reducir el sobrepotencial de reaccion tanto en el catodo como en el anodo

con el fin de mejorar la eficiencia energética del proceso (Kibria et al., 2019). Si bien es posible
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combinar cualquier fuente de electricidad renovable con dispositivos electroquimicos, la
integracion directa de la luz solar ofrece una ventaja adicional, ya que la luz promueve la
generacion de electrones, reduciendo la necesidad de energia externa para la conversion de CO».
Esta estrategia integrada reduce las pérdidas de energia e, idealmente, elimina la necesidad de
conexion a la red en areas periféricas, permitiendo el uso directo local (Montoya et al., 2016;
Seitz et al., 2016).

En este sentido, los sistemas basados en reactores fotoelectroquimicos (PEC, por sus
siglas en inglés) integran la generacion de energia asistida por luz y la reduccién de CO2 dentro
del mismo dispositivo, maximizando la eficiencia energética al reducir el aporte energético externo
necesario debido a la iluminacién del fotoelectrodo (Brito et al., 2022; Han et al., 2023). El
objetivo es utilizar los electrones generados con la incidencia de fotones sobre un material
semiconductor, tal como ocurre en las reacciones de reduccion fotocatalitica, y utilizarlos en la
reduccion electroquimica de un par redox seleccionado (Tang & Xiao, 2022; Yaashikaa et al.,
2019). Por lo tanto, la fotoelectroreduccion de CO2 se encuentra a medio camino entre la
conversion electroquimica y la fotocatalitica, aprovechando las oportunidades de ambas. En
general, los reactores PEC estan compuestos por los propios fotoelectrodos, electrolitos, un
circuito externo, y la alimentacion de los reactivos (Pitchaimuthu et al., 2022; Zhou et al., 2016).
Los electrodos deben estar preferentemente separados mediante una membrana de intercambio
idnico para prevenir el transporte de los productos hacia el electrodo opuesto, evitando su
reoxidacion y facilitando la transferencia de carga entre los compartimentos catddicos y anddicos.
Asi, la configuracion de los fotoelectrodos y reactores desempefian un papel crucial en la
generacion de las cargas, su separacion, y la inyeccidon extra de electrones para el proceso de
reduccién de COz (Ochedi et al., 2021).

En cuanto a los materiales, se deben cumplir varios requisitos simultaneamente para
lograr el éxito de la fotoelectroreduccion (Zhang & Wang, 2023). En primer lugar, y tomando
como ejemplo el desarrollo de fotoanodos, el bandgap del fotoelectrodo debe ser lo
suficientemente bajo como para capturar eficientemente los fotones del espectro solar (<2,2 eV)
y debe ser lo suficientemente alto como para proporcionar los electrones excitados para llevar a
cabo la reaccion de evolucion de oxigeno, que es la reaccion mas comun, en el compartimento
anddico (>1,23 eV) (Graves et al., 2011). De manera general, los electrodos basados en
materiales semiconductores absorben la luz para generar electrones a un nivel de energia mas
alto que, junto con los huecos generados, son capaces de llevar a cabo las reacciones redox en
una interfaz semiconductor/liquido (Zhang& Wang, 2023). Los huecos generados en el fotoanodo,
gue suele ser un semiconductor de tipo 77, pueden oxidar el H.0 a Oz, mientras que los electrones
generados en el fotocatodo, generalmente un semiconductor de tipo p, pueden reducir el CO: a
CO, HCOOH, CH30H o hidrocarburos en presencia o ausencia de un cocatalizador (Xie et al.,

2015). Ademas, el fotoelectrodo debe ser estable y resistente a la corrosion en el electrolito. Por
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lo tanto, la fotoelectroquimica es un campo interdisciplinario que incluye disciplinas como la

electroquimica, la fisica, la dptica y la ciencia de superficies (Jiang et al., 2010).

El TiO2 ha sido el fotocatalizador mas investigado hasta la fecha (Liu et al., 2022; Cortes
et al., 2020; Cheng et al., 2019; Cheng et al., 2020; Kobayashi et al., 2020). Esto se debe a que
el TiO2 es un semiconductor de tipo 7 con un amplio bandgap de 3,0 eV (Styring et al., 2014) y
ha sido considerado como un material econdmico y respetuoso con el medio ambiente desde que
se utilizd por primera vez con este propdsito en 1979 (Inoue et al., 1979). Ademas del TiO,
existen otros semiconductores que pueden utilizarse como fotoanodos, como por ejemplo el
BiVO4, WOs (Li et al., 2019; Wang et al., 2020); Kang et al., 2021) o mezclas entre ambos (Lu et
al., 2020), asi como el TiO2 dopado con distintos materiales como CuO (De Brito et al., 2019),
ZrO2 (De Brito et al., 2019), o Si (Liu et al., 2022), entre otros. Entre los fotocatodos mas
comunes, destacan los materiales basados en Cu20 (Minggu et al., 2020), CuO (Wang et al.,
2022), CuFex04 (Tarek et al., 2019), Fe>03 (Bharath et al., 2021), o Si (Hu et al., 2023), entre
otros. Sin embargo, el desarrollo de fotocatodos eficientes se encuentra menos avanzado que el
desarrollo de fotoanodos, ya que requiere combinar la compleja reduccién de CO: con las

propiedades Opticas y semiconductoras del material.

En cuanto a la configuracion del reactor PEC, existen cuatro configuraciones mayoritarias
(Creissen et al., 2022; Ding et al., 2020): (Figura 1.1): basada en el empleo de fotoanodo - catodo
a oscuras (Cheng et al., 2014, 2015) (Figura 1.1a), fotocatodo — anodo a oscuras (Bharath et al.,
2021a; Liu et al., 2023; Otgonbayar et al., 2023) (Figura 1.1b), fotoanodo — fotocatodo (Kistler
et al., 2021) (Figura 1.1c), o los reactores tandem que incorporan elemento fotovoltaicos (Zhang,
et al., 2020a) (Figura 1.1d).
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Figura 1.1. Configuracion de reactor PEC empleando una configuracion: (a)
fotoanodo-catodo a oscuras; (b) fotocatodo-anodo a oscuras, (c) fotocatodo y fotoanodo, y (d)
sistema tandem (Rahaman et al., 2020.)

Por otro lado, los reactores PEC pueden operar en modo continuo o discontinuo. La
operacion en modo continuo ha ganado atencién en los Ultimos afios debido a su mayor eficiencia
y capacidad para tratar volimenes mas grandes de CO2, lo que la hace mas adecuada para
aplicaciones practicas (Bi et al., 2022; Lu et al., 2020). A su vez, los reactores PEC con operacion
en continuo pueden contener el catalizador suspendido en una solucion electrolitica (lecho
fluidizado) o adherido a una superficie (lecho fijo) (Ola & Maroto-Valer, 2015). Los reactores de
lecho fluidizado mejoran la transferencia de materia y calor debido al movimiento de las particulas
sdlidas, pero separar el catalizador del medio de reaccion puede dificultar la eficiencia energética
y la formacién de productos. En comparacion, los reactores de lecho fijo tienen areas de
superficie, tasas de conversion y tiempos de reaccion mas altos que los reactores de lecho
fluidizado. Sin embargo, los gradientes de temperatura entre el flujo de gas y el catalizador
pueden reducir la eficiencia de conversion. Asi, la integracion de (foto)electrodos en reactores de
lecho fijo puede realizarse en celdas sin dividir (Figura 1.2a), donde en un compartimento Unico
ocurren tanto las reacciones de reduccion y oxidacion, con un solo electrolito que actia como

catolito y anolito al mismo tiempo.
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Figura 1.2. (a) Configuracion de reactor fotoelectroquimico sin dividir y (b)
Configuracion de reactor fotoelectroquimico separado por una membrana de intercambio idnico.
Adaptada de la referencia Merino-Garcia et al., 2016.

Por otra parte, las celdas divididas por una membrana (Figura 1.2b) impiden la
transferencia de productos de reaccién de un compartimento a otro, permitiendo el flujo de
especies cargadas segun su naturaleza (Endrddi et al., 2017). Asi, las membranas de intercambio
cationico (CEM) permiten el transporte de protones desde el anodo hasta el catodo (Genovese et
al., 2013), las membranas de intercambio aniénico (AEM) permiten el transporte selectivo de
especies de carga negativa como el OH" (Kutz et al., 2017), y las membranas bipolares (BPM)
hechas de AEM y CEM pueden transportar protones al catodo y OH™ al anodo simultdneamente
(Gurudayal et al., 2017; Zhou et al., 2016).

Ademas, se emplean comlUnmente estructuras de electrodos de difusion de gas (GDE),
tanto para el catodo como para el anodo, considerando que ciertos reactivos y productos se
encuentran en fase gaseosa. Esta arquitectura de reactor permite superar las limitaciones
asociadas con otras configuraciones: i) limitaciones de corriente debido a la baja concentracion
de CO:2 en la superficie del electrodo, ii) migracién de H* y acidificacion del catolito, o iii) difusion
y reoxidacion de productos liquidos en el anodo (Endrédi et al., 2017). En este sentido, es
fundamental resaltar también la configuracion de ensamblaje membrana-electrodo (MEA), que
se compone de una estructura tipo sandwich que consta de tres capas. En primer lugar, se
encuentra una membrana de intercambio idnico, cominmente una membrana de intercambio
cationico, cuya funcidn principal es facilitar la transferencia de protones generados en el anodo
hacia el catodo. Seguidamente, se sitla el catodo, donde se lleva a cabo la reduccion del CO..
Por Ultimo, se encuentra el anodo, compuesto por materiales activos que generan electrones vy,
en general, promueven la reaccion de evolucion de oxigeno (OER). Un aspecto relevante de esta
configuracion radica en la disminucion de las limitaciones de transferencia de materia entre

compartimentos a medida que se reduce la distancia entre los electrodos (Ampelli et al., 2012).
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En este contexto, el grupo de investigacion Desarrollo de Procesos Quimicos y Control de
Contaminantes (DePRO), liderado por el Prof. Angel Irabien Gulias, del Departamento de
Ingenierias Quimica y Biomolecular de la Universidad de Cantabria, cuenta con una amplia
experiencia y trayectoria en el desarrollo de procesos de utilizacion de CO, mediante la via
electroquimica para la obtencién de productos de alto valor afiadido en modo continuo en celdas
de flujo. Entre los principales antecedentes de este grupo destacan la Tesis Doctoral
“Electrorreduccion de dioxido de carbono en fase gas para la produccion de hidrocarburos”,
realizada por el Dr. Ivdn Merino Garcia y dirigida por el Prof. Angel Irabien Gulias y el Dr.
Jonathan Albo Sanchez, la Tesis Doctoral “Valorizacion electroquimica de CO: para la
produccion de formiato en continuo usando electrodos de difusion de gas (GDEs)", realizada por
el Dr. Andrés del Castillo Martin y dirigida por el Prof. Angel Irabien Gulias y el Dr. Manuel
Alvarez Guerra, y, por Ultimo, la Tesis Doctoral “Utilizacion de CO: por via electroquimica:
desarrollo de un proceso en continuo para la obtencion de formiato con alta eficiencia”, realizada
por el Dr. Guillermo Diaz Sainz y dirigida por el Prof. Angel Irabien Gulias y el Dr. Manuel Alvarez
Guerra. La presente Tesis Doctoral marca el comienzo de una nueva linea de investigacién en
el grupo, orientada a la fotoelectrorreduccién de CO2 en continuo mediante el uso de reactores

de membrana.

1.2 Objetivos y estructura

La presente Tesis Doctoral se ha llevado a cabo en el marco de tres proyectos de
investigacion. Por un lado, el proyecto CTQ2013-48280-C3-1-R (MINECO/FEDER,UE) titulado
"Desarrollo e integracion de procesos con membranas para la captura y valorizacion de dioxido
de carbono”, subvencionado por el Ministerio de Economia y Competitividad, por otro lado, el
proyecto CTQ2016-76231-C2-1-R (AEI/FEDER, UE) titulado “Disefio multiescala de procesos de
captura y utilizacion de dioxido de carbono”, subvencionado por el Ministerio de Ciencia,
Innovacion y Universidades, y por Ultimo, el proyecto PID2019-104050RA-I00
(AEI /10.13039/501100011033) titulado “Conversion impulsada por la luz de CO: en
combustibles utilizando reactores microfiuidicos”, subvencionado por el Ministerio de Ciencia
e Innovacién. Estos proyectos cuentan con el liderazgo y la participacion de los investigadores
Dr. Jonathan Albo Sanchez y Dr. Guillermo Diaz Sainz, directores de la presente Tesis Doctoral y
pertenecientes al grupo de investigacion DePRO de la Universidad de Cantabria. Basado en el
marco descrito, el objetivo general de la Tesis Doctoral es el andlisis, disefio y optimizacion de un
reactor fotoelectroquimico de membrana para la conversion en continuo de CO2. Con el fin de
alcanzar este objetivo principal, se plantean los siguientes objetivos especificos, los cuales son

desarrollados en las publicaciones que conforman la Tesis Doctoral:

e Realizar una exhaustiva revision bibliografica sobre la valorizacion fotoelectroquimica de

CO2, prestando especial atencion a las diferentes configuraciones de los reactores y
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electrodos, los diferentes materiales fotoactivos empleados, asi como los productos de
reduccién obtenidos.

Disefiar la configuracién y operacion de un fotoelectroreactor de membrana y su
funcionamiento en modo continuo. Para ello, se debe llevar a cabo el disefio y la puesta
a punto de un sistema experimental versatii que permita operar con diferentes
configuraciones de reactor y electrodos para la conversion de CO, tanto en fase liquida
como en fase gas.

Realizar experimentos cinéticos para analizar la influencia de variables clave en el
proceso, como la intensidad de la luz suministrada, el voltaje externo aplicado, los
caudales de electrolito y CO> utilizados, entre otros. Para ello, se ha utilizado TiO2 como
material fotoactivo en el anodo (TiO2-P25) y Cu en el catodo a oscuras.

Ampliar el estudio de empleo de materiales mas alld de aquellos basados en TiO:
comercial, explorando el funcionamiento de otros materiales semiconductores basados
en TiO2 con propiedades mejoradas, como son las nanoparticulas de TiO: sintetizadas en

medio supercritico (TiO2-SC).

De acuerdo con los objetivos especificos, y considerando la normativa vigente en la

Universidad de Cantabria y en el Programa de Doctorado de la Ingenieria Quimica, de la Energia

y de los Procesos para la elaboracion de Tesis Doctorales por compendio de articulos previamente

publicados, el presente trabajo se desarrolla en cuatro capitulos distribuidos de la siguiente forma:

El Capitulo 1: que consiste en el planteamiento de la presente Tesis Doctoral,
conteniendo el marco y los objetivos.

El Capitulo 2: que describe la metodologia experimental aplicada a lo largo de las
diferentes partes que componen la Tesis Doctoral.

El Capitulo 3: que supone el nlcleo central de la Tesis Doctoral, incluyendo una copia
de los articulos que la sustentan. Estos articulos se integran en el ya mencionado objetivo
general de la Tesis Doctoral, incluyendo una revision bibliografica sobre la valorizacion
fotoelectroguimica de CO2 en la publicacion “Photoelectrochemical reactors for CO:
utilizatior’, el disefio de la configuracion del fotoelectroreactor de membrana vy el
funcionamiento en modo continuo con materiales basados en TiO2, asi como el estudio
de la influencia de variables clave en el proceso con el trabajo * Continuous conversion of
CO: to alcohols in a TiO: photoanode-driven photoelectrochemical system”, y explorar el
empleo de materiales basados en TiO2 con propiedades mejoradas a través de la
publicacion “ Efficient photoelectrochemical conversion of CO: to ethylene and methanol
using a Cu cathode and TiO: nanoparticles synthesized in supercritical medium as
photoanode”.

El Capitulo 4: que comprende un resumen global de los principales resultados junto con

las conclusiones a las que se ha llegado a través de la elaboracion de esta Tesis Doctoral.
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CAPITULO 2. METODOLOGIA

Este capitulo proporciona una descripcion detallada de los materiales empleados, del

sistema experimental, y los procedimientos utilizados a lo largo de la Tesis Doctoral.

2.1 Sintesis y caracterizacion de nanoparticulas de TiO2

La sintesis de nanoparticulas de TiO2 en CO2 supercritico (TiO2-SC) se ha llevado a cabo
utilizando un sistema experimental disefiado especificamente en el Departamento de Ingenieria
Quimica de la Universidad de Castilla-La Mancha (Camarillo et al., 2017), con el que el grupo
DePRO de la Universidad de Cantabria ha establecido una colaboracién a lo largo de los Ultimos
anos. El sistema experimental consta de un bafo termostatico, una bomba de alta presion y un
reactor de sintesis de alta presion como componentes principales. Las nanoparticulas de TiO2 se
obtienen mediante la hidrdlisis térmica del isopropodxido de titanio (TTIP), como precursor,
utilizando etanol como disolvente y CO2 supercritico como medio de reaccion. Las condiciones de
sintesis fueron una presion de 20 MPa, una temperatura de 300 °C, una relacion molar de 28
mmol de precursor por mmol de alcohol y un tiempo de reaccién de 2 horas. Una vez finalizado
el procedimiento de sintesis, los sdlidos obtenidos se extrajeron del reactor y se secaron a 105
oC durante 12 horas para asegurar la total eliminacién de agua. Posteriormente, el material se
somete a una calcinacién a 400 °C durante 6 horas para eliminar impurezas de carbono y
aumentar la cristalinidad del TiO. Se utiliza, ademas, como material comercial de referencia,

TiO2-P25 (Sigma, Aldrich, P25), con un tamario de particula promedio de 21 nm.

Los materiales fotoactivos se caracterizan mediante diversas técnicas. Estas técnicas
incluyen microscopia electrénica de barrido (SEM) para analizar la morfologia y la composicion
atémica, difraccion de rayos X (XRD) para identificar las caras expuestas y la composicion de los
diferentes elementos presentes, y al mismo tiempo, comprobar la eficiencia en el proceso de
sintesis, analisis BET para determinar la superficie del catalizador y espectroscopia infrarroja
transformada de Fourier (FTIR) para analizar la composicion de los materiales. Para medir las
propiedades opticas, se utiliza un espectrémetro Cary 6000i con una esfera integradora para
mediciones de espectroscopia de reflectancia difusa (DRS) en el rango UV-Vis-NIR, y un
fluorémetro de doble rejilla FLSP 920 de Edinburgh Instruments equipado con una lampara de
xendn y un tubo fotomultiplicador Hamamatsu R928. Estos instrumentos permiten realizar el
analisis de fotoluminiscencia (PL) tanto de emision como de excitacion, lo que permite estudiar

las propiedades Opticas tanto de TiO2-SC como de TiO»-P25.
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2.2 Fabricacion de los fotoanodos

Para el desarrollo de los fotoanodos, se emplea la técnica de aerografia manual con una
tinta compuesta por una mezcla del catalizador de TiO2, Nafion (Alfa Aesar, 5% en peso) como
aglutinante e isopropanol (99,5%, Sigma Aldrich) como disolvente. La relacion masica entre el
TiO2 y el Nafion es de 70:30, con un porcentaje en peso de solidos (TiO2 y Nafion) del 3% (97%
en peso de isopropanol). La tinta se introduce en un bafio de ultrasonidos durante 30 minutos

antes de ser depositada sobre el papel de carbono Toray (TGP-H60).

El proceso se lleva a cabo sobre una placa calefactora a 100 °C, para favorecer la
evaporacion del isopropanol. Posteriormente, el fotoanodo de TiO: (carga catalitica entre 1 y 3
mg'cm2) se acopla mediante prensado en caliente con una membrana de intercambio catidnica
de Nafion (Nafion 117). Esta membrane se activa en HCI durante 30 minutos y, posteriormente,
se enjuaga con agua desionizada antes de su uso, formando un ensamblaje membrana-electrodo
(MEA) capaz de mejorar el transporte de cargas y reducir las limitaciones a la transferencia de
materia (Albo et al., 2017; Merino-Garcia et al., 2017).

2.3  Caracterizacion fotoelectroquimica y fisicoquimica de los fotoanodos

Las propiedades PEC de los fotoanodos se determinan, en primer lugar, mediante
voltamperometria de barrido lineal (LSV), tanto con iluminacién de luz LED como sin ella, mientras
se alimenta continuamente CO: al reactor en un rango de potenciales de entre -1,2 y -2 V (vs.
Ag/AgCl). Ademas, se investiga el comportamiento de los fotoanodos de TiO2 mediante ensayos
de cronoamperometria a una velocidad de escaneo de 50 mV-s~! después de 20 ciclos, con y sin

iluminacion.

Adicionalmente, las superficies se caracterizan mediante difracciéon de rayos X (XRD)
utilizando un difractémetro de polvo (Phillips X'Pert MDP). Esta caracterizacién se lleva a cabo
antes y después de 150 minutos de operacion continua bajo irradiacion, con el objetivo de

determinar la composicion y cristalinidad de los materiales, asi como su estabilidad.

24 Sistema experimental para la fotoelectroreduccion de CO2

La fotoelectroreduccién de CO2 en continuo se lleva a cabo en un reactor electroquimico
de tipo filtro prensa comercial (Electrocell A/S, Dinamarca) que se adapta con tapas transparentes
para poder ser iluminado en ambos compartimentos. La Figura 2.1 muestra una vista detallada
de la configuracion de la celda, mientras que la Figura 2.2. muestra un esquema del sistema
experimental. Este sistema incluye cuatro tanques, para las disoluciones electroliticas de entrada

y salida, dos bombas peristalticas para circular el liqguido a un caudal de 10 mL'min~!, dos
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indicadores de presion y controladores de caudal masico para fijar el caudal de entrada de CO>
en 180 mL'min~'. Ademas, se utiliza un potenciostato (AutoLabPGSTAT 302N) para controlar el

potencial aplicado y medir la densidad de corriente generada.

Catolito FOtO_énOdO Anolito

(1 M KOH) (TiOy) (1 M KOH)
S 4F
N A " M o
co,
Nafion uv
117 Light
g Membrana
Distribuidor Separador Catodo Gasket Separador  Distribuidor

Electrodo de de flujo

de flujo .
referencia

Figura 2.1. Reactor PEC de tipo filtro prensa iluminado (arriba) y esquema grafico de
los componentes internos de la celda (abajo).

Se emplea una placa de Cu como catodo y los diferentes MEAs preparados como
fotoanodos, que actlian como separador de los compartimentos de la celda PEC. Como catolito y
anolito, se utiliza una disolucién acuosa de 1 mol-L~! de KOH, y una fuente de luz LED UV fria
(365 nm) para iluminar el area fotoactiva (10 cm?) del fotoanodo. La intensidad de la luz se mide
con un radiémetro (Fotorradidmetro Delta OMH) y se controla ajustando la intensidad del LED y

la distancia entre el microreactor y el LED.

En el lado del catodo, hay dos entradas: el catolito y la alimentacion gaseosa de CO2; y
una salida: el catolito con los productos de reaccion (liquidos y gaseosos). La placa de Cu actla
como electrodo de trabajo, el fotoelectrodo de TiO2 como contraelectrodo y Ag/AgCl (1 mm)
como electrodo de referencia. La placa de Cu se limpia antes de cada experimento con una
solucion de HCI (37%) para garantizar que Cu(0) sea la especie mayoritaria (Kim et al., 1988).

La reduccion de CO; se realiza en condiciones ambientales.
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Figura 2.2. Sistema experimental para la conversién PEC de CO; en continuo que
incluye una representacion esquematica de la configuracion fotoanodo (MEA)/catodo a oscuras.

Los ensayos fotoelectroquimicos de reduccién de CO: se llevan a cabo al menos por
duplicado en modo continuo durante 50 minutos, cuando se alcanza un rendimiento
pseudoestable. Las muestras de gas y liquido se toman a la salida del reactor (compartimento
catodico) cada 10 minutos para calcular la concentracion del producto a la salida. Se utiliza un
cromatdgrafo de gases (GCMSQP2010 Ultra, Shimadzu) equipado con un detector de ionizacion
de llama (GC-FID) para medir la formacion de productos liquidos, como alcoholes. La produccion
de formiato en fase liquida también se analiza mediante cromatografia idnica (IC, Dionex ICS
1100). Ademas, se miden muestras gaseosas utilizando un microcromatdgrafo de gases instalado
en linea (3000 Micro GC, Inficon). Se descartan los resultados de concentracion dos veces por
debajo o por encima del valor promedio para, posteriormente, calcular las principales figuras de

méritos.

2.5 Figuras de mérito

El funcionamiento del proceso se evalla teniendo en cuenta las siguientes figuras de
mérito: (i) velocidad de formacion de productos, (ii) eficiencia Faradaica (EF), (iii) eficiencia
energética (EE) y (iv) eficiencia de conversion de energia solar en productos (STF, Solar-to-fuel,

en inglés).
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En primer lugar, la velocidad de formacion de productos se define como los moles de
producto obtenidos por unidad de tiempo y unidad de area geométrica de electrodo, como se

muestra en la ecuacion 2.1:
n
Velocidad de produccién (umol - m™2 - s™1) = it (Ecuacion 2.1)
Donde n es el nimero de moles de producto generado (umol producto), 4 es el area
geométrica de electrodo (m?) y tes el tiempo total del experimento (s).

Por otro lado, la EF expresa el porcentaje de la energia total suministrada que se ha
utilizado para obtener el producto deseado. Se puede calcular utilizando la ecuacion 2.2:
zZ-n-F

Q.'t .100  (Ecuacién 2.2)

EF (%) =

Donde Zz es la relaciéon entre el nimero de electrones intercambiados en el proceso de
reduccion de CO2 y el nimero de moles de producto generado (mol electrones mol producto),
n es el numero de moles de producto generado (mol producto), Fes la constante de Faraday
(96.485 C'mol electrones), Qes la carga total aplicada en el sistema (A) y tes el tiempo total

del experimento (s).

La EF se define como el porcentaje de la energia total utilizada para la formacion de un

determinado producto, de acuerdo a la ecuacién 2.3:

E¢

EE (%) = —

EF  (Ecuacién 2.3)

Donde £ es el potencial externo aplicado (V), £: representa el voltaje tedrico necesario
para la formacion de cada producto y £Fes la eficiencia Faradaica. Los potenciales tedricos para
el etileno y el metanol (V vs. Ag/AgCla pH 7) son — 0,539V y — 0,589V, respectivamente (Irabien
et al., 2018).

Por ultimo, STF representa la eficiencia del proceso para la generacién de productos
utilizando la luz de acuerdo a la Ecuacion 2.4:
fo + Pe,o Iop : Ef,o - EF

P
STF (%) = = (Ecuacion 2.4)
PS + Pe,i PS + Pe,i

Donde P;o es la potencia de salida contenida en el combustible quimico (W), Peo €s la
potencia de salida en forma de electricidad (W), Pses la potencia de entrada por irradiacién solar
y P es la entrada externa de potencia eléctrica (W). Ademas, I, es la corriente operativa (A),
Ezo es la diferencia de potencial (V) entre las dos semirreacciones (es decir, el producto de

reduccién de CO: y el Oz de la oxidacion del agua) y £F es la eficiencia Faradaica.
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CAPITULO 3. ARTICULOS CIENTIFICOS

A continuacion, se presentan los articulos cientificos publicados que forman parte de la

Tesis Doctoral, junto con sus correspondientes resimenes en espanol.

3.1. Sergio Castro, Jonathan Albo, Angel Irabien. 2018. Photoelectrochemical
reactors for CO: utilization. ACS Sustainable Chemistry & Engineering, 6, 12, 15877-
15894.

~

P A

I
\Photoanode | Photocathoy

Figura 3.1. Resumen grafico del articulo. "Photoelectrochemical reactors for CO:
utilization”.

Este articulo de revision se centra en la reduccién fotoelectroquimica de CO: utilizando
energia solar para la produccion sostenible de combustibles y productos quimicos de alto valor
anadido. Esta linea de investigacion ha despertado un gran interés recientemente entre la
comunidad cientifica, debido a su potencial para contribuir a resolver los problemas asociados al
calentamiento global. Los esfuerzos de investigacion realizados hasta la fecha se han centrado
en el desarrollo de materiales activos, prestando una menor atencion a la influencia de la
configuracion del reactor y electrodos en el rendimiento del proceso. Por lo tanto, el objetivo de
esta revision es proporcionar un analisis exhaustivo de la fotoelectroreduccion de CO2,
centrandose en las celdas fotoelectroquimicas y fotoelectrodos empleados, asi como en los
materiales fotoactivos utilizados y los productos obtenidos para cada configuracion, considerando
las variables clave en el proceso. Asi, la revision se estructura de la siguiente manera: (i)
configuraciones de reactores fotoelectroquimicos, (ii) materiales empleados para los
fotoelectrodos, (iii) principales productos de reduccion, y (iv) conclusiones y desafios futuros. El
objetivo final es recopilar toda la informaciéon disponible hasta la fecha y avanzar hacia la

aplicacién practica de la fotoelectrocatdlisis para la conversion de CO..

El disefio de un reactor fotoelectroquimico debe basarse en una cuidadosa evaluacion de
diversos factores, como es la fuente de luz, la configuracién geométrica, el material de

construccion, el intercambio de calor, las caracteristicas de mezcla y las caracteristicas de flujo,
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entre otros. Dos de los parametros clave del proceso son las fases involucradas y el modo de
operacion (discontinuo, semidiscontinuo y continuo). El anodo y el catodo deben estar,
preferiblemente, en forma de peliculas delgadas separadas por una membrana conductora de
protones y depositadas sobre sustratos porosos. Esto permite un transporte y separacién eficiente
de electrones. Para una fotoconversion de CO: eficiente, se necesita también de la reaccion de
evolucidn del oxigeno en el lado del anodo, asi como una apropiada difusién de CO: en el lado
del cétodo.

En los Ultimos afios se esta empleando mayoritariamente la configuracion fotoanodo con
un catodo a oscuras debido a los beneficios de utilizar semiconductores de tipo 7, que son mas
abundantes, econémicos y estables para la oxidacion de H20, en lugar de semiconductores tipo
p. Otra opcion de creciente interés es la aplicacion de un sistema compuesto de un fotocatodo y
un anodo en ausencia de luz. El fotocatodo esta compuesto por un semiconductor de tipo p
debido a su alta energia de banda de conduccion adecuada para la reduccion de COz, pero su
eficiencia es limitada. Finalmente, el empleo de un material semiconductor tipo p para la
reduccion de CO: en el fotocatodo con un fotoanodo basado en un semiconductor tipo 7 para la
oxidacién de H20, donde idealmente puede no ser necesario la aplicacién de energia externa,

salvo la luz.

En resumen, la reduccion fotoelectrocatalitica del CO2 es una solucidon tecnoldgica
prometedora que combina las ventajas de la electrocatalisis y la fotocatalisis, reduciendo el voltaje
necesario en electrocatalisis para convertir el CO2 en productos Utiles. Sin duda, aun existen
grandes retos por resolver antes de que estos procesos tengan aplicacion practica real, pero esta
tecnologia presenta un gran potencial para alcanzar una mayor eficiencia en la reduccion de CO»

mediante el empleo de energia solar.
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Photoelectrochemical Reactors for CO, Utilization

Sergio Castro,™" Jonathan Albo,

and Angel Irabien

Department of Chemical & Biomolecular Engineering, University of Cantabria, Avda. Los Castros s/n, 39005 Santander, Spain

ABSTRACT: The photoelectrochemical reduction of CO, to
renewable fuels and valuable chemicals using solar energy is a
research topic that has attracted great attention recently due
to its potential to provide value-added products under the
Sun, solving the issues related to global warming at the same
time. This review covers the main research efforts made on
the photoelectrochemical reduction of CO,. Particularly, the
study focuses in the configuration of the applied reactor,
which is a topic scarcely explored in the literature. This
includes the main materials used as photoelectrodes and their
configuration in the photoelectrochemical reactor, which are

discussed for technical uses. The review provides an overview of the state-of-the-art processes and aims to help in the
development of enhanced photoelectroreactors for an efficient CO, utilization.

KEYWORDS: Photoelectrocatalysis, CO, reduction, Reactor configurations, Photoelectrodes, Climate change

B INTRODUCTION

The reduction of fossil fuels and the growing emission of
carbon dioxide (CO,) have accelerated research activities to
produce fuels and chemicals from wasted CO, as a carbon
source. CO, can be considered an unlimited, renewable, and
valuable carbon source instead of a greenhouse gas emission.
However, due to the chemical properties of CO,, its
transformation requires a high level of energy since the bond
dissociation energy of C=0 is ~750 kJ-mol~', higher than
other chemical bonds such as C—H (~430 kJ-mol™!) and C—
C (~336 kJ-mol™")." Nowadays, there are several technologies
able to chemically reduce CO, to value-added products, among
them, thermochemical processes (i.e., hydrogenation, reform-
ing), mineralization, electrochemical reduction, and photo/
photoelectrochemical reduction.” Compared to thermochem-
ical processes, mineralization processes present limitations that
should be solved through further technological developments
due to the low carbonation rates, high cost, and energy
penalties. It is also possible to dissociate CO, and H,O by
thermolysis at extremely high temperatures. Electrochemical
processes, however, permit dissociation to H,O or CO, at
ambient conditions using electricity and have attracted
worldwide interest due to their potential environmental and
economic benefits.” This technology not only offers a viable
route to reuse CO, but also an excellent alternative to store
intermittent energy from renewable sources in the form of
chemical bonds.”” When electrochemical reduction integrates
a light source, a photoelectrochemical device is obtained,
which has attracted intense progress in recent years.”’ In
principle, such integration reduces the system capital cost and
enables higher efficiency by reducing losses in transporting
electricity to the electrolysis cell, eliminating current collectors
and interconnections between devices. The operation of a
photoelectrochemical (PEC) cell is inspired by natural

-4 ACS Publications  © 2018 American Chemical Society 15877

photosynthesis in which carbohydrates are formed from
CO,. The goal is to use excited electrons that are generated
when the semiconductor absorbs light to effect electro-
chemistry on a redox couple strategically chosen to produce
the desired chemicals.®

The concept of a photoelectrochemical cell is comparable to
a conventional electrochemical cell, except that energy
necessary to cause redox reactions is partially provided by
the light. This concept is represented in Figure 1. A

External electronic
circuitry

e F @ —)

Semiconductor Metal
working electrode counter electrode

e g B
A Solution ) e
B

Photon
absorption

Figure 1. Photoelectrochemical setup.’

semiconductor material absorbs the light at the working
electrode, exciting electrons to a higher energy level that,
together with the corresponding holes generated, are able of
carrying out reduction and oxidation reactions at a semi-
conductor/liquid interface. In practice, several characteristics
of the photoelectrodes must be satisfied simultaneously; the
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electronic band gap of the photoelectrode must be low enough
for efficient photon collecting from the solar spectrum (<2.2
eV) and high enough such that the excited electrons have
enough energy to split water (>1.23 €V or typically at least
1.6—1.7 eV for sufficient rates), the band edges must cover the
water electrolysis redox potentials, and the photoelectrode
must be stable and resistant to corrosion in the aqueous
electrolyte.'’ The photoelectrochemistry is therefore a thrilling
and interdisciplinary research field that includes -electro-
chemistry, surface science, solid-state physics, and optics.""
CO, can be converted to a wide range of products such as
CO, H,, HCOOH, CH;OH, CH,, etc."” Equations 1—5 shows
the thermodynamic potentials for CO, reduction products at
neutral pH in aqueous solution versus a saturated calomel
electrode (SCE) and 25°C and atmospheric pressure '

CO, + 2H" +2¢” - CO + H,0 E°=-077V (1)
CO, + 2H" + 2¢” - HCOOH E° = —0.85V )

CO, + 6H" + 6e” —» CH,OH + H,0 E° = —-0.62V

3)
CO, + 8H" + 8¢~ — CH, + 2H,0 E° = —048V

(4)
CO, + e — CO,*” E°=-214V (s)

The extent to which the reaction progresses depends mainly
on the catalytic systems, as well as the reaction media and
potential applied.'” Typically, multiple proton coupled
electron transfer steps must be orchestrated, presenting kinetic
barriers to the forward reaction.'” Also, part of the energy
supplied to the system may be consumed by the competitive
reaction for H, production from water electrolysis in the
Hydrogen Evolution Reaction (HER). The state-of-the-art
process for the production of value-added products from CO,
using solar energy is still far from practical consideration, but
knowledge has been accumulated through the years.'* Since
the first report in 1978 on CO, photoelectrochemical
reduction by Halman,'> many review articles have been
written about different aspects of this photoelectrochemical
technology, as shown in Table 1. In 2014, Ibrahim et al’
collected the available knowledge about photoelectrochemical
reactions to produce biofuel from biomass. In 2015, Sudha et
al.'® review the recent developments in the synthesis and
application of composite photocatalysts derived from TiO,,
CdS, WO;, SnS, and ZnO. Moreover, Nikokavoura et al.'”
presented alternative photocatalysts to TiO, for the photo-
electroreduction of CO,. Inorganic and carbon-based semi-
conductors, mixed-metal oxides, salt composites, and other
groups of photocatalysts were examined in this review.
Moreover, a simplified energetic and economic feasibility
assessment for a solar refinery (including photoelectrochemical
means) for the 9production of methanol was developed by
Herron et al,'®’ concluding that at least a 15% solar-to-fuel
efficiency is required in order to compete with industrial
methanol production. Also, one of the most important factors
affecting the CO, reduction performance is the configuration
of the photoreactor. A complete discussion on photo-
reactoreactor analysis and design was carry out by Yue in
1985.2° In this paper, the author presented an overview of the
important engineering problems in the modeling and design of
photoreactors. More recently, Cassano et al.”' in 2005
described the most important technical tools that are needed

Table 1. List of Review Articles on CO,
Photoelectrochemical Reduction

Author (year) Publication title ref

A.].Bard (1979) Photoelectrochemistry and heterogeneous photocatal- 22
ysis at semiconductors

D. A. Tryk Recent topics in photoelectrochemistry: Achievements 23
(2000) and future prospects

B. Kumar (2012) Photochemical and photoelectrochemical reduction of 13

CO,

A. Harriman Prospects for conversion of solar energy into chemical 7
(2013) fuels: The concept of a solar fuels industry

S. N. Habisreu- Photocatalytic reduction of CO, on TiO, and other 24
tinger (2013) semiconductors

N. Ibrahim Biofuel from biomass via photoelectrochemical reac- 9
(2014) tions: An overview

J. Zhao (2014) Hybrid catalysts for photoelectrochemical reduction of 25
carbon dioxide: A prospective review on semi-

conductor/metal complex cocatalyst systems

J. Highfield Advances and recent trends in heterogeneous photo(- 26
(2015) electro)-catalysis for solar fuels and chemicals
Y. Yan (2015) Photoelectrocatalytic reduction of carbon dioxide 8
C. Ampelli Electrolyte-less design of PEC cells for solar fuels: 27
(2015) Prospects and open issues in the development of cells
and related catalytic electrodes
D. Sudha (2015) Review on the photocatalytic activity of various 16
composite catalysts
S. Xie (2016) Photocatalytic and photoelectrocatalytic reduction of 28
CO, using heterogeneous catalysts with controlled
nanostructures
A. Nikokavoura  Alternative photocatalysts to TiO, for the photo- 17
(2017) catalytic reduction of CO,
L. Y. Ozer Inorganic semiconductors-graphene composites in 29
(2017) photo(electro)catalysis: Synthetic strategies, interac-

tion mechanisms and applications

P. Wang (2018)  Recent progress on photo-electrocatalytic reduction of 30

carbon dioxide

to design photoreactors using computer simulation of a
rigorous mathematical description of the reactor performance,
both in the laboratory and on a commercial scale.

In any case, it seems that the effect of reactor configuration
in the CO, photoreduction performance has not been
discussed in the literature as much as the development of
active materials. To fill this gap, the aim of the present review
is to provide a deeper analysis on the photoelectroreduction of
CO, in terms of photoelectrochemical cell and photo-
electrodes configuration, together with a discussion on
photoactive materials applied and obtained products for each
configuration as key variables in process performance. The
discussion is structured as follows: (i) photoelectrochemical
reactor configurations, (ii) photoelectrode materials, (iii) main
reduction products and finally, (iv) conclusions and future
challenges. This compilation aims to be a step further toward
real application of photoelectroreactors for CO, conversion.

B SUMMARY OF STUDIES

PEC Reactor Configuration. The reactor can be
considered the heart of a photoelectrochemical system. In a
PEC reactor, the illumination of the photoactive surface
becomes crucial, together with other common variables in
reactors such as mass transfer, mixing, or reaction kinetics.>!
The design should be made based on a careful evaluation of
different factors influencing reaction performance:*”*" (i) light
source and geometrical configuration, (ii) construction ma-
terial, (iii) heat exchange, (iv) mixing and flow characteristics,
and (v) phases involved and mode of operation.’” These are
discussed as follows:

DOI: 10.1021/acssuschemeng.8b03706
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Figure S. (a) Schematic diagram of the CFPR setup: (1) CFPR, (2) solar simulator, (3) electrochemical workstation, (4) CO, tank, (S) syringe
pump, (6) fresh catholyte from a gas mixing chamber, (7) catholyte collector, (8) fresh anolyte, (9) pump, and (10) anolyte collector. The
electrical connections to the electrodes are marked as WE, CE, and RE for the cathode, anode, and reference electrode, respectively. (b) Schematic
diagram of the CFPR itself consisting of (1) catholyte inlet and location of the reference electrode, (2) optical window (transparent slab), (3)
microchannel arrays slab on top of the cathode, (4) cathode, (5) microchannel arrays underneath the cathode, (6) ion exchan%e membrane, (7)
microchannel arrays on top of the anode, (8) anode, (9) outlet of anolyte, (10) outlet of catholyte, and (11) inlet of anolyte.”®
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Figure 10. Conduction band (in red) and valence band (in blue)
positions of some semiconductors and the redox fotentials (vs NHE)
for CO, reduction and water splitting at pH 0.°

choice of the most suitable light source can be made by
evaluating the reaction energy requirements with respect to the
lamp specifications. The well-known xenon arc lamp seems to
be the most employed lamp in the literature. This lamp
produces a bright white light that closely mimics natural
sunlight when electricity passes through the ionized Xe gas at
high pressure.’** If solar energy is being considered, it should
be noticed that sunlight mainly consists of three different

DOI: 10.1021/acssuschemeng.8b03706
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Figure 11. FEs for CO at different electrode configurations in PEC
cells.

wavelengths: ultraviolet (4 < 400 nm), visible (4 = 400—800
nm), and infrared (4 > 800 nm), accounting for 4%, $3%, and
43% of the total solar energy, respectively.”® Moreover, it is
recommended to give a certain pattern of irradiation by
mounting the light source inside a glass sheath or some
suitable optical assembly as Ampelli et al.’” evaluated where
the Xe-arc lamp of 300 W was protected by a housing and a set
of lenses were employed. Regarding geometrical configuration,
it is necessary to determine the optical path of the light inside
the reactor in a way to obtain the maximum benefit from the
irradiation pattern and a good absorption of light photons. For
photoreactors, other aspects such as the spatial relation
between reactor and light source and geometry are crucial.
In all cases, the irradiation takes place normal to the reactor
surface.

(i) In photoreactors, the requirements of light transmission
influenced in the construction material election. The choice is
usually limited to different types of glass being the Pyrex glass
the most used in the bibliography for its adequate light
transmission and cost,”*”*’ although quartz glass is more
expensive, but generally gives the best performance in terms of
light transmission. At short wavelengths (4 < 300 nm), quartz
seems to be the only appropriate material. In some cases, the
glass has been substituted by the plastic Plexiglas, except the
reactor window, which is continuously being made of glass to
allow UV light transmittance. For instance, Cheng et al*!
reduced CO, using a PEC Plexiglas reactor with a quartz
window achieving a light intensity at the anode surface of 10
mW-cm > with a 300 W Xe-arc lamp. Another important factor
is the thickness of the reactor wall, which decreases the light
transmission and limited the size of the reactor and the
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Figure 13. FEs for HCOOH at different electrode configurations in

PEC cells.
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. 42,43
operating temperature and pressure. Others authors™™ use a

different design to illuminate the photocatalyst surface,
avoiding the problems of construction materials and light
transmission by combining the PEC cell with a solar panel
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Table 3. Experimental Conditions and Main Products in Photocathode—Dark Anode Configuration

Photocathode
p-GaP

p-GaAs

p-Gap

p-InP

p-GaAs

p-Si

p-InP/deposited-metal [Pb,
Ag, Au, Pd, Cu and Ni]

p-GaAs

p-InP

p-GaP

p-InP

p-Si

p-InP-Zn

Cu,ZnSnS, (CZTS)

meso-tetraphenylporphyrin
Felll chloride at p-type Si

Mg-doped CuFeO,

Cu/Cu,O
Cu/Cu,O

Wedged N-doped CuO
Ordered mesoporous TiO,

p-type CuO/Cu,O
Cu/Cu,O
Cu—Co;0, NTs
Cu,O-TiO, ,

NiO

Ru(bpy),dppz-Co;0,/CA
1T@2H-Mo$,

Au;Cu NP/Si NW

Si with RA-treated Au thin
film mesh

Cu,0/graphene/TNA
Ti/ZnO—Fe,0,

Cu-ZnO/GaN/n*-p Si
Cu,O

Cu,0/TiO,— Cu*
CdSeTe NPs/TiO, NTs

CdSeTe NSs/TiO,

SnO, NRs/Fe,0; NTs
Cu,O

Anode

Carbon road
Pt

Pt

Pt

Pt

Pt

Pt

Pt

Pt

Carbon rod
Pt

Pt
[Ru(L-L)

(CO)ln
[RuCE +

RuCA
CF;CH,OH
Pt

Pt
Pt

Pt
Pt

Stainless steel

Pt

Pt

Pt

graphite plate
Pt

Pt

Pt

Pt
Pt
Pt

Pt
Pt

Graphite
sheet

Light source/Intensity
Hg lamp (4 = 365 nm)

150W Tungsten lamp
(4 > 380 nm)

150W Tungsten lamp
(4 > 380 nm)

500 W Xe lam
(4 > 370 nm

500 W Xe lam
(4 > 370 nm

500 W Xe lam
(4 > 370 nm

5000 W Xe lamp
(4 > 300 nm)

5000 W Xe lamp
(4 > 300 nm)

5000 W Xe lamp
(4 > 300 nm)

200 W Hg—Xe-arc light
(4 > 365 nm)

5000 W Xe lamp
(4 > 300 nm)

150 quartz halogen lamp
(4 < 1000 nm

Xe light
(400 nm < A < 800 nm)

(400 nm < A < 800 nm)

Halogen fiber optic lamp
(Amax = 650 nm)

75 W Xe
(350 nm < 4 > 1350 nm)

125 W Hg lamp

LED light
(435 nm < 4 > 450 nm)

Xe lamp (4 > 420 nm)
300 W Xe-arc lamp

(AM 1.5) Solar simulator
(Newport Model 91160)

125 W Hg lamp

300 W Xe lamp
150 W Xe lamp (AM 1.5)

LED with an output of 1000
Im

Xe lamp (4 > 420 nm)

Visible-light illumination
(400 nm < 4 > 800 nm)

100 mW cm™2

300 W Xe-arc lamp
(4 >400 nm)

300 W Xe lamp
(400 nm < 4 < 800 nm)

300 W Xe lamp
LS 150 with AML.S G filter
LS 150 with AML.5 G filter

SO00W Xe lamp
(4 = 420 nm)

S00W Xe lamp
(4 = 420 nm)

Xenon lamp (4 > 420 nm)
100 mW cm™

Electrode
potential
(V vs SCE)

-1V
-12V
-1V
-11V
-1.6V
-18V
=25V
24V
-25V
04V
—24V to
-28V
-0.6' V
-0.6' V
-04V
-11V
-09V

02V
20V

-12V
-04V
-03V

020V

-09V
—0.07 V to
-0.77 V

—-04V

-0.84 V
-0.6V

-08V
073V

—0.8 V vs SCE
-05V

-0.6V
-03V
-03V
-12V

-12V

-1.1V
-0.6 V

15882

Product
CH,0; HCOOH;

CH,0H
co

co

co

co

co

CO; HCOOH
CO; HCOO™
CO; HCOO™
CH,0H

CO; HCOOH
co

HCOO"~
HCOO"~

co

HCOO™

CH,;0H
CH4} C2H4

CH,;0H

CH,; CO

C,H;OH; C;H,0;
CH;0H

CH,;O0H; C,H;OH;
CH,0; C,H,0;
CH,;COCH,

HCOO™

CH;0H; HCOOH

H,

HCOO™

cO
co

CH,OH

CH,0H; HCOOH;
CH,0

co
CH,0H
CH,0H
CH,0H

CH,0H

CH,0H
C,H,0H

FE/Productivity

47%
85%
89%
74%

75%

CO: 24.9%; HCOO™: 14%

CO: 41.5%; HCOO™: 15%

889%—100%

CO at —2.7 V: 45.2%;
HCOOH at —2.6 V: 21.1%

97%

34.3%

82%

92%

10%

C,H,: 32.69%

84.4%

C,H;OH: 52%; C;HO: 40%;
CH;OH: 4%

91%
45 pmol cm™ h™!
CH;O0H: 0.773 mmol/cm?

70%
23.6%
50.7%
88%

25%

87.04%

0.071 mmol-cm™>h~!

ref

15

97

97

98

98

98

77

101

101

90

104

99

112

113

39

108

115
59

116
88
59

117

109

34

75

66
126

127
10S

40

74

35

120
120
122

122

121
125
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Table 3. continued

Photocathode Anode Light source/Intensity
0D/2D CND/pCN Pt 300 W Xe-arc lamp
(4 > 400 nm)
Si/Au Graphite rod 100 mW cm ™2

Electrode
potential
(V vs SCE)

Product FE/Productivity ref

-05V CH, CO CH,: 2.9 /tmol-gcmlysfl-h’l 44
CO: 5.8 /Amol-gcmlm_]~h_I

CcO 96% 93

(PEC-photosolar cell tandem). Thus, the photomaterial is
directly illuminated, the light is not disturbed by aqueous
media, and H,O could be oxidized in the photoanode without
applying external bias.

(ili) Heat exchange should be particularly considered,
especially in gas—solid systems. Suitable devices must be
designed to remove the heat generated by the lamp because of
the glass low thermal conductivity.”> For example, Ong et al.**
positioned a water jacket between the PEC cell systems and
the Xe-arc lamp to lessen the effects of heat on the Na,SO,
electrolyte solution during irradiation.

(iv) Mixing and flows depend on the phases involved in the
process and are also important factors to take into account. It
is recommended to mix. In the case of heterogeneous photo-
reactions, contact between reactants, photons, and catalysts
should be promoted with, for example, agitation of the reacting
mixture using a stirrer.”

(v) Photoreactors applied for CO, photoconversion can be
classified according to the phases involved (i.e., gas—solid,
liquid—solid, gas—liquid—solid, etc.) and the mode of
operation (i.e., batch, semibatch, or continuous). Moreover,
the materials can be generally in suspended (fluidized bed) or
immobilized forms (fixed bed) in reactors. The main pros and
cons of different current photoreactor systems for CO,
transformation are summarized in Table 2.** Figure 2 shows
the schematic configuration of various types of photocatalytic
reactors, which may serve as a reference for the design of new
photoelectrocatalytic reactors (i.e., light incidence, flows inlet/
outlet, photoactive surface configuration, etc.).

The recirculation of unconverted CO, also must be taken
into account when designing an effective photoelectroreactor
since the separation of the products from CO, could account
for 6%—17% of the total energy required in the process.”
Moreover, undivided photoelectrochemical reactors (Figure
3), in which plate-type electrodes are separated by a liquid
phase that acts as both anolyte and catholyte, have been
commonly used. In these type of cells, the process costs
increase due to the extra separation step required for the
product recuperation.”* For a practical use of PEC cells, the
separation in two distinct compartments where CO, reduction
and water oxidation take place is more appealing than the
single compartment process, since one can deal with one
reaction at a time. As a result, the efficiency of the redox
reactions increase, as so the charge and products separa-
tion.””*>*° The election between single and dual compartment
cell does not follow a determinant rule and depends on the
case, although dual compartment cells are usually pre-
ferred.””?%*

Also, in order to allow an efficient collection/transport of
electrons over the entire film as well as the diffusion of protons
through the membrane (Figure 4), both anode and cathode
should be in the form of a thin film separated by a proton-
conducting membrane (Nafion or other materials)*”*” and
fixed onto a porous conductive substrate in the PEC cell. For
CO, photoreduction, an efficient evolution of oxygen on the

anode side is also needed, together with an efficient evolution
of CO, and diffusion of reaction products on the cathode side.
Moreover, the use of gas diffusion electrodes (GDEs) and gas
phase operation on the cathode compartment is preferable, in
order to avoid the limitations of CO, solubility in water.*”>*

The mass transport in the electrode is a limiting factor as
better catalyst are progressively becoming available. For this,
several elements have been considered: high pressure
operation, the use of GDEs, and no aqueous electrolytes.”’
GDEs usually consists of a carbon fiber substrate (CFS), a
microporous layer (MPL), typically is composed of carbon
powder and polytetrafluoroethylene (PTFE), and a catalyst
layer (CL). Del Castillo et al.°" compared a Sn-GDE with a Sn
plate electrode and obtained higher rates for the Sn-GDE than
for Sn plate electrode, demonstrating the exceptional perform-
ance of GDEs for CO, reduction.®”®* Gas phase CO,
transformation by using GDEs can be also applied to enhance
CO, transfer, allowing the operation at higher current densities
in the cell as demonstrated by Merino-Garcia et al.,” in a dual
compartment cell for methane and ethylene production by
using a Cu-based membrane electrode assembly (MEA).

Moreover, the type of ion transport membrane applied is key
in the CO, photoelectrochemical reduction performance,
where proton exchange membranes (PEMs) are preferred
due to their favored protons transport from the anode to the
cathode than the anion exchange membranes (AEMs), with
anions transported from the cathode to the anode compart-
ment, but of course, it may depend on the reaction conditions
and cell configuration.”* The _expected reactions in a PEM-
based reactors are as follows:>

Cathode:
CO, + 2H" + 2¢” - CO + H,0 (6)
2H" +2¢” < H, (7)
Anode:
2H,0 « O, + 4H" + 4e” (8)

While the expected reactions in a AEM are as follows:>
Cathode:

3CO, + H,0 + 2¢” < CO + 2HCO,~ (9)

2CO, + 2H,0 + 2¢” < H, + 2HCO;~ (10)
Anode:

2HCO,™ « 0.50, + H,0 + 2CO, (11)

There are many e’xamgles on the use of PEMs in
photoelectroreduction,”*>*° while AEMs are not usually
employed, although some examples are reported in electro-
chemical devices where current densities as high as 130 mA-
em™? can be achieved.®” This is the case for the new anion-
conductive polystyrene methyl methylimidazolium chloride
(trade named Sustainion) AEM membrane developed by
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Table 5. Experimental Conditions and Main Products in Photocathode—Photoanode Configuration

Electrode
Potential
Photocathode Photoanode Light source/Intensity (V vs SCE) Product FE/Productivity ref
InP/[MCE]s  TiO,/Pt 1 sun (AM 1.5) HCOO"™ 70% 38
p-type Si n-type TiO, Photocathode: 1S0W Xe lamp (AM -15V CO; CHy; CyHg, CO: 824 nmol/cm*h; CH,: 121.5 80
nanowire nanotube 1.5); Photoanode: 25W Hg arc lamp C,H,; C;Hg; nmol/cm?h; C,H,: 80 nmol/cm*h
CHyo
InP/Ru TiO, 1 sun, air mass 1.5 HCOO™ 75% 94
complex
Si NWs@ TiO, - —081V CO; CH, CO: 90% 106
CoP/CN NWs@
CoP/CN
NiO-RuRe Co0,/ 300 W Xe lamp (1 > 460 nm) -03V CcoO . 95
TaON

Table 6. Experimental Conditions and Main Products in PEC—Solar Cell Tandem Configuration

Photo/cathode Photo/anode Light source/Intensity Electrode Potential (V vs SCE) Product FE/Productivity ref
ZnTe based Co-Ci 100 mW cm™ ov CcO - 130
GaN Pt 300 W xenon lamp - CH, 19% 131
Cu,O WO, 200 W xenon lamp (AM 1.5) ov CO; HCOO~ - 132
Cu—Zn Si/Ni 150 W xenon lamp (AM 1.5) ov coO 85% 42

Masel and co-workers, which excessed standards for product
selectivity and current density with commercially available
AEM.

Moreover, bipolar membranes (BPM), made of an anion
and cation exchange membranes, have recently gained interest
for CO, transformation due to their ability to separate anode
and cathode compartments and the high sensitivity on pH
required to facilitate different electrolyte conditions for the
anode and for the cathode by the selective transport of OH™ to
the anode and H* to the cathode.”**” Maintaining the pH
constant, BPMs allow the use of new Earth-abundant metal
anodes that are stable in basic conditions and highly active
acid-stable cathodes for CO, reduction, which cannot be
realized by using PEMs and AEMs.®> Recently, Zhou et al.*”’
reported a FE > 94% to HCOOH (8.5 mA-cm™2) using a
GaAs/InGaP/TiO,/Ni photoanode and a Pd/C nanoparticle-
coated Ti mesh cathode, employing as electrolytes 1.0 M KOH
(pH 13.7) and 2.8 M KHCO; (pH 8.0) separated by a BPM
that facilitated the separation of redox reactions to achieve
higher efficiencies and produce lower total overpotentials in
comparison to a single compartment cell.

In addition, the formation of liquid products from CO,
reduction has mostly focused on batch PEC reactors.””*”"
Only a few researchers deal with the concept of continuous
flow photoelectrochemical reactors,”” required in the produc-
tion at industrial scale, minimizing capital costs and max-
imizing product consistency as demonstrated in case of
electrochemical systems for CO, continuous reduction. To
this end, a continuous flow PEC reactor (CFPR) was
developed in 2015 by Homayoni et al.”® to produce alcohols
from CO, employing a CuO/Cu,O photocathode (Figure S).
The results show long-chain alcohol products up to C,—C;
(ethanol and isopropanol) with a production rate of 0.22 mL-
m~>h7!, that was approximately 6 times higher than in a batch
design.

Furthermore, there are different electrode configurations for
the PEC systems on dependence on which electrode (i.e.,
anode, cathode, or both) acts as photoelectrode,65 as described
in the following subsections.

Photocathode—Dark Anode. Most of the studies employed
a photocathode made of a p-type semiconductor, with a high

conduction band energy suitable for CO, reduction, and an
anode made of metal (Figure 6).”%”> The first study was
reported by Halmann in 1978, where a p-GaP semiconductor
was used as photocathode, carbon rod as counter electrode,
and a buffered aqueous solution as electrolyte.'> A 6 mA-cm™>
current was detected when p-GaP was illuminated with an Hg
lamp, and a voltage bias of —1 V vs SCE was applied.
HCOOH, HCHO, and CH;0H were formed. More recently,
this type of configuration was implemented by Qin et al.”®
using TiO, as photocathode and an electrode of Pt as anode to
obtain HCOOH, HCHO, and CH;OH as main products.

Unfortunately, the valence band in p-type semiconductors
does not cover H,O oxidation, and a bias potential is required.
Also, these materials are usually expensive, toxic, and unstable
and two-electron compounds, such as CO and HCOOH, are
obtained as it was demonstrated by Kaneco et al.”’ when a
metal-doped (Pb, Ag, Au, Pd, Cu, and Ni) p-InP photocathode
and a Pt foil as counter electrode was applied at —2.5 V vs SCE
potential. Overall, the efficiency of p-type semiconductor-based
systems is low, and the improvement required in photocathode
efficiency remains a challenge.

Photoanode—Dark Cathode. The use of a n-type semi-
conductor (e.g, TiO,, ZnO, BiVO,, or WO;), which are Earth-
abundant, cheap, and stable as a photoanodes for H,O
oxidation, and a metallic electrocatalyst active for CO,
reduction as the cathode to assemble a photoanode—dark
cathode PEC reactor is also an attractive option (Figure
7).*47% CO, reduction in a photoanode—dark cathode PEC
depends on two components: cathode catalysts and photo-
anode activity. This cell could improve CO, reduction values
obtained in electrocatalytic systems and reduce energy input
over the photoanode catalyst, requiring a lower external bias
for an effective CO, reduction than the photocathode—dark
anode configuration.”**® In this configuration, the photoanode
plays a dual role during CO, reduction. On the one hand, the
voltage generated by the light in the anode supplies an extra
negative potential to the cathode for CO, reduction, and on
the other hand, protons and electrons for CO, reduction in the
cathode were provided by the oxidation of water in the
anode.” Chang and co-workers”” used TiO, as a model
photoanode and Cu,O as a dark cathode to devise a stable
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system for photoconversion with a FE of 87.4% and a
selectivity of 92.6% for carbonaceous products from CO,. For
instance, a Pt-modified reduced graphene oxide (Pt-RGO)
cathode and a Pt-modified TiO, nanotubes (Pt-TNT)
photoanode converted CO, into HCOOH, CH;OH,
CH;COOH, and C,H;OH under UV—vis irradiation, applying
a potential of 2 V.*' In further investigations, the cathode was
substituted by Pt-RGO/Cu foam”® and Pt-RGO/Ni foam®” to
improve products selectivity.

Photocathode—Photoanode. Another option for the
photoelectrodes in an assembly of PECs is the combination
of a photocathode made of a p-type semiconductor for CO,
reduction with a photoanode made of a n-type semiconductor
for H,O oxidation (Figure 8). This configuration, in contrast
to the other two, allow realizing the transformation of CO,
with H,O without external electrical energy. In this case, the
conduction band edge of the photoanode for H,O oxidation
must be more negative than the valence band edge of the
photocathode for CO, reduction to guarantee the electron
transfer from photoanode to photocathode through the
external wire.”® Sato et al.>® employed this PEC configuration
to produce HCOOH in a two-compartment Pyrex cell
separated by a PEM using InP/[MCE]s and TiO,/Pt as
photocathode and photoanode, respectively. By applying a
light source, the two-compartment PEC cell could be run
without external applied electrical energy. Not all the
photocathode and a photoanode PEC cell configurations
reported in the literature are able to reduce CO, without an
external potential. Some need extra electrical energy to
overcome parasitic losses and reaction overpotentials, such as
a p-type Si nanowire/n-type TiO, nanotube where traces of
C;—C, hydrocarbons, CH,, and C,H, were formed under
band gap illumination and at 1.5 V vs Ag/AgCl.80

PEC—Solar Cell Tandem. Traditionally, PEC cells and PV
electrolyzers are considered as different approaches, although
some authors as Jacobsson et al.*' suggest that in many cases
both approaches have certain similarities and should be
considered under the acronym photo-driven catalytic (PDC)
devices. To be clear, a distinction should be made between the
solar panel coupled in the photoanode® (PEC—solar cell
tandem, Figure 9), and the photovoltaic panels used as electric
source to the PEC cell (PV electrolyzers), which is the same as
electroreduction using renewable energy.*”*>® In order to
value the potential importance that can develop the PEC—solar
cell tandem configuration in photoelectroreduction, the
authors consider treating this configuration as one more
added to the previous.

The main benefit of using a PEC cell (i.e., photocathode—
anode, cathode—photoanode, photocathode—photoanode, or
PEC—solar cell tandem) rather than PV electrolyzers is the
possibility to deal with the generation of electrons required and
the oxidation of H,O (if a photoanode is employed) or adjust
the redox potential to the interest product (if a photocathode
is used) in the same device.

Figure 9 is an example of a PEC—solar cell tandem. An
experimental setup using Si heterojunction solar cells in
combination with Ni foam as the photoanode and Zn-coated
Cu foam as the cathode was applied, reaching CO FEs up to
85% at 0.12 V vs SCE (0.8 V vs RHE) with a CO current
density of 39.4 mA-cm ™, the highest reported for a Zn catalyst
at such low overpotential. This reactor concept enhances the
solar CO, conversion by the use of the well known and
developed Si heterojunction technology, which is nontoxic,

abundant, and chezzp, and it is being used in the photovoltaic
industry nowadays."

Photoelectrode Materials. The next section briefly
discusses on the main photoactive materials applied in the
different PEC configurations for the reduction of CO,.”* The
two basic requirements for photoelectrode materials are optical
response, to effectively absorb sunlight, and catalytic activity,
required for the CO, reduction and H,O oxidation reactions.
In order to satisfy these requirements, the processing of
materials with enhanced performance characteristics need to
include a high solar energy conversion efficiency, stability in
aquatic environments, and low cost.” In addition, the particle
size of the photoelectrode material has a considerable effect on
CO, photoreduction efficiency due to changes in CO,
adsorption, available active surface area, and transfer pathways
for charge carriers to reach its surface. The performance can be
normally enhanced at smaller particle sizes, although the
smaller the size is, the more the boundary of the particles,
which leads also to a lower activity. Furthermore, it has been
proved that the best way to improve the activity of
photomaterials is controlling the facets of the photocatalysts
applied.**

Typically, photoelectrocatalysis, in contrast to common
electrodes used in electrocatalysis, employs semiconductor
electrodes. In addition, graphene-based nanocatalyst and
organometallic complexes are commonly applied.” Semi-
conductor-based electrodes absorb light to generate elec-
tron—hole pairs. The holes generated at the photoanode,
typically, a n-type semiconductor, oxidize H,O to O,, while the
electrons photogenerated at the cathode, usually a p-type
semiconductor, reduce the CO, to valuable products such as
CO, HCOOH, CH;OH, or hydrocarbons in the presence or
absence of a cocatalyst.28 TiO,, ZnO, CdS, and SiC are the
most employed inorganic binary compounds as semiconductor
materials.

TiO, Photoelectrodes. TiO, is the most investigated
semiconductor material for photocatalytic processes. It is a n-
type semiconductor that possesses a wide band gap (3.0 eV)*
and has been considered a cheaper and more environmental
friendly material since the first report in 1979.%° TiO, has three
kinds of polycrystalline phases, (anatase, brookite, and
rutile),86 with different symmetries, slip directions, theoretical
crystal densities, close stacking planes, and available interstitial
positions, altering also the defect distribution and density. As
an example, Liu et al.*” studied the photocatalytic reduction of
CO, on three TiO, nanocrystal polymorphs pretreated with
helium and concluded that for TiO, surfaces engineered with
defect sites, brookite provided the highest yield for CO and
CH,, followed by anatase and rutile, probably due to a lower
formation energy of oxygen vacancies (V) on brookite.

The literature shows that TiO, has been tested for the
photocatalytic reduction of CO, under various structures, such
as nanosheets, nanocrystals, nanotube arrays, nanorods,
carbon-TiO, nanocomposites, and mesoporous TiO,-based
materials.*® Zhao et al.” reviewed the effects of surface point
defects in the production of solar fuels from CO, photo-
reduction in H,O. In TiO,, oxygen vacancies, impurities, Ti
interstitials, Ti vacancies, and defects at interfaces are examples
of point defects. The defective TiO, materials show superior
performance than pristine TiO, for CO, photoreduction,
probably due to an enhanced dissociative adsorption of CO,,
an improved solar energy absorption due to a change in the
electronic band structure, and a reduced charge recombination
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due to the presence of charge traps. Unfortunately, TiO,
mainly absorbs UV radiation,” which is only a small part of
solar radiation. Although progresses have been made with
TiO,, it seems that different materials should be considered in
order to enhance the photocatalytic transformation of CO, to
useful products.

Alternative Photocatalyst to TiO,. Apart from TiO,, other
semiconductor-based photoelectrodes could be used. Figure 10
shows the band gap positions of other semiconductor materials
and the standard reduction potentials for CO, reduction to
different products. However, the photogenerated electrons in
the conduction band edge of all the candidate semiconductors
do not have enough driving force to carry out the activation of
CO, to CO57(—2.14 V vs SCE), which defines the efficiency
for CO, photoreduction.”

Barton et al.” presented a selective and efficient conversion
of CO, to CH;O0H at a p-type semiconductor electrode made
of a narrow band single crystal p-GaP (111) in a pyridine
solution. The current efficiency is 100% at —0.3 V vs SCE.
Recently, Yu et al.”" developed a novel material by depositing a
conformal, ultrathin, amorphous TiO, film by low-temperature
atomic layer deposition on top of black Si. A photocurrent
density of 32.3 mA-cm™? at an external potential of 0.87 V vs
SCE (1.48 V vs RHE) in 1 M NaOH electrolyte could be
achieved. ZnO, a n-type semiconductor with a wide band gap
energy, has been also tested as photocatalytic material due to
its photoluminescence properties (including good transparency
and high electron mobility) that shows potential for scintillator
applications.'® WO, is also suitable and stable enough for
sustained reduction of CO,. A PEC system using WO; as a
photoanode and Cu or Sn/SnO,, as a cathode has been shown
to achieve reduction of CO, at low bias potentials under visible
light.” Si is also considered as a promising material due to its
Earth abundance, but a cocatalyst is required to enhance its
CO, reduction. Song and co-workers”™ employed a Si
photoelectrode with a nanoporous Au film as cocatalyst in a
photocathode—dark anode configuration. Applying a light
intensity of 100 mW-cm™> a 91% FE to CO was achieved.

Doping the photocatalysts surface with a cocatalyst is
another used procedure to achieve enhancements on both
conversion efficiency and product selectivity.** In many cases,
a combination of a photocathode with a cocatalyst able to
activate CO, molecules is needed since p-type semiconductor
photocathodes do not act as a true catalyst for the activation of
CO, molecules but just as light harvesters to generate electrons
and holes. For this purpose, metal complexes have attracted
much attention, where the interface interaction between the
semiconductor and the complex plays a decisive factor in the
electron transfer and thus the CO, photoreduction efhi-
ciency.”>*® Besides, Huang et al.”® employed Co;0, as the
light harvester and Ru(bpy),dppz as an electron transfer
mediator and a CO, activator to obtain HCOOH as a main
product. The results show a 380-fold increase in CO,
concentration on this hybrid interface than that on Co;0,/
FTO. The CO, conversion to HCOO™ occurred at an onset
potential of —0.7 V vs SCE (—0.4S V vs NHE) under
photoelectrochemical conditions, 160 mV more positive than
its thermodynamic redox potential. At —0.85 V vs SCE (—0.60
V vs NHE), the selectivity of the HCOO™ yield reached
99.95%, with a production of 110 ymol-cm >h™" and a FE of
86%. HCOO™ was obtained by Morikawa et al.”* conjugating a
p-InP:Zn photocathode with a Ru complex—polymer electro-
catalyst [Ru(L—L)(CO),],, for CO, transformation with a

TiO, photoanode for water oxidation. The conversion
efficiency was 0.04%, which is closed to that value obtained
in natural photosynthesis. Sahara et al.”® reported the first
example of a molecular/semiconductor photocatalyst hybrid-
constructed PEC to transform CO, under visible light in the
presence of water, using a Ru(II)—Re(I) photocathode and a
C00,/TaON photoanode.

Main Reduction Products. The most common products
from the photoelectrochemical reduction of CO, are
summarized hereafter. H, is a side reaction in CO,
electroreduction, and so it is not thoroughly discussed in the
section.

Carbon Monoxide. CO, reduction to CO can be seen as the
simplest route for CO, conversion. CO is also an intermediate
product for the synthesis of other products, such as CH;OH
and hydrocarbon fuels.”® Petit and co-workers”’ proposed the
reduction CO, to CO in a photocathode—dark anode
configuration using two systems: p-GaAs/0.1 M KCIO,, H,0,
Ni(cyclam)?*, and p-GaP/0.1 M NaClO,, H,O, Ni(cyclam)**,
which assist a selective photoreduction at —0.44 V vs SCE
(=0.2 V vs SHE) using an anode of Pt, separated from the
working-electrode compartment by glass frits. Using a similar
photocathode (p-GaAs)—dark anode (Pt) cell configuration as
Petit and co-workers in a one compartment cell, Hirota et al”®
reduced CO, to CO photoelectrochemically in CO, + CH;0H
at high-pressure conditions (40 atm). p-InP and p-Si as
photoelectrodes were tested at different applied potentials. For
50 mA-cm™?, p-InP required —1.1 V, p-GaAs —1.6 V, and p-Si
—1.8 V, demonstrating that CO, can be converted to CO at
more positive potentials than for a Cu under similar
experimental conditions and without illumination. Moreover,
Kumar and co-workers’ using a one compartment cell
configuration and a p-type H—Si photocathode with a
Re(bipy-Bu‘)(CO),Cl (bipy-Bu' = 4,4’-di-tert-butyl-2,2'-bipyr-
idine) electrocatalyst achieved a 600 mV lower potential (FE =
97%) than with a Pt electrode. The photocathode + anode
electrode configuration is usually employed to produce CO,
since two-electron chemical products are commonly found
over p-type semiconductors. More recently, Sahara et al.”
generated CO using a dual photocathode—photoanode cell
configuration with an external electrical (0.3 V) and chemical
bias (0.10 V) in a hybrid photocathode of NiO-RuRe and a
photoanode of CoO,/TaON. The work can be considered the
first example of a molecular—semiconductor hybrid PEC cell
using water to reduce CO,. Different photoelectrodes, apart
from those mentioned above, are also reported with good
results such as p-type silicon nanowire with nitrogen-doped
graphene quantum sheets (N-GQSs),"” p-GaAs and p—InP,101
CoSn(OH),,'” and NiO-RuRe.'” Figure 11 compares the
FEs reported in the literature for CO for the different electrode
configurations in the PEC: photocathode—dark anode (PC
+A), photoanode—dark cathode (PA+C), and photocathode—
photoanode (PA+PC). The results seem to show an enhanced
reaction performance for a PC+A configuration.

Formic Acid. Particular reference is made in the literature to
the formation of HCOOH, this being a product for which
there is a growing demand and which is currently made by
processes that are neither straightforward nor environmentally
friendly.'> Morikawa and co-workers”* successfully achieved
the photoreduction of CO, to HCOOH without applying any
electrical bias, employing a photocathode—photoanode con-
figuration separated by a PEM membrane, using water as a
proton source and electron donor by conjugating an InP/Ru
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complex for CO, reduction with a TiO, photocatalyst for
water oxidation. HCOOH was generated continuously with a
FE of >75%. However, the TiO, high band gap criticallg
reduce its excitation wavelength to the UV range. Jiang et al."’

expanded the TiO, optical absorption region from the UV
absorption to the visible light region by depositing Fe,O;
(Fe,0;/TiO, NTs) with an onset wavelength of ~600 nm.
The maximum selectivity was 99.89% with a rate of HCOOH
production of 74896.13 nmol-h™'-cm™> under optimal
conditions in a photocathode—dark anode dual chamber cell
using Pt as counter electrode. Employing a similar photo-
electroreactor configuration, Gu and co-workers'*® reduced
CO, to HCOOH without the need for a cocatalyst at an
unparalleled underpotential. However, FE was limited due to
the competitive reaction for H, formation (HER). In his work,
a p-type Mg-doped CuFeO, electrode was found to reduce
CO, to HCOOH photoelectrochemically with a maximum
conversion efficiency at —0.9 V vs SCE using a LED source
(470 nm) in experiments of 8 to 24 h. Shen and co-workers'?’
reported in 2015 one of the highest yields to HCOOH. In this
work, CO, was reduced using a photocathode—dark anode
configuration at Cu nanoparticles decorated with Co;0,
nanotube arrays achieving a selectivity of nearly 100%
employing a single compartment cell. The production of
HCOOH was as high as 6.75S mmolL™"em™ in 8 h of
experimental time. One year later, Huang et al.¢ improved the
yield reported by Shen and co-workers employing also Co;0,
as the light harvester and Ru(bpy),dppz as the electron
transfer mediator and CO, activator. The photoelectroreduc-
tion of CO, to HCOOH has been realized for 8 h with an
onset potential as low as —0.69 V vs SCE (—0.45 V vs NHE)
and an anode made of graphite. At an applied potential of
—0.84 V vs SCE (—0.60 V vs NHE), the selectivity for
HCOOH reached 99.95%, with a FE of 86% and a production
of 110 ymol-cm™>h™",

Nowadays, improvements in HCOOH formation continues
with new strategies. Irtem and co-workers, continuing with
their research line using Sn,"'”'"" proposed two strategies:
concentration of solar light on the photoanode and adjustment
of cathode area. At a voltage of 1.2 V and with a TiO,
photoanode and a Sn cathode, FEs of 40%—65% for HCOO™
production were obtained, with energy efliciencies as high as
70% using a two-compartment cell (Figure 12). This study
demonstrated that a stable photoanode optimized the system
efficiency using a GDE as a cathode to enhance mass transfer
and provide a wide photovoltage for O, evolution reaction
(OER). Also, three PEC cell electrode configurations can be
found in the literature for HCOOH production, where PC+A
seems to be beneficial (Figure 13).

Methanol. CH;0H as a key commodity has become an
important part of our global economy. Several articles deal
with CH;OH production''>™"" since it may directly replace
fossil fuels without modifications of the actual energy
distribution infrastructure.””®''® Moreover, CH,OH is used
in paints, building blocks for plastics, and organic solvents,
among others. Ogura and Uchida'* were one of the first
reporting the formation of CH;OH by photoelectroreduction
of CO, using a n-TiO, photoanode and a metal complex-
confined Pt cathode separated by a PEM and a 500 W Xe
lamp. In their experiments, it was observed that the feasibility
for CO, reduction in a photocell depended mainly on the
anolyte pH. pH higher than 12 led to CH;OH formation in the
cathode, and O, evolved at the photoanode. The photo-

reduction of CO, only occurred at a pH below 11 when
applying external energy.

Yuan el al.'" proposed the photoelectroreduction of CO,
using a Cu,O photocathode and a graphite sheet as dark
anode, obtaining a concentration and FE for CH;OH
formation of 1.41 mmol and 29.1%, respectively, after 1.5 h
of operation at 1.5 V vs SCE in a single compartment cell with
an irradiation of 100 mW-cm™ emitted from a Xe lamp. The
formation rate of CH;OH was 23.5 ymol-cm™>h™". A higher
rate for CH;OH (45 pymol-cm™h™") was achieved in a light-
driven two compartment reactor using Cu,O/graphene/TiO,
nanotube array (TNA) heterostructures and Pt as working
electrode and counter electrode, respectively by Li et al.*” An
intensity of 100 mW-cm™* was applied by a 300 W Xe-arc lamp
with a UV cutoff filter. Similar materials, but with different
structure and in a sinigle compartment cell, were employed by
Lee and co-workers, *° enhancing FE and stability toward
CH;0H production from CO, using Cu,O nanowires
photocathodes with a TiO,—Cu" shell. The FE after 2 h of
operation improved from 23.6% for a Cu,O photocathode to
56.5% for Cu,O with a TiO,—Cu" shell mainly due to a lower
resistance to charge transfer and an increased CO, adsorption.
Recently, Yang et al.'*' compared the CH;OH formation at
different catalytic processes (PEC, photocatalysis, electro-
catalysis) on a SnO, NRs/Fe,O; NTs photocathode and a Pt
wire anode employing a single compartment cell. The largest
CH;OH production (2.05 mmol-L™-cm™), obtained under
visible light (1.1 V extra), was far higher than that individually
electro- or photocatalytic reduction. As it is, the case for CO
and HCOOH, the production of CH;OH can be enhanced
with a PC+A configuration (Figure 14). The extraordinary
high FE obtained for CH;OH formation (>100%) for PA+C
system using TiO, as photoanode and Pt as cathode'* has
been removed for a clear comparison.

Methane. Kaneco et al.'"** demonstrated that the selectivity
for the photoelectrochemical reduction of CO, can be tuned
by adding metal particles into the catholyte to form CH, in a
dual compartment cell by adding Cu particles suspended
CH;0H using a p-InP and a Pt foil as photocathode and
anode, respectively. A maximum FE for CH, of 0.56% was
achieved at 265 K under a 5000 W Xe lamp. In order to
enhance the CH, production efliciency, Wang and co-
workers®® presented the use of ordered mesoporous TiO, as
photocathode and Pt as anode for CO, reduction to CH,. The
ordered mesoporous TiO, exhibits a higher and stable
production efficiency for CH, (0.192 ,umol-gcmlyst_l-h_l)
which is 71 and 53 times higher than that for a commercial
TiO, (P25) and disordered mesoporous TiO,, respectively.
Employing a photoanode—dark cathode electrode configu-
ration in a dual cell compartment, a FE of 67% for CH, at
—1.39 V vs SCE (—0.75 V vs RHE) and 71.6% for all carbon-
containing products at —1.34 V vs SCE (—0.65 V vs RHE) was
achieved by Magesh et al.”> using Cu as a cathode
electrocatalyst and WOj; as photoanode under bias potential.
Moreover, in a photocathode—dark anode electrode config-
uration, Ong and co-workers™* reached 2.923 ,umol~gcatalyst_1~
h™' of CH, under visible light irradiation employing a carbon
nanodot/g-C;N, (CND/pCN) hybrid heterojunction photo-
catalyst with a mass loadings of 3% of CNDs and a Pt foil as
anode. This improved in 3.6 times the CH, generated with
pCN pure. Thompson et al.'>* reported an initial conversion
rate of 2596 /4L~gcmlyst_l-h_l of CH,, the highest reported to
date, employing Cu as cathode and TiO, as photoanode
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without using an external wire. Only UV light as an energy
source was employed to reduce CO,. In any case, FEs to CH,,
are rarely reported with values ranging from 54.6% to 67% for
a PA+C configuration.””””

Long-Chain Hydrocarbons. Attending to thermodynamics,
CO, reduction to long-chain hydrocarbons is more challenging
because of the number of electron required.* For instance,
CO, reduction to CH;0H requires a 6-electron process, while
CO, reduction to isopropanol is a 18-electron reduction.
These liquid fuels have higher energy densities and are more
convenient for transport and storing. Ampelli et al’”'**
reduced CO, to liquid fuels (mainly CH;CH(OH)CH,)
employing carbon-nanotube based electrodes, Pt/CNT and
Fe/CNT, and nanostructured TiO, as photoanodes in a
homemade Plexiglas—quartz window PEC reactor, reaching a
production of 2.28.107%umol-h™'-cm™ of CH;CH(OH)CH,
for the Fe/CNT cathode. As seen in Figure 15, better results
were achieved when instead of Fe-CNT, Fe-nitrogen-doped
carbon nanotubes were employed (5.74.107> ymol-h™"-cm™2).

Genovese et al.”” employed the same material but operated
under a gas-phase electrocatalytic cell using electrodes based
on metal nanoparticles supported and TiO, as photoanode.
Long C-chain products (i.e, CH;CH(OH)CH, and C4—C,)
were obtained from CO,. Employing also a TiO, photoanode
and a nanostructured Pt/graphene aerogel dePosited onto a
Cu foam (Pt/GA/CF), Zhang and co-workers' ' * revealed that
the Pt/GA/CF electrode improved CO, reduction significantly
and facilitated the conversion of C, to high-order products due
to enhanced charge transportation. HCOOH, CH;COOH,
C,H;COOH, CH;0H, and C,H;OH were the main products
detected. Recently, Yuan et al.">> showed in his study an
outstanding performance for C,H;OH production. At a Cu,O
foam cathode, the solar-driven conversion of CO, to C,H;OH
led to a formation rate as high as 71.67 ymol-cm™*h™" at only
131 mV within 1.5 h. There are a variety of FEs reported for
different hydrocarbons, with values ranging from 32.6% to 52%
for PC+A configurations™’” and 2.7 to 45% for PA+C
configurations.*"”>'"*

Finally, Tables 3, 4, 5, and 6 summarize the literature on the
topic, paying special attention to the reactor/electrode
configuration but also including photoelectrocatalytic materi-
als, main products obtained, and process conditions.

Bl CONCLUSIONS AND FUTURE PERSPECTIVES

The photoelectrocatalytic reduction of CO, is a promising
technological alternative that combines the advantages of
electrocatalysis and photocatalysis, reducing the applied
voltage needed in CO, conversion to useful chemicals.
Undoubtedly, many issues remain to be solved before
photoelectrocatalytic processes come to reality, although the
technology presents potential for an enhanced CO, reduction
efficiency under the Sun.

The design of a photoelectrochemical reactor should be
made based on a careful evaluation of different factors, such as
light source, geometrical configuration, construction material,
heat exchange, mixing and flow characteristics, etc. Two key
parameters in the process are the phases involved and the
mode of operation (ie., batch, semibatch, or continuous).
Photocatalysts can be generally tested in either fluidized or
fixed bed reactors. Besides, the anode and cathode in the
photoelectrochemical device should be preferably in the form
of thin films separated by a proton-conducting membrane and
deposited over porous substrates, which allows an efficient

collection/transport of electrons as well as the diffusion of
protons through the membrane. For CO, photoreduction, an
efficient evolution of oxygen on the anode side is also needed,

as well as an efficient diffusion of CO, on the cathode side.
A photocathode—dark anode configuration has been

commonly reported for CO, reduction. This configuration
employes a photocathode made of a p-type semiconductor
because of their high conduction band energy suitable for CO,
reduction, but its efficiency is limited. In the last years, the
photoanode—dark cathode configuration is being used more
frequently due to the benefits of using n-type semiconductors
instead of p-type semiconductors, which are Earth abundant,
cheap, and stable for H,O oxidation. Another option for the
arrangement of the photoelectrodes in the photoelectrochem-
ical is the combination of a photocathode made of a p-type
semiconductor for CO, reduction with a photoanode made of
a n-type semiconductor for H,O oxidation. This configuration,
in contrast to the other two, allows realizing the reduction of

CO, with H,O without an external electric bias.
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Figura 3.2. Resumen grafico del articulo: "Continuous conversion of CO: to alcohols in
a TiO:= photoanode-driven photoelectrochemical system’.

La reduccion fotoelectroquimica de CO2 genera un gran interés debido a los beneficios
potenciales que ofrece en comparacion con los enfoques electrocataliticos y fotocataliticos. Entre
los diversos materiales semiconductores disponibles, el TiO2 es el mas utilizado por su precio y
disponibilidad. Ademas, el cobre es ampliamente reconocido como un electrocatalizador eficiente
para la produccion de alcoholes a partir de CO.. Por lo tanto, el objetivo de este trabajo es acoplar
un fotoanodo basado en TiO, iluminado con luz UV (100 mW-cm2), en una celda electroquimica
de tipo filtro prensa para la conversion en continuo de CO: a alcoholes, especificamente metanol
y etanol. En este sentido, se busca reducir los requisitos de energia externa utilizando una placa
de cobre como catodo en ausencia de luz. Para lograr el objetivo general, los objetivos especificos,
que se marcan en el trabajo son: (i) preparar y optimizar un fotoanodo basado en TiO2-P25, (ii)
adaptar una celda electroquimica para la conversién fotoelectroquimica de CO2 en alcoholes v,
finalmente, (iii) analizar el efecto del voltaje en el proceso en términos de velocidad de formacion
de productos, la eficiencia Faradaica y la eficiencia energética del proceso.

Los resultados muestran un aumento de hasta 4,3 mA‘cm en la densidad de corriente
al iluminar el fotodanodo y aplicar un voltaje de -2 V, medido con el electrodo de referencia de
Ag/AgCl. Ademas, a un voltaje de -1,8 V versus Ag/AgCl, se alcanza una velocidad de produccion
de metanol de 9,5 ymol'm=2's7!, con una eficiencia Faradaica del 16,2% Yy una eficiencia
energética del 5,2%. En el caso del etanol, se obtiene una velocidad de produccion de 6,8
pumol'm~2-s71, con una Eficiencia Faradaica del 23,2% y una eficiencia energética del 6,8%. Estos
resultados muestran los beneficios potenciales del sistema impulsado por la luz, en términos de
rendimiento y eficiencia, al utilizar un fotoanodo en configuracion MEA basado en TiO2-P25 y

cobre como catodo. Ademas, se observa que el aumento del voltaje externo aplicado conduce a
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una mayor produccion de metanol, pero produce una disminucion en la formacion de etanol. El
rendimiento del sistema supera a los sistemas anteriormente reportados en configuracion

fotoanodo-catodo a oscuras para la reduccion de CO: a alcoholes.
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Continuous conversion of CO, to alcohols
in a TiO, photoanode-driven
photoelectrochemical system

Sergio Castro, © Jonathan Albo™ © and Angel Irabien

Abstract

BACKGROUND: The recycling of CO, by photoelectrochemical reduction has attracted wide interest due to its potential benefits
when compared to electro- and photo-catalytic approaches. Among the various available semiconductors, TiO, is the most
employed material in photoelectrochemical cells. Besides, Cu is a well-known electrocatalyst for the production of alcohols
from CO, reduction.

RESULTS: A photoelectrochemical cell consisting of a TiO,-based membrane electrode assembly (MEA) photoanode and a Cu
plate is employed to reduce CO, to methanol and ethanol continuously under UV illumination (100 mW cm~2). A maximum
increment of 4.3 mA cm 2 in current between the illuminated and dark conditions is achieved at —2 V versus Ag/AgCl. The con-
tinuous photoelectrochemical reduction process in the filter-press cell is evaluated in terms of reaction rate (r), as well as Far-
adaic efficiency (FE) and energy efficiency (EE). At —1.8 V versus Ag/AgCl, a maximum reaction rate of r = 9.5 pmol m~2s~",
FE = 16.2% and EE = 5.2% for methanol and r = 6.8 pmol m~2s7", FE = 23.2% and EE = 6.8% for ethanol can be achieved.

CONCLUSIONS: The potential benefits of the photoanode-driven system, in terms of yields and efficiencies, are observed when
employing a TiO,-based MEA photoanode and Cu as dark cathode. The results demonstrate first the effect of UV illumination on
current density, and then the formation of alcohols from the continuous photoreduction of CO,. Increasing the external applied
voltage leads to an enhanced production of methanol, but decreases ethanol formation. The system outperforms previous
photoanode-based systems for CO,-to-alcohols reactions.

© 2019 Society of Chemical Industry

Keywords: photoelectrocatalysis; CO, reduction; TiO,; Cu; methanol; ethanol
_______________________________________________________________________________________]

There are different electrode configurations for PEC systems
depending on which electrode (i.e. anode, cathode or both) act
as the photoelectrode.* Photocathode-dark anode has been the
most employed configuration.>™ In this case, a p-type semicon-
ductor is employed as photocathode and a metal as anode. Unfor-
tunately, with p-type semiconductors, two-electron products are
usually obtained and the system efficiency is low. On the other
hand, CO, reduction in a photoanode-dark cathode PEC system

INTRODUCTION

The concentration of CO, in the atmosphere has increased to wor-
rying levels in recent years, mainly due to the burning of fossil
fuels. This has accelerated research activities to obtain value-
added products from residual CO,, instead of discarding it as a
residue.’ There are various possibilities for converting CO, into
valuable products. Among the technologies available, the electro-
chemical reduction of CO, has attracted great interest due to the

potential economic and environmental benefits. This technology,
apart from allowing CO, dissociation under ambient conditions
using electricity, is also an excellent alternative for storing the
intermittent energy produced from renewables in the form of
chemical bonds.2 Moreover, the integration of a light source in
electrochemical reduction devices (a photoelectrochemical
(PEC) approach) has attracted increasing interest recently because
it may allow the avoidance of interconnections between devices,
reducing, in principle, system capital costs and electricity losses.?
Compared to photocatalysis, the applied bias can cause band
bending and help the oriented transfer of photogenerated elec-
trons, decreasing the recombination of the photogenerated
electron-hole pairs. Besides, photocatalytic materials with unfa-
vourable band positions for CO, reduction and H,O oxidation
can be still used in photoelectrocatalytic systems when applying
an external bias.

is a simpler configuration and depends on the photoanode and
the cathode activity independently,'®"? and offers the advantage
of reducing the external energy requirements of the process.'® In
this configuration, H,O oxidation in the photoanode provides
protons for CO, conversion in the cathode compartment. Besides,
the negative potential generated in the photoanode by light sup-
plies an additional negative potential for CO, reduction in the
cathode.* Another PEC photoelectrode configuration is a combi-
nation of a photocathode for CO, reduction with a photoanode

* Correspondence to: Jonathan Albo, Department of Chemical & Biomolecular
Engineering, University of Cantabria, Avda Los Castros s/n, 39005 Santander,
Spain. E-mail: alboj@unican.es
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to deal with H,O oxidation (as represented in Figure 1).*'° In

contrast to the previous configurations, the main advantage is
that with some pairs of materials an external electrical energy sup-
ply for the redox reactions may, ideally, not be needed. However,
in most cases, the voltage generated by the light source is not
enough and a continuous external power supply is required.'®'”

The formation of alcohols from CO, has received increasing
attention due to their proper integration in the actual fuel infra-
structure, besides being considered as advantageous energy stor-
age materials and precursors for the synthesis of other
products.'®2° Methanol (CH;OH) is considered an excellent
energy intermediate due to its stable storage properties and high
energy density. In addition to application as a fuel, CH30H is an
intermediate to other bulk chemicals employed in everyday life
products like plastics and paints.?’ Ethanol (C;HsOH) is an impor-
tant raw material with high heating value usually employed in dis-
infectants and organic materials.?? It can also replace fossil fuels in
key sectors such as the transport industry.?®> Thus, both products
offer an alternative to deal with climate change, reducing the
dependence on fossil fuels and allowing CO, recycling in a neutral
carbon cycle.'®**

TiO, is the most employed semiconductor in photo-assisted
processes.>?8 [t is an n-type semiconductor that possesses a
wide bandgap (3.0 eV) and mainly absorbs UV light.?° This semi-
conductor has been considered a low-cost and environmentally
friendly material®® since the first report in 1979.%° Also, Cu has
been demonstrated to possess the capacity to be used to produce
hydrocarbons and alcohols from CO,.3' In particular, previous
studies in our group employed a Cu plate for CO, electroreduc-
tion, with a reaction rate for CH;OH of r = 8.7 pmol m™2 s™" and
a Faradaic efficiency (FE) of 4.6% at —1.3 V versus Ag/AgCl. These
values were subsequently enhanced by using Cu oxide®'*? and
metal-organic framework-based electrodes under different
experimental conditions in continuous operation mode.'®3'-33

Thus, the aim of the present work is the coupling of a TiO,-based
photoanode in an electrochemical filter-press cell for the continu-
ous conversion of CO, to alcohols (i.e. CH;0H and C,H50H) in
order to reduce the external energy requirements, and so reduce
energy consumption. A Cu plate is used as dark cathode for
designing a reliable photoanode-dark cathode configuration for
CO, photoreduction. The specific objectives are as follows: (i) to
prepare and optimize a TiO,-based photoanode, (ii) to adapt an
electrochemical cell for the PEC conversion of CO, to alcohols
and finally, (iii) to analyse the effect of voltage on process perfor-
mance. The results are considered a step further in the develop-
ment of continuous CO, conversion processes using sunlight.

: pid I
\ Photocathodel Photoanode J

Figure 1. PECcell in a phocathode-photoanode configuration. Reprinted
with permission from.2 Copyright 2018 American Chemical Society.
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EXPERIMENTAL

TiO, photoanode preparation

A TiO, photoanode was fabricated by air-brushing an ink com-
posed of a mixture of TiO, (Sigma Aldrich, P25), Nafion (Alfa Aesar,
5 wt%) as binder and isopropanol (99.5%, Sigma Aldrich) as vehi-
cle, with a 70:30 wt% TiO,/Nafion ratio in 3 wt% of solid in the
final isopropanol dispersion onto a Toray carbon paper (TGP-
H60). An ultrasound bath was used to homogenize the mixture.
The TiO, loading varied from 1 to 3 mg cm™. The TiO, photoa-
node was coupled by hot-pressing with a Nafion membrane
(Nafion 117), previously activated in HCl for 30 min and rinsed
with deionized water before use, forming a membrane electrode
assembly (MEA) able to enhance H* transport, reducing mass
transfer limitations.3>3°

Photoelectroreduction cell and experimental conditions

The continuous PEC reduction of CO, was carried out using a
commercial filter-press cell reactor (Electrocell, Denmark),
employing a Cu plate as cathode and the prepared MEA as photo-
anode, which also separates the cell compartments. A 1 mol L™
KOH aqueous solution was used as catholyte and anolyte and a
cold UV LED light (100 mW cm™) was used to illuminate the
photoactive area (10 cm?) of the TiO, photoanode. On the cath-
ode side, there were two inputs: the catholyte and the CO, gas;
and one output: the catholyte with the reaction products (liquid
and gaseous). The Cu plate acted as working electrode, the TiO,
phoelectrode as counter electrode and Ag/AgCl as reference elec-
trode. The reduction of CO, was conducted under ambient condi-
tions. Figure 2 shows a scheme of the experimental setup, while
Figure 3 shows a detailed view of the cell configuration. The
experimental system included four tanks for inlet and outlet elec-
trolyte solutions, two peristaltic pumps to circulate the liquid at a
flow rate of 10 mL min™"', two pressure indicators and mass-flow
controllers to fix the CO, inlet flow rate at 180 mL min~". More-
over, a potentiostat (AutoLabPGSTAT 302N) was used. The PEC
behaviour of the TiO, photoanode was evaluated in a one-
compartment glass at a scan rate of 50 mV s~ after 20 cycles with
and without light illumination.

Continuous experiments in the PEC cell were performed in
duplicate during 50 min. Both liquid and gas samples were
taken every 10 min, and a final average concentration was cal-
culated for each test. Values that were two times lower/higher
than the average value were discarded in order to calculate
the reaction rate (r) and the FE with an error of less than 10%.
The values were normalized to reacting CO, (inlet-outlet) in

PERISTALTIC PUMP PERISTALTIC PUMP

CATHOLYTE

oly
FILTER PRESS CELL

I|m=|§ o—n

GC-FIC MICRO-GC

ANOLYTE

UV LED

O 0o 00
POTENTIOSTAT

Figure 2. Experimental system for continuous PEC reduction of CO,.
Adapted with permission from.3® Copyright 2017 Wiley.
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the system and adjusted to FE = 100%. To collect the gaseous
samples, the experimental system was pressurized to 0.2 bar
for subsequent analysis using an in-line gas microchromato-
graph (3000 Micro GC, Inficon). Liquid samples were analysed
using a gas chromatograph (GCMSQP2010 Ultra, Shimadzu)
equipped with a flame ionization detector. The reaction rate
shows the formation rate for every product per unit of area
and time (umol m™2 s™") and the FE is defined as the selectivity
of the reaction to form each product, calculated according to
Eqn (1):

_z:n-F

FE (%) X100 1)

where z is the theoretical number of electrons exchanged to
form the desired product, n is the number of moles produced,
F is the Faraday constant (96 485 C mol™') and g is the total
charge applied in the process. Moreover, the energy efficiency
(EE), which indicates the total energy used towards the forma-
tion of the desired products, can be calculated according to
Eqgn (2):

!
CH,OH
C,H;OH
Cathode

Membrane

Figure 3. Detail of PEC cell configuration. Adapted with permission
from.3? Copyright 2016 Elsevier.
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Figure 4. (a) On-off cycles for TiO, photoanode MEA in the dark (black) and under UV illumination (yellow) with CO, at —1.8 V versus Ag/AgCl. (b) j-E

E
EE (%)= ?TXFE (2)

where E is the real potential applied in the system and Et the the-
oretical potential needed for the formation of CH;OH (-0.58 V
versus Ag/AgCl) and C,HsOH (—0.53 V versus Ag/AgCl).

RESULTS AND DISCUSSION

PEC behaviour of TiO, photoelectrode

Figure 4(a) shows the photocurrent response of the TiO, photoa-
node MEA during on-off illumination cycles in a one-
compartment glass under UV illumination of 100 mW cm™ at
—1.8 V versus Ag/AgCl in the presence of CO,, while Figure 4(b)
shows the current densities observed with and without illumina-
tion in the cell when CO, is continuously bubbled in a potential
range between —1.2 and —2 V versus Ag/AgCl and with a TiO,
loading of 3 mg cm™2, where an optimal reduction of CO, to alco-
hols can be expected.3*378 |t should be noted that the TiO5-
based photoanode showed no changes in response (current) dur-
ing on-off cycles when illuminated with visible LED light
(100 mW cm™3).

First, the current density of the system under UV light is larger
than that in dark conditions in on-off cycles (Figure 4(a)) at
—1.8 V versus Ag/AgCl. Then, Figure 4(b) shows that an increase
in current density under UV illumination can be observed for the
whole potential range evaluated. The variation in current density
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Figure 5. PEC activity, j, with time at —1.8 V versus Ag/AgCl.
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characteristics of TiO, photoanode MEA in the dark (black) and under UV illumination (yellow) with CO,.
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between illuminated and dark conditions represents the highest
attainable photocurrent in the system. Of course, increases in cur-
rent density are associated with higher voltage values, achieving a
maximum increase of j = 43 mA cm™2 under UV illumination
(j = 99 mAcm™? with respect to the dark experiment
(j = 56 mAcm™) at —2 V versus Ag/AgCl, although this high
potential could not be beneficial for alcohol production.3® These
results may be taken as a first indication for an enhanced PEC pro-
cess performance as evaluated hereafter.

Process performance of TiO,/Nafion/Cu plate system

The products obtained for the PEC continuous CO, reduction
employing the TiO,-based MEA as photoanode and Cu plate as
cathode are alcohols (i.e. CH30H and C;HsOH) together with CO
and C,H,. Their formation, and so process performance, is evalu-
ated in terms of r and FE. Figure 5 initially shows an example of
the evolution of j during the experimental time (UV illumination).

As can be observed, the system presents a pseudo-stable activ-
ity after 50 min of operation in continuous liquid-liquid CO, PEC
conversion. The small fluctuations observed are commonly
caused by the direct input of CO, gas into the cathode compart-
ment, as well as the production of gaseous products (bubbles)
on the electrode surface. The results also give an idea of the stabil-
ity of the system, although, of course, longer-term tests would be
needed in order to assess the feasibility of the system for real
applications.

Among the key variables of the process, the TiO, catalyst load-
ing can have a marked impact on process performance. In prin-
ciple, the larger the semiconductor surface, the greater the
photocurrent generated as more electrons are excited in the
photoanode. Therefore, Figure 6 shows the FE values at three dif-
ferent TiO, catalyst loadings in the MEA (i.e.1, 2 and 3 mg cm™2).
As observed, a loading of 3 mg cm™ seems to be the optimum
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Figure 6. Effect of TiO, loading in the photoanode. Figure 7. FEfor all liquid- and gas-phase products obtained at different E.
Table 1. Production rates, r, for alcohols at different E
r (umol m™2s7") r(x 10~ pmol m=2s7' C™")
E(V) j (mA cm™3) q Q) CH5OH C,HsOH CH5OH C,HsOH
-1.2 0.1 6 — 19.3 — 3216
-14 1.6 216 — 13.9 — 64.3
-16 1 20.7 — 14.9 —_ 719
-1.8 5.9 102 9.5 6.8 9.3 6.6
-2 9.8 117.6 24 — 204 —
-1.3? 10.8 584.8 8.7 — 15 —
-1.5% 16.6 894.2 23 — 26 —
2 Cu plate cathode—Pt anode. Q/A = 2 mL min~" cm™2 in an electrochemical system.?'
Table 2. Energy efficiency (%) for alcohols
E (V versus Ag/AgCl) -1.2 -1.4 -16 -1.8 -2 -1.3?2 -1.52
CH3OH — — — 5.2 4.1 2 14
C,HsOH 35.9 304 20.7 6.8 — — —

2 Cu plate cathode-Pt anode. Q/A = 2 mL min~" cm™ employing an electrochemical system.?'
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for both CH;0H and C,H5;OH formation, with a FE value of 16.2% o
and 23.2%, respectively, in comparison to the value observed at |8
1 mg cm™2, where no CH;OH was detected and a FE value of & i ~% g2+ ¢
2.4% for C;H5OH can be achieved. At catalyst loadings higher than =
3 mg cm ™2 Seger and Kamat®* found that light absorption limits
photocurrent generation due to particle agglomeration which ~
hampers the access of the light to the catalytic surface. Conse- K9
quently, a TiO, loading of 3 mg cm™2 is recommended to achieve g g "
the best performance in the developed TiO, photoanode MEA- = I: : P o
driven system for CO, PEC conversion and so is applied hereafter. E\‘j : 5 O' g joi | |
The values for alcohols (i.e. CH;0H and C;HsOH) formation in a = © § ; £5
voltage range from —1.2 to —2 V versus Ag/AgCl are presented in £ O Y
Table 1, while Figure 7 shows the FE for all liquid- and gas-phase % S
products detected as a function of the applied voltage. The values S
in Table 1 are normalized by the total charge g (C) passing
through the system in order to properly analyse the PEC activity. w 9 © 0
The values are also compared with our previous findings for the S - S
electrochemical conversion of CO, (in the dark) using a Cu plate.>' ld & ©°e+35 &
First, the data show that the current density values in the PEC TlE O 8s I I
system are significantly reduced (for a similar production of alco- E t; | ff ; g g :
hols) compared to those at a Cu plate and a Pt anode in an elec- gl o T LY 3
trochemical system (in the dark), which might initially indicate % 5 I S v T T
an enhancement in energy efficiency. Then, the reaction rate LIT % % %
values, r, show similar ranges for CH;OH for the same voltage level v v
in electrochemical and PEC experiments. The r values per cou-
lomb obtained in this work, however, are clearly superior in the =
PEC experiments (r = 9.3 pmol m™2 s~ C' for CH;OH at —1.8 V Elog = o |
versus Ag/AgCl) in comparison to those achieved in the electro- E - -
chemical experiments (r = 2.6 pmol m™2 s™' C™' for CH;OH) =
showing the benefits of the PEC system. The PEC system seems
also to be beneficial for the formation of C,HsOH, which requires =
a greater number of electrons and C—C coupling. This enhance- S
ment in CO, reduction to alcohols can be generally associated %, o o .
with two phenomena: first, the cathode potential becoming more g 23 2 @
negative (greater supply of e7); and second, the large amount of . s b b !
H* generated from water in the photoelectrolysis, which seems s 2
to be available for CO, conversion to alcohols in the cathode.!’ E
The FE for both alcohols notably decreases at —2 V versus Ag/AgCl, U?
which can be ascribed to an enhanced formation of C,H, S «—
(Figure 7). -§ 'g
The highest FE for CH3OH is achieved at —1.8 V versus Ag/AgCl: £ _|=¢ 'g ’g 2
FE = 16.2%. On the other hand, the FE for C,HsOH is negatively :é’ § E Egogg8gogc
affected by increases in E, going from FE = 81% at —1.2 V to g £le= —: ?‘/ Tﬂ: Tﬂ: T“: 3 f S.—:
23.2% at —1.8 V versus Ag/AgCl, in agreement with the values pre- _ia S| € g S <® ®&®~<© V
sented in Table 1. These FE values for C,HsOH exceed those previ- S S| SeSRvegRvy S
ously reported for other promising Cu-based systems, such as Cu- S E @ ? E £ E i E £ i 2
based metal-organic framework materials supported on GDEs -g_ S % - R § 28R R § PR
(FE ~ 6% at —10 mA cm ™2 in [Cus(pe-CoH306)21,).>° s "o z = =
Besides, the formation of C;H4 can be expected in the potential 9': 2
range tested, as previously found by our group for the gas-phase = >
CO, reduction at Cu-based surfaces, achieving a FE of 91% for 2
CoH, at —2.1 V versus Ag/AgCl>*® as also reported by other = o
authors.>?#% OQverall, an applied voltage of —1.8 V versus Ag/AgCl B 3 5 L5
is preferred for the formation of both alcohols. s £ 3S S S g5 E
Furthermore, Table 2 summarizes EE values achieved for alco- 2 g FFF S E iu\s, & ¢
hols as a function of the applied potential. As observed, a maxi- '% = T & :‘é
mum EE for CH3OH can be obtained at —1.8 V versus Ag/AgCl -§ v %
(EE = 5.2%), while lowering the voltage applied seems beneficial a <
for CoHsOH production (EE = 35.9% at —1.2 V versus Ag/AgCl). v Lo B g
These results are clearly superior to the maximum EE values % % £ Q 5 § § § g
obtained for Cu plate-based system for the electrochemical S S| 338 &x&g& & =
reduction of CO, (in the dark).

______________________________________________________________________________________________________________|
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Finally, the best performance results obtained at —1.8 V versus
Ag/AgCl are compared (in terms of r and FE) with previous reports
for alcohol production in photoanode-dark cathode PEC systems
in Table 3. As observed, the values for the formation of CH;OH and
C,HsOH achieved using the TiO, photoanode MEA-Cu cathode
configuration from this work are, in general, higher than those
previously reported for CH;OH production, and are only exceeded
by Hasan et al*' with a cathode of Pt and a photoanode of Cu-
RGO-TiO,/ITO. It should also be taken into account that other vari-
ables (reaction medium, cell configuration, experimental condi-
tions, etc.) may affect the results. Besides, the FE for C,HsOH
achieved in this work clearly surpasses that of other reports in
the literature (except for the results from Hasan et al.*') employing
the PEC configuration.

CONCLUSIONS

Coupling light to electrochemical devices for CO, conversion is an
interesting approach for obtaining value-added products solving
issues related to global warming at the same time. When the con-
tinuous PEC transformation of CO, is carried out in a filter-press cell
employing a TiO, MEA photoanode, a maximum increase of
43 mA cm~2in current density is observed under UV illumination,
indicating the potential benefits of the developed photoanode-
driven system for an enhanced EE. Methanol and ethanol, as well
as hydrogen, carbon monoxide and ethylene, are detected as
liquid- and gas-phase products in the system employing a Cu plate
as cathode. At —1.8 V versus Ag/AgCl, the maximum production of
methanol is 9.5 pmol m™2s~', the FE is 16.2% and the EE is 5.2%. In
the case of ethanol, a reaction rate of 6.8 pmol m™2s™", a FE of
12.1% and an EE of 6.8% can be achieved for a TiO, loading of
3 mg cm™2 in the photoanode. In general, methanol production
results are enhanced at higher voltages, while ethanol production
seems to be negatively affected. All in all, the developed TiO,
photoanode-driven system is able to enhance the production of
alcohols from CO, under UV light, reducing the energy required
in the process compared to an electrochemical system.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial support from
the Spanish Ministry of Economy and Competitiveness (MINECO)
through the projects CTQ2016-76231-C2-1-R and Ramén y Cajal
programme (RYC-2015-17080).

REFERENCES

1 Goeppert A, Czaun M, Jones JP, Prakash GKS and Olah GA, Recycling of
carbon dioxide to methanol and derived products-closing the loop.
Chem Soc Rev 43:7995-8048 (2014).

2 Castro S, Albo J and Irabien A, Photoelectrochemical reactors for CO,
utilization. ACS Sustainable Chem Eng 6:15877-15894 (2018).

3 Das S and Daud WMA, Photocatalytic CO, transformation into fuel: a
review on advances in photocatalyst and photoreactor. Renewable
Sustainable Energy Rev 39:765-805 (2014).

4 Zhang M, Cheng J, Xuan X, Zhou J and Cen K, CO, synergistic reduction
in a photoanode-driven photoelectrochemical cell with a Pt-
modified TiO, nanotube photoanode and a Pt reduced graphene
oxide electrocathode. ACS Sustainable Chem Eng 4:6344-6354
(2016).

5 Halmann M, Photoelectrochemical reduction of aqueous carbon diox-
ide on p-type gallium phosphide in liquid junction solar cells. Nature
275:115-116 (1978).

6 Xia S, Meng Y, Zhou X, Xue J, Pan G and Ni Z, Ti/ZnO-Fe,03 composite:
synthesis, characterization and application as a highly efficient

20

2

—_

22

24

25

26

27

28

photoelectrocatalyst for methanol from CO, reduction. Appl Catal
B 187:122-133 (2016).

Wood J, Summers H, Clark A, Kaeffer N, Braeutigam M, Carbone L et al.,
A comprehensive comparison of dye-sensitized NiO photocathodes
for solar energy conversion. Phys Chem Phys 18:10727-10738 (2016).

Qin G, Zhang Y, Keb X, Tong X, Sun Z, Liang M et al., Photocatalytic
reduction of carbon dioxide to formic acid, formaldehyde, and
methanol using dye-sensitized TiO, film. Appl Catal B 129:599-605
(2013).

Kaneco S, Katsumata H, Suzuki T and Ohta K, Photoelectrocatalytic
reduction of CO; in LiOH/methanol at metal-modified p-InP elec-
trodes. Appl Catal B 64:139-145 (2006).

Cheng J, Zhang M, Wu G, Wang X, Zhou J and Cen K, Photoelectroca-
talytic reduction of CO, into chemicals using Pt-modified reduced
graphene oxide combined with Pt-modified TiO, nanotubes. Envi-
ron Sci Technol 48:7076-7084 (2014).

Cheng J, Zhang M, Liu J, Zhou J and Cen K, Cu foam cathode used as Pt-
RGO catalyst matrix to improve CO, reduction in a photoelectroca-
talytic cell with TiO, photoanode. J Mater Chem A 3:12947-12957
(2015).

Chang X, Wang T, Zhang P, Wei Y, Zhao J and Gong J, Stable aqueous
photoelectrochemical CO, reduction by a Cu,O dark cathode with
improved selectivity for carbonaceous products. Angew Chem Int
Ed 55:1-6 (2016).

Xie S, Zhang Q, Liu G and Wang Y, Photocatalytic and photoelectroca-
talytic reduction of CO, using heterogeneous catalysts with con-
trolled nanostructures. Chem Commun 52:35-59 (2016).

Sato S, Arai T, Morikawa T, Uemura K, Suzuki M, Tanaka H et al., Selec-
tive CO, conversion to formate conjugated with H,O oxidation uti-
lizing semiconductor/complex hybrid photocatalysts. J Am Chem
Soc 133:15240-15243 (2011).

La Tempa TJ, Rani S, Bao N and Grimes CA, Generation of fuel from CO,
saturated liquids using a p-Si nanowire//n-TiO, nanotube array
photoelectrochemical cell. Nanoscale 4:2245-2250 (2012).

Weng B, Wei W, Wu H, Alenizi AM and Zheng G, Bifunctional CoP and
CoN porous nanocatalysts derived from ZIF-67 in situ grown on
nanowire photoelectrodes for efficient photoelectrochemical water
splitting and CO, reduction. J Mater Chem A 4:15353-11536 (2016).

Sahara G, Kumagai H, Maeda K, Kaeffer N, Artero V, Higashi M et al.,
Photoelectrochemical reduction of CO, coupled to water oxidation
using a photocathode with a Ru(ll)-Re(l) complex photocatalyst and
a CoO,/TaON photoanode. J Am Chem Soc 138:14152-14158 (2016).

Albo J, Alvarez-Guerra M, Castafo P and Irabien A, Towards the electro-
chemical conversion of carbon dioxide into methanol. Green Chem
17:2304-2324 (2015).

Albo J, Perfecto-lrigaray M, Beobide G and Irabien A, Cu/bi metal-
organic framework-based systems for an enhanced electrochemical
transformation of CO, to alcohols. J CO, Util 33:157-165 (2019).

Olah GA, Beyond oil and gas: the methanol economy. Angew Chem Int
Ed 44:2636-2639 (2005).

Le M, Ren M, Zhang Z, Sprunger PT, Kurtz RL and Flake JC, Electrochem-
ical reduction of CO, to CH3OH at copper oxide surfaces.
J Electrochem Soc 158:E45-E49 (2011).

Liu Y, Zhang Y, Cheng K, Quan X, Fan X, Su Y et al., Selective electro-
chemical reduction of carbon dioxide to ethanol on a boron- and
nitrogen-co-doped nanodiamond. Angew Chem 129:15813-15817
(2017).

Nitopi S, Bertheussen E, Scott SB, Liu X, Engstfeld AK, Horch S et al., Pro-
gress and perspectives of electrochemical CO, reduction on copper
in aqueous electrolyte. Chem Rev 119:7610-7672 (2019).

Yuan J, Yang MP, Zhi WY, Wang H, Wang H and Lu JX, Efficient electro-
chemical reduction of CO, to ethanol on Cu nanoparticles decorated
on N-doped graphene oxide catalysts. J CO, Util 33:452-460 (2019).

Inoue T, Fujishima A, Konishi S and Honda K, Photoelectrocatalytic
reduction of carbon dioxide in aqueous suspensions of semiconduc-
tor powders. Nature 277:637-638 (1979).

Liu L, Zhao H, Andino JM and Li Y, Photocatalytic CO, reduction with
H,0 on TiO, nanocrystals: comparison of anatase, rutile, and brook-
ite polymorphs and exploration of surface chemistry. ACS Catal 2:
1817-1828 (2012).

Wang T, Meng X, Li P, Ouyang S, Chang K, Liu G et al., Photoreduction
of CO, over the well-crystallized ordered mesoporous TiO, with the
confined space effect. Nano Energy 9:50-60 (2014).

Zhao H, Pan F and Li Y, A review on the effects of TiO, surface point
defects on CO, photoreduction with H,O. J Materiomics 3:17-32 (2017).

]
J Chem Technol Biotechnol 2020; 95: 1876-1882 © 2019 Society of Chemical Industry wileyonlinelibrary.com/jctb

au Aq peunob ke S9e YO ‘SN JO S9N 10} ArIq1T 8UIUQ A8]1M UO (SUONIPUOD-PUR-SLLBYWO A8 | IM ATeIq 1[I UO//:ScNY) SUONIPUOD PUe SWiB | 8U1 88S *[£202/50/70] Uo AriqiTaulju AB|IM eldeiueD 8d pepseAun Ag STEQ'AI(/Z00T 0T/I0p/wod A8 | imAreiq1jpuljuo//sdny wo.j pepeojumod ‘2 ‘0202 ‘0997260T



http://wileyonlinelibrary.com/jctb

@)
SClI

WWW.S0Ci.org

S Castro, J Albo, A Irabien

29 Ibrahim N, Kamarudin SK and Minggu LJ, Biofuel from biomass via
photo-electrochemical reactions: an overview. J Power Sources 259:
33-42 (2014).

30 Habisreutinger SN, Schmidt-Mende L and Stolarczyk JK, Photocatalytic
reduction of CO, on TiO, and other semiconductors. Angew Chem
Int Ed 52:7372-7408 (2013).

31 Albo J, Saez A, Solla-Gullon J, Montiel V and Irabien A, Production of
methanol from CO, electroreduction at Cu,0 and Cu,0/Zn0O-based
electrodes in aqueous solution. Appl Catal Environ 176-177:709-717
(2015).

32 Albo Jand Irabien A, Cu,0-loaded gas diffusion electrodes for the con-
tinuous electrochemical reduction of CO, to methanol. J Catal 343:
232-239 (2016).

33 Merino-Garcia |, Albo J and Irabien A, Tailoring gas-phase CO, electro-
reduction selectivity to hydrocarbons at Cu nanoparticles. Nano-
technology 29:014001 (2018).

34 Seger B and Kamat PV, Fuel cell geared in reverse: photocatalytic
hydrogen production using a TiO,/Nafion/Pt membrane assem-
bly with no applied bias. J Phys Chem C 113:18946-18952
(2009).

35 Merino-Garcia |, Albo J and Irabien A, Productivity and selectivity
of gas-phase CO, electroreduction to methane at copper
nanoparticle-based electrodes. Energy Technol 5:922-928
(2017).

36 Albo J, Vallejo D, Beobide G, Castillo O, Castafio P and Irabien A,
Copper-based metal-organic porous materials for CO, electro-
catalytic reduction to alcohols. ChemSusChem 10:1100-1109
(2017).

______________________________________________________________________________________________________________|
© 2019 Society of Chemical Industry

wileyonlinelibrary.com/jctb

37 QiaoJ, LiuY, Hong F and Zhang J, A review of catalysts for the electro-
reduction of carbon dioxide to produce low-carbon fuels. Chem Soc
Rev 43:631-675 (2014).

38 Irabien A, Alvarez-Guerra M, Albo J and Dominguez-Ramos A, Electro-
chemical conversion of CO, to value-added products, in Electro-
chemical Water and Wastewater Treatment, ed. by Martinez-
Huitle CA, Rodrigo MA and Scialdone O. Elsevier, Oxford, pp. 29-59
(2018).

39 Komatsu S, Tanaka M, Okumura A and Kungi A, Preparation of Cu-solid
polymer electrolyte composite electrodes and application to gas-
phase electrochemical reduction of CO,. Electrochim Acta 40:
745-753 (1995).

40 Cook RL, Macduff RC and Sammells AF, High rate gas phase CO, reduc-
tion to ethylene and methane using gas diffusion electrodes.
J Electrochem Soc 137:607-608 (1990).

41 Hasan MR, Hamid SBA, Basirun WJ, Suhaimy SHM and Mat ANC, A sol-
gel derived, copper-doped, titanium dioxide-reduced graphene
oxide nanocomposite electrode for the photoelectrocatalytic reduc-
tion of CO, to methanol and formic acid. RSC Adv 5:77803-77813
(2015).

42 Cheng J, Zhang M, Wu G, Wang X, Zhou J and Cen K, Optimizing CO,
reduction conditions to increase carbon atom conversion using a
Pt-RGO||Pt TNT photoelectrochemical cell. Sol Energy Mater Sol Cells
132:606-614 (2015).

43 Zhang M, Cheng J, Xuan X, Zhou J and Cen K, Pt/graphene aerogel
deposited in Cu foam as a 3D binder-free cathode for CO, reduction
into liquid chemicals in a TiO, photoanode-driven photoelectro-
chemical cell. Chem Eng J 322:22-32 (2017).

J Chem Technol Biotechnol 2020; 95: 1876-1882

85UB017 SUOWILLOD A1) 8|qel(dde 8y} Ag peusenob ae S9jole O ‘8sn Jo Sejni o} Akeid8uljUO /8|1 UO (SUONIPUD-PUE-SWLB) W00 A8 |1 Ale.d 1 jpuluo//:Sdny) SUORIPUOD pue swie | 8y} 8es *[£202/S0/70] Uo Ariqiauliuo A8|im eLgeIued 8a pepsioAIuN A STEY'GI(/Z00T 0T/I0p/wW00 A8 | Ake.d 1 puluo//sdny wouy pepeojumod ‘2 ‘0202 ‘099%.60T


http://wileyonlinelibrary.com/jctb




Articulos cientificos

3.3. Ivan Merino Garcia, Sergio Castro, Angel Irabien, Ignacio Hernandez, Verénica
Rodriguez, Rafael Camarillo, Jesusa Rincon, Jonathan Albo. 2022. Efficient
photoelectrochemical conversion of CO: to ethylene and methanol using a Cu cathode
and TiO2 nanoparticles synthesized in supercritical medium as photoanode. Journal

of Environmental Chemical Engineering, 10, 3, 107441.

PEC
Electrocatalysis + Photocatalysis

STF (C,Hs) =5.4 %
STF (CH;OH) = 1.9 %

- SC-TiO,
g {p——- i p CB
5 i T
| |
- 4
Products H,O
H < - 20 4+
H* « - - H*
CO, 0,
Dark AL

cathode Membrane Photoanode
Continuous PEC CO; reduction in a photoanode/dark cathode configuration

Figura 3.3. Resumen grafico del articulo: "Efficient photoelectrochemical conversion of
CO: to ethylene and methanol using a Cu cathode and TiO> nanoparticles synthesized in
supercritical medium as photoanode”.

La conversion fotoelectroquimica de CO2 en productos de alto valor afiadido es una
alternativa atractiva para reducir la necesidad de voltaje externo y, por tanto, del consumo de
energia de los procesos de conversion electroquimica. En este trabajo se sintetizan nanoparticulas
de TiO2 en medio supercritico (TiO2-SC) con mayor cristalinidad en forma de anatasa, lo que
resulta en propiedades dpticas mejoradas, una mayor area superficial y, una adecuada morfologia
para la separacion de cargas. Estas caracteristicas permiten la produccion de fotoanodos
eficientes, que se incorporan en un reactor fotoelectroquimico tipo filtro prensa para lograr una
conversion mas eficiente de CO2 de manera continua. Se analiza el rendimiento del sistema en
términos de la velocidad de formacion de productos, la eficiencia Faradaica, la eficiencia
energética y la eficiencia de la conversidn de energia solar a combustibles. Los resultados se
comparan con el comportamiento de los fotoanodos de TiO>-P25 en la misma configuracion de
reactor y condiciones de operacion. La novedad de este trabajo radica en: i) el suministro de CO>
como gas en el catodo junto con un catolito liquido, lo que permite mejorar la produccion de

etileno; ii) la sintesis de nanoparticulas de TiO2-SC para mejorar las propiedades del TiO2-P25,
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Capitulo 3

incluyendo el area superficial BET, la absorcion de luz, el bandgap o la cristalinidad; v iii) el uso
de una configuracién de ensamblaje membrana-electrodo (MEA) en el fotoanodo, lo que actua
como separador de los compartimentos de la celda fotoelectroquimica y mejora el transporte de
materia y cargas en el sistema fotoelectroquimico, disminuyendo asi la resistencia interna de la

celda.

La caracterizacion fotoelectroquimica de los fotoanodos muestra que la densidad de
corriente alcanzada es mayor a la reportada en sistemas fotoelectrocataliticos similares,
alcanzando el valor significativamente alto de 12,31 mA‘cm™ en comparacion con el sistema a
oscuras que alcanza un valor de 7,18 mA*'cm2. Este nivel de corriente también supera el obtenido
con los fotoanodos preparados con TiO2-P25 (5,9 mA‘cm2) en las mismas condiciones. La
disminucion del bandgap para el TiO2-SC, observada en los analisis de absorcion diferencial,
permite la excitacion de electrones a energias mucho mas bajas, lo que podria ser responsable

de mejorar el rendimiento del proceso impulsado por la luz.

Se realizaron pruebas de reduccion fotoelectroquimica de CO2 en continuo utilizando un
reactor de tipo filtro-prensa impulsado por un fotodanodo iluminado con luces LED UV (100
mW-cm2). El reactor esta compuesto por las nanoparticulas de TiO2-SC (3 mg-cm2) soportadas
en papel de carbono poroso como fotodanodo, una placa de cobre como catodo y una disolucién
acuosa de 1 M KOH como medio de reaccidn. Los resultados obtenidos muestran que los
principales productos obtenidos a partir del CO2 son etileno, en fase gaseosa, y metanol, en fase
liquida. Ademas, se demuestra que la reaccién es mas eficiente bajo irradiacion, logrando una
velocidad de produccion de etileno de 147,4 umol'm=2-s~! y una eficiencia Faradaica del 46,6%.
En relacion al metanol, se obtiene una velocidad de produccion de 4,72 pmol'm=2's! y una
eficiencia Faradaica del 15,3%. En comparacion, el rendimiento del sistema a oscuras es
considerablemente inferior, obteniéndose una velocidad de produccién de etileno de 24,2
pmol'm~=2's~'y una eficiencia Faradaica del 38,2%, mientras que no se detecta metanol. Este
aumento en la eficiencia se puede atribuir, principalmente, a las mayores densidades de
fotocorriente que se alcanzan bajo irradiacion UV, lo que afecta significativamente a la
selectividad de la reaccion. Ademds, los valores maximos de conversion de luz solar a
combustibles obtenidos para etileno (5,4%) y metanol (1,9%) son considerablemente superiores
a los observados con fotoanodos basados en TiO2-P25 bajo la misma configuracion de reactor y
condiciones experimentales (3,7% y 1%, respectivamente). Los resultados demuestran, por
tanto, los beneficios de utilizar fotoanodos basados en TiO>-SC para una reduccion

fotoelectroguimica de CO2 en continuo mas eficiente.
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ARTICLE INFO ABSTRACT

Editor: Vitor J.P. Vilar The photoelectrochemical conversion of CO into valuable products represents an attractive method to decrease
the external electrical bias required in electrochemical approaches. In this work, TiO, nanoparticles with
enhanced optical properties, large surface area, appropriate morphology, and superior crystallinity are synthe-
sized in supercritical medium to manufacture light-responsive photoanodes. The photoelectrochemical CO5
reduction tests are carried out in continuous mode using a photoanode-driven filter-press cell illuminated with
UV LED lights (100 mW cm2), consisting on TiO, nanoparticles synthesized in supercritical medium (3 mg cm2)
supported onto porous carbon paper as the photoanode, a Cu plate cathode, and 1 M KOH aqueous solution as the
reaction medium. The main products obtained from CO; are ethylene in the gas phase, together with methanol in
the liquid phase. The results show that reaction performance is improved under UV irradiation towards ethylene
(r = 147.4 pmol m 2 s™!; FE = 46.6%) and methanol (r = 4.72 pmol m 257!, FE = 15.3%) in comparison with
the system performance in the dark (ethylene: r = 24.2 pmol m~2 s7! and FE = 38.2%; methanol not detected),
which can be mainly ascribed to the superior photocurrent densities reached that affect the selectivity of the
reaction. Besides, the maximum solar-to-fuels values achieved for ethylene (5.4%) and methanol (1.9%) are
markedly superior to those observed with illuminated TiO2-P25 photoanodes under the same reactor configu-
ration and experimental conditions (3.7% and 1%, respectively). Therefore, these results demonstrate the ben-
efits of using TiOy-based materials synthesized in supercritical medium for a more efficient continuous
photoelectroreduction of CO, to value-added products.

Keywords:
Photoelectrocatalysis
Continuous CO, conversion
Photoanode-driven system
TiO, in supercritical medium
Ethylene

Methanol

(PEC) [11-13], and photochemical processes [14,15]. In particular, the
transformation of CO, via PEC provides greener CO» utilization routes

1. Introduction

The intensification of human industrial activities is causing an un-
balanced COy produced and consumed on Earth [1,2]. Among the
available sustainable possibilities to accelerate an energy transition
away from fossil fuels, the chemical conversion of CO, and water into
valuable products represents a promising direction to equilibrate the
system and close the carbon cycle [3-5]. Several approaches can be
considered to meet the target, namely mineralization [6], enzymatic [7],
thermochemical [8], electrochemical [9,10], photoelectrochemical

* Corresponding authors.

towards the generation of fuels and chemicals under light irradiation,
integrating the benefits of both electrocatalytic and photocatalytic
conversion approaches, and promoting the separation efficiency of
photogenerated electron-hole pairs [12,16-19]. Besides, the production
of ethylene (CaHy4) from CO» utilization is interesting, since this hy-
drocarbon represents an energy-dense chemical feedstock used in
several applications as energy vector and chemical building blocks [20,
21]. The production of alcohols such as methanol (CH30H) is also of
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utmost importance, owing to its key role in several applications, namely
as a chemical storage carrier for hydrogen or as a platform product in
gasoline and biodiesel [22-24].

Depending on the nature of the (photo)electrodes used in two-
compartment PEC cells, four different photoreactor configurations can
be applied: i) photoanode/dark cathode [25-27], ii) dark anode/pho-
tocathode [28], iii) photoanode/photocathode [29,30], and iv) hybrid
PEC-solar cell tandem [31]. The first PEC configuration is simpler and
usually preferred to improve the energy efficiency of the process since
the photoanode provides extra photogenerated electrons from water
oxidation to the cathode compartment for CO5 reduction, decreasing the
requirements of external electrical energy [31]. Thus,
photoanode-driven PEC processes can lead to decreased cell bias, which
makes this strategy the most suitable option from energy efficiency and
practical application viewpoints [32-34].

Although a wide variety of photoactive materials can be seen in PEC
systems as photoanodes, such as WOs3, BiVO4, Fe303, or ZnO [31,35-40],
among others, TiO»-P25 has been the most investigated light-responsive
material in photoanode-driven PEC systems, owing to its low cost,
non-toxic characteristics, photo-stability, wide bandgap (> 3.0 eV),
chemical inertness, large resistance to photo-corrosion, and UV light
absorption properties [36,41,42]. Nevertheless, TiO-P25 presents
several limitations [31,43], mainly: i) fast recombination of
electron-hole pairs and ii) low purity and crystallinity. In this respect,
different morphologies (e.g., nanotubes, nanospheres) of TiO5 have been
recently investigated to improve electron mobility, chemical stability,
and surface area, among others [18,44]. Moreover, the modification of
these structures (i.e., titania nanotubes) with noble metal particles such
as Au and Ag has also been proposed to decrease the photogenerated
carrier recombination efficiency of TiO5 [18,45], which should allow for
achieving a higher photoelectrochemical conversion performance. On
the other hand, alternative synthesis methods have been proposed to
overcome the main shortcomings of benchmark TiOg [46,47]. Among
them, the preparation of TiO; in supercritical medium led to improved
photocatalytic properties compared to those prepared under conven-
tional procedures [47-50]. Specifically, several properties such as sur-
face area, light absorption, optical bandgap energy, presence of surface
hydroxyl groups, and appropriate morphology (for enhanced charge
separation) are improved in comparison with commercial TiO2-P25
[43].

Previous studies in our group reported the preparation, character-
ization, and use of commercial TiO»-P25 nanoparticulated electrodes as
light-responsive photoanodes in a continuous photoanode-driven PEC
process illuminated with UV LED lights. A Cu plate was utilized as a dark
cathode to reduce COz in a filter-press PEC cell divided by a Nafion® 117
membrane [25]. The energy requirements to carry out the COy con-
version process decreased compared to an electrochemical system (en-
ergy efficiency of 5.2% and 1.4% for PEC and electrochemical system,
respectively) However, further efforts are still required to improve the
overall process performance. This work, therefore, focuses on the
preparation, characterization, and evaluation of TiO, nanoparticles
synthesized in supercritical medium (SC-TiO3) for the continuous pho-
toelectrochemical conversion of CO, in an illuminated
photoanode-driven filter-press reactor. The performance of the novel
light-responsive materials is analyzed in terms of production rate (r),
Faradaic efficiency (FE), energy efficiency (EE), and solar-to-fuel (STF)
efficiency. The results are compared with the behavior of TiO2-P25
surfaces in the same reactor configuration to demonstrate the potential
applicability of supercritical fluid-based methods for the synthesis of
photoactive materials with improved properties. The novelty of the
present work lays on: i) CO, supplied as gas in the cathode (together
with a liquid catholyte), measuring gas-phase chemicals (e.g., CoH4) and
thus closing all products produced; ii) TiOy nanoparticles are synthe-
sized in supercritical medium to improve the properties of benchmark
TiO2-P25, namely BET surface area, light absorption, optical bandgap,
or crystallinity; and iii) the use of a membrane electrode assembly
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(MEA) configuration by coupling the membrane to the photoanode
surface, acting as a separator of the PEC cell compartments, for an
improved mass/ion/electron transport in the PEC system, thus
decreasing the internal cell resistance.

All in all, this work represents a step forward in the development of
photoanode-driven PEC systems for a more efficient transformation of
CO4, in continuous mode.

2. Materials and methods
2.1. Synthesis and characterization of SC-TiOz nanoparticles

The synthesis of TiOy nanoparticles in supercritical CO, was per-
formed in an ad hoc designed experimental set-up, which has been
described in detail elsewhere [43]. In brief, a thermostatic bath, a
high-pressure pump, and a high-pressure synthesis reactor represent the
main core of the setup. The powder was obtained by thermal hydrolysis
of titanium isopropoxide (TTIP; precursor) with ethanol using super-
critical CO; as the reaction medium. The synthesis conditions were 20
MPa pressure, 300 °C temperature, 28 mmol precursor/mmol alcohol
molar ratio, and reaction time of 2 h. After the synthesis procedure,
solids obtained were removed from the reactor and dried at 105 °C for
12 h. The solids were then calcinated at 400 °C for 6 h to remove C
pollution and to increase TiO crystallinity. The prepared photoactive
materials were comprehensively characterized by several techniques in
a previous work [43], namely scanning electron microscopy (SEM),
X-ray diffraction (XRD), BET analyses, and Fourier transform infrared
(FTIR) spectroscopy. A Cary 6000i Spectrometer equipped with an
integrating sphere for powder samples was used for diffuse reflectance
spectroscopy (DRS) measurements in the UV-Vis-NIR range, and an
Edinburgh Instruments FLSP 920 double grating fluorometer equipped
with a Xe lamp and Hamamatsu R928 photomultiplier tube, allowed
complementing the characterization with photoluminescence (PL) ana-
lyses (emission and excitation) to study the optical properties of both
SC-TiO; and TiO2-P25 (dry powder).

2.2. Photoanode preparation and characterization

The light-responsive SC-TiO5 photoanodes are manufactured by an
air-brushing method [21,25]. In brief, SC-TiOo-based catalytic inks are
homogenously deposited over the surface of porous Toray carbon paper
(TGP-H-60). The catalytic ink is composed of a mixture of the synthe-
sized SC-TiO2 photocatalyst, a Nafion® solution (Alfa Aesar, 5 wt%,
copolymer polytetrafluoroethylene) as a binder, and isopropanol (Sigma
Aldrich, 99.5%) as a vehicle, with a 70:30 SC-TiO,/Nafion mass ratio
and a 3 wt% of total solids (photocatalyst + Nafion) in the isopropanol
dispersion. The obtained dispersion is sonicated for at least 30 min to
obtain a homogeneous slurry that is subsequently airbrushed on the
surface of the carbon paper support. The airbrushing process is carried
out at 100 °C to ensure the complete evaporation of the solvent. The
photoactive surfaces are prepared by simple accumulation of layers,
reaching a final photocatalytic loading of 3 mgcm™ (experimentally
determined by continuous weighing), which is selected based on pre-
vious findings [25]. A Nafion® 117 membrane, previously activated in
HCI solution for 30 min and rinsed with deionized water, is finally
coupled with the prepared photoanode to obtain a photoactive MEA.

The PEC properties of the photoanodes are firstly characterized by
linear sweep voltammetry (LSV) with and without LED light illumina-
tion when COs is continuously fed into the reactor. Moreover, the pre-
pared light-responsive surfaces are characterized by XRD (Phillips
X’Pert MDP X-ray powder diffractometer) before and after 150 min of
continuous operation under light irradiation in the photoanode-driven
PEC reactor to determine the composition and crystallinity of the
photocatalysts.
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2.3. PEC cell description and experimental conditions

The light-responsive photoanodes (10 cm?) are tested at ambient
conditions in a commercial filter-press cell reactor (Electrocell A/S), that
is adapted to be illuminated with cold UV LED lights (365 nm; 100
mW cm™) in the anodic compartment, as displayed in Fig. 1. The light
intensity is measured by a radiometer (Photoradiometer Delta OMH)
and controlled by adjusting the LED intensity and the distance between
the microreactor and the LED. The photoanode/dark cathode configu-
ration consists of an illuminated SC-TiOy/carbon paper as the photo-
anode, a Cu plate as the dark cathode, and a thin leak-free Ag/AgCl (1
mm) as the reference electrode. The Cu plate is cleaned before each
experiment with a HCI solution (37%) to ensure a Cu(0)-based surface
[51].

The cell compartments are separated by the MEA (SC-TiO5 photo-
anode + Nafion® 117 membrane). Both catholyte and anolyte aqueous
solutions (1 M KOH) are continuously fed to the reactor through two
independent peristaltic pumps at flow rates of 10 mL min’!, whereas a
constant gas CO, feed (180 mL min™) is introduced into the cathodic
compartment of the PEC cell. Finally, a potentiostat (AutoLabPGSTAT
302N) is used to control the applied potential (E) and measure the
generated current density (j). A detailed description of both the exper-
imental setup and the PEC cell configuration can be seen in Fig. 2.

The photoelectrochemical CO, reduction tests are carried out by
duplicate in continuous mode for 50 min, when a pseudo-stable per-
formance is reached. Besides, the behavior of the photoanodes is
investigated during three consecutive runs of 50 min under on/off UV
irradiation.

Gas and liquid samples are measured at the reactor outlet (cathode
side) every 10 min to calculate the concentration of products obtained in
each experiment. A gas chromatograph (GCMSQP2010 Ultra, Shi-
madzu) equipped with a flame ionization detector (GC-FID) is used to
measure the formation of liquid products (i.e., alcohols). The production
of formate in the liquid phase is also analyzed with ion chromatography
(IC, Dionex ICS 1100). Moreover, gaseous samples are taken and
measured using an online gas microchromatograph (3000 Micro GC,
Inficon). The concentration results that are two times lower/higher than
the average value are discarded (experimental error of < 16.1%) to
calculate the following figures of merit:
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i) the formation rate for each product per unit of area and time, r
(pmol m~2 s_l);

ii) the Faradaic efficiency (FE), which indicates the selectivity of the
reaction towards each product, calculated according to Eq. (1):

znF

FE(%) = x100, (€]

where z is the theoretical number of electrons exchanged to form the
target product, n is the number of moles produced, F represents the
Faraday constant (96485 C mol 1), and q is the total charge (C) applied
in the process. The concentration of products is normalized to the
reacting CO; (inlet-outlet) in the system and adjusted to close the bal-
ance of products in the photoelectrochemical system;

iii) the energy efficiency (EE), defined as the total energy used to-
wards the formation of the desired product, calculated according
to Eq. (2):

EE(%) = % \FE, )

where E is the external (experimentally) applied potential and Et rep-
resents the theoretical voltage needed for the formation of each product.
The theoretical potentials for CoH4 and CH30H (V vs. Ag/AgCl at pH 7)
are — 0.539 V and — 0.589 V, respectively [52];

iv) the solar-to-fuel (STF) parameter, which represents the efficiency
of the process to produce valuable products with light. In PEC
approaches, STF takes into account not only the input power from
light irradiation but also the input electrical power (applied
voltage — external bias). STF can be calculated as follows:

Pro+Poy  AdopEsoFE
STF =L L= , 3
P, +P,; P, +P,; 3

where Py, is the output power contained in the chemical fuel (W), P,
the output power in the form of electricity (W), P the input power from
solar irradiation (W), and P,; the external input electrical power (W).
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Fig. 1. Illuminated filter-press PEC reactor (above) and graphical illustration of the internal cell components (below).
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Adapted from [25].

Besides, A represents the geometric area (cmz), Jop the operating current
density (A cm'z), Ey, the potential difference (V) between the two half-
reactions (i.e., CO reduction product and O; from water oxidation) and
FE is the Faradaic efficiency.

3. Results and discussion
3.1. Optical properties

The optical properties of the nanoparticles are investigated through
DRS and PL analyses, as displayed in Fig. 3. The results show significant
differences in reflectance between SC-TiO5 and commercial TiO»-P25, as
given in the differential spectrum. In particular, the main differences
occur under 400 nm, where TiO,-P25 starts its absorption front (please
see DRS of TiO2-P25 powder as a reference). Both samples show anal-
ogous PL spectra at energies below the gap (luminescence maximum:
460 nm), with comparable photoluminescence lifetime for such a blue
emission. Nevertheless, their excitation spectroscopy at Apmax = 460 nm
is dissimilar. Interestingly, SC-TIO, emits for excitation below the P25
gap, peaking at an excitation wavelength around 400 nm (Fig. 3, inset).
This implies the existence of low energy states at these energies and a
large effective redshift of the gap, of nearly 0.5 eV, in agreement with
the absorption spectrum. The comparable luminescence suggests that
the emitting traps are similar in nature, and can also be populated upon

UV excitation. At 365 nm, SC-TiO3 shows a factor 1.5 higher extinction.
In short, the larger decreased gap energy and optical lower-lying states
for SC-TiO5 allow the creation of excitations at much lower energies.
This may contribute to reduce the external bias of the process (and thus
the overall energy efficiency) in the presence of light, in contrast with
the behavior of commercial TiO2-P25 photocatalysts.

3.2. PEC characterization

The current densities reached in the filter-press PEC cell as a function
of the applied potential (from —1.2 to —2 V vs. Ag/AgCl) and UV light
illumination when CO; is continuously bubbled into the reactor are
displayed in Fig. 4a. As expected, the differences in current density
between dark and illuminated conditions become more relevant as the
applied voltage increases, owing to a stronger band bending effect that
leads to a more efficient charge separation upon light absorption [53,
54]. The current density gap observed represents the highest attainable
photocurrent in the PEC system, with a maximum gap of 8.5 mA cm™2 at
— 2V vs Ag/AgCl (jyy = 21.6 mA em'?; jggk = 13.1 mA cm). This
result represents a two-fold improvement in comparison with commer-
cial TiO,-P25 photoanodes (current increase: 4.3 mA cm [25]) at the
same potential level. The current density achieved is comparable (and
usually higher) with those results reported so far in TiOs-based
photoanode-driven PEC systems for CO2 conversion. For example,
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Fig. 3. Differential reflectance spectrum taken for SC-TiO, with TiO»-P25 as
the reference signal (DRS for TiO,-P25 as a blue dotted line). Inset: PL excita-
tion spectra for SC-TiO, (red) and TiO,-P25 (blue) dry powder. The photoex-
citation spectra are taken at 460 nm emission. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).
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Yamamoto et al. reported a current density of 2.4 mA cm™ using TiOs
nanotube photoanodes (6 cmz) and a metal dark cathode (Pb or Ag) in a
divided H-type PEC cell with a methanol-based electrolyte [55]. Simi-
larly, Cheng et al. reported an increased current density (14 mA cm™)
using the same PEC reactor setup with a TiO, nanotube photoanode and
a Cu foam combined with Pt-modified graphene oxide (Pt-RGO) cath-
ode, with a photoanode/cathode area ratio of 6/1 [38]. More recently, a
TiO5 photoanode and a gas diffusion electrode (GDE) cathode configu-
ration led to a photocurrent density of 1.27 mA cm? with a low cell
voltage bias of 0.8 V [32], whereas higher current densities (9 mA cm?)
have been reported using TiO, nanotube arrays (7 em? in a
photoanode-driven PEC cell [56]. The values from this work
(21.6 mA cm with a photocurrent gap of 8.5 mA cm™ at —2 V, and
12.31 mA em? with a gap of 4.81 mAcm? at —1.8V) may thus
demonstrate the potential of the SC-TiO5 photoanodes developed.

Besides, the current density evolution over SC-TiOy and TiO3-P25
photoanodes at constant voltage (—1.8 V vs. Ag/AgCl) is shown in
Fig. 4b. It should be noted that a potential of — 2 V vs. Ag/AgCl (or more
negative) is not considered since it may be undesirable for the produc-
tion of hydrocarbons [57] and alcohols [58] from CO2 conversion (due
mainly to enhanced H; generation), but it might also lead to increased
energy consumption, which negatively affects the overall efficiency of
the PEC process.

As expected, the illumination of the SC-TiO, light-responsive sur-
faces involves a higher current density (j~12-13 mA cm™2) compared to
the same system under dark conditions (j ~ 7.5 mA cm"z). Besides, the
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Fig. 4. PEC characterization: a) current-voltage responses of SC-TiO, photoanodes with (yellow) and without (black) UV illumination; b) current density evolution at
— 1.8 V vs. Ag/AgCl for SC-TiO, photoanodes with (yellow) and without (black) LED illumination, compared with TiO,-P25 photoanodes under illumination (grey).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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use of TiO-P25 photoanodes leads to significantly decreased current
densities in the presence of light (j ~ 6 mA cm2), which proves the
enhanced properties of TiO, synthesized in supercritical COo, such as
specific morphology and crystallinity, surface area, light absorption, and
optical bandgap energy [43,47]. In particular, the prepared photoactive
materials exhibited large surface area than commercial TiO5-P25 (152
vs. 50 m? g'1), as well as a narrow bandgap energy (0.3 eV lower for
SC-TiO3), higher purity (predominant anatase phase), and specific
morphology (mixture of particle shapes) [43]. Higher photocatalytic
activities are therefore expected for SC-TiO, nanoparticles, with easier
access of reactant molecules to photoactive sites and a better charge
separation and transport.

Then, the stability of the prepared SC-TiO, photoanodes is tested
under UV light for three consecutive on-off runs of 50 min (Fig. 5). The
experiment starts with the UV light on, while the LED lights are turned
off at the end of each run (t = 50, 100, 150 min). The analysis shows
how the production of CH3OH, as an example, decays progressively after
three consecutive runs. Despite this fact, the increase in CH3OH yield at
the beginning of each run may indicate that the activity loss, partially
associated with the blocking of photoactive sites in the photoanode
during water oxidation [59], can be mitigated from one on-off cycle to
another upon light irradiation. Altogether, pseudo-stable values can be
reached at the end of each cycle (4.72, 4.73, and 4.6 umol m2 st
respectively), thus showing a stable PEC conversion of CO2 under UV
light illumination.

To evaluate the composition and crystallinity of the prepared pho-
toactive surfaces, Fig. 6 shows the XRD diffractograms of SC-TiO5 pho-
toanodes before and after use, including the response of P25-TiOy
surfaces for comparison. As expected, the XRD response of TiO2-P25
shows not only peaks related to anatase, but also peaks that can be
ascribed to the presence of rutile, since both anatase and rutile are the
two main physico-chemically distinct polymorphs in P25 (Sigma-
Aldrich, P25). However, the homemade synthesized TiO, nanoparticles
(SC-TiOy) exhibit a nearly pure anatase composition, in accordance with
previous studies [43,49,60,61]. It should be noted that anatase repre-
sents a more photoactive phase than rutile due to surface properties
(better response to adsorbates in electron transfer reactions) and
solid-state features (improved light absorption and charge transfer)
[62], which might lead to an enhanced PEC performance.

Moreover, the diffractograms also reveal that SC-TiO displays
higher crystallinity than P25-TiOy if we compare the peak height
(especially at 25-26°) and resolution of both diffractograms. The results,
therefore, show that the calcination process (after synthesis of SC-TiO3)
has been successfully carried out, which should involve more favorable
conditions for charge separation [43]. It can be finally noticed that the
responses of fresh and used surfaces are very similar, which can be
linked to the stability of the system for continuous light-driven PEC
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Fig. 5. Time course for the light-driven PEC production of CH30H (yellow) and
current density (grey) using SC-TiO, photoanodes in three consecutive runs
(~1.8 V vs. Ag/AgCl).
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operation.
3.3. Product distribution and process efficiency in PEC cell

The effect of UV light irradiation on the continuous performance of
the PEC cell including the SC-TiO, photoanodes is studied at constant
voltage (—1.8 V vs. Ag/AgCl). The products obtained from CO5 con-
version in the outlet stream are CoHy in the gas phase (with traces of CO)
and CH3OH (with small quantities of C;HsOH) in the liquid phase.

The formation rates (r) obtained as a function of light conditions (UV
illumination or dark mode) are presented in Table 1. As can be seen, the
performance of the UV illuminated PEC system is not only improved in
terms of current density (current gap: 5.1 mA cm2) but also reaction
selectivity. Specifically, the increase in current under UV light allows a
six-fold enhanced production of CoH4 (147.4 vs. 24.2 ymol m? s'l) and
allows the formation of CH30H (4.72 pumol m? s, which might be
explained by the specific optical properties of SC-TiO photocatalysts
(light absorption) and their specific morphology and crystallinity for an
enhanced charge separation and transfer in the presence of light [43]. As
a result, a high number of electrons (migrating from the photoanode
towards the cathode) might be available to proceed with the continuous
PEC conversion of CO,. The production of Hy also becomes more rele-
vant at higher current densities.

The production rates presented in Table 1 are also normalized by the
total charge, g (C), to properly evaluate the activity and selectivity of the
process. Interestingly, the production of CoHy is significantly enhanced
in the presence of light regardless of the total charge passed through the
system during 50 min of continuous PEC operation (0.4 ymol m~2 s~!
C1vs0.11 pmol m~2s7! ¢™1), which denotes that the selectivity of the
reaction is altered at higher current densities (UV illumination).

Similar trends can be seen for FE (Fig. 7). The formation of CoHy is
improved and the generation of alcohols (i.e., CH3OH) can be seen. The
change in reaction selectivity towards CoH4 (FE CaH4 from 38.2% to
46.6%) and CH3OH (FE CH30H = 15.3%) under light irradiation high-
lights again the improved CO; conversion in the cathode at higher
current densities, due to the superior photoactivity of SC-TiO, photo-
anodes under the light (improved charge separation and transfer). This
leads to an improved PEC process performance with decreased external
bias, which is essential from a practical application viewpoint. Besides,
the HER is clearly suppressed under UV light irradiation (FE Hy = 38%)
since most of the charge passed seems to be used for the selective for-
mation of CoHy and CH3OH. In the dark, however, Hy represents the
main product at the reactor outlet (FE Hy = 61.5%).

Finally, Table 2 shows STF and EE, which are crucial figures of merit
to evaluate the overall efficiency of the PEC system. The results obtained
in the present study are compared to those achieved using illuminated
Ti0,-P25 surfaces in our previous work [25].

The use of illuminated SC-TiO; surfaces, in comparison with TiO»-
P25 photoanodes, seems to be beneficial for enhanced charge separation
and transfer from the photoanode that leads to an improved generation
of CoHy from CO- conversion at the cathode. The improved character-
istics of the synthesized nanoparticles in supercritical CO» (i.e.,
enhanced morphology and high crystallinity) might lead to more effi-
cient separation of electron-hole pairs (suppressing recombination) [43]
as well as an increased current density that leads to a more selective
formation of C;H4 and CH3OH from COj at the surface of the Cu plate.
The STF results for C,H4 and CH30H are enhanced in comparison with
the behavior of illuminated TiO2-P25 photoactive surfaces (5.4% vs.
3.7% for CoHy4 and 1.9% vs. 1% for CH3OH) under the same conditions,
which once again denotes the enhanced properties of the SC-TiO, pho-
toanodes and the effect of the current density on reaction selectivity
(especially at high current levels). This result agrees with the decreased
gap observed for SC-TiO5 by differential reflectance analysis (Fig. 3),
which allows the creation of excitations at much lower energies. Besides,
as expected, the EE results under UV irradiation are improved with
respect to the behavior of this material in the dark, due to the increased
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Fig. 6. XRD diffractograms of fresh and used photoactive surfaces: a) SC-TiOy; b) TiO,-P25.

Table 1

Production rates (r) for CO, reduction products and H, with and without illumination (—1.8 V vs. Ag/AgCl).

Photoanode j (mA cm?) q Q) r (umol m?2sh r/q (umol m2stch
CoHy C,HsOH CH30H Hy CoHy

SC-TiO, (UV illumination) 12.31 369.3 147.4 0.32 4.72 721.5 0.4

SC-TiO, (dark) 7.18 215.4 24.2 - - 233.1 0.11

photocurrent density generated at — 1.8 V vs. Ag/AgCl (Fig. 4a and 4b).
The lower EE under illumination for CoH4 at SC-TiO; surfaces (14%) in
comparison with the performance of TiO5-P25 (17.8%) and the invari-
able EE for CH3OH (5% vs. 5.2%, respectively) can be linked to an
increased production of Hy in the system with SC-TiO; photoanodes, due
to the higher current density achieved at the cathode.

Fig. 8 shows a schematic representation of the proposed reaction
pathways for the generation of CoH4 and CH30H at the surface of the Cu
cathode [63-68].

If we compare the FEs obtained for C;Hy (as main product) in this
work (FE CoH4 = 46.6%) with other photoanode-driven PEC systems
(Table 3), the results outperform the data reported in 1996 when
employing a TiOy photoanode combined with a Cu-based cathode,
where a FE CoHy = 24% was obtained, although CH4 was the main
product [69]. Other studies also reported the generation of CoHy, as a
minor product, in several PEC systems combining different photoanodes
and Cu cathodes. For instance, Magesh et al. showed in 2014 a
maximum FE CyHy = 4.5% for CoH4 at WO3 photoanodes with a Cu
cathode [70], whereas this product was not detected when substituting
the Cu cathode with Sn/SnOy electrodes, which indicates the key role of

Cu. One year later, the use of a BiVO4/WO3 photoanode with a Cu
cathode led to a FE CoH4 = 17.7% [71]. Besides, CoH4 was a minor
product (FE CoHy = 2.5%) from CO; reduction at a Cu cathode combined
with photoanodes based on AlGaN/GaN heterostructures [72].

Thus, the maximum FE for CoHy reached in this work is markedly
superior to those values reported so far in different photoanode-driven
PEC systems, which highlights the relevance of the present study. It
should also be mentioned that although a lower FE for CoH4 was ach-
ieved in this work in comparison with our previous study at TiO2-P25
photoanodes (FE CoHy = 59.3%), the STF is nevertheless clearly superior
due to an increased current density (two-fold improved) at the same
potential level, thus demonstrating a more efficient PEC CO,-to-CaHy
process.

Overall, this work represents a step forward into developing more
effective PEC systems for COy conversion in continuous mode, which
may be helpful to get closer to real applications.

4. Conclusions

In this work, TiO5 nanoparticles synthesized in supercritical medium
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Fig. 7. FE results with SC-TiO, photoanodes with/without UV illumination
(—1.8 V vs. Ag/AgCl).

Table 2
STF and EE for CO, reduction in the PEC system (—1.8 V vs. Ag/AgCl).
Photoanode j(mA cm?) STF (%) EE (%) Ref.
C,H;s CH30H CyHs CH30H
SC-TiO, (UV illumination) 12.31 5.4 1.9 14 5 This
work
SC-TiO, (dark) 7.18 - - 115 - This
work
TiO,-P25 (UV 5.9 3.7 1 17.8 5.2 [25]
illumination)

(SC-TiOy), with a nearly pure anatase composition and improved crys-
tallinity, are investigated in a photoanode-driven photoelectrochemical
filter-press reactor for a more efficient transformation of CO into value-
added products (i.e., ethylene and methanol) in continuous mode.

The characterization of the photoanodes shows that photocurrent

Journal of Environmental Chemical Engineering 10 (2022) 107441

density is higher than most of the values reported in similar photo-
electrocatalytic systems and significantly superior (12.31 mA cm™2)
than the system in the dark (7.18 mA cm2). This current level is also
higher than that reached with commercial TiO2-P25 electrodes
(5.9 mA cm™2) under the same conditions. The greater decreased gap for
SC-TiO; observed in differential absorption analyses allows the creation
of excitations at much lower energies, which might be responsible for
enhancing light-driven process performance.

As a result, the production of ethylene from COs is six-fold improved
(147.4 ymol m~2 s71) when using SC-TiO; surfaces as photoanodes in
comparison with the process performance in the dark. The formation of

Table 3
PEC systems reported for CO, conversion to CoHy at Cu-based cathodes in
photoanode/dark cathode configurations.

Photoanode  Cathode  Potential Reaction FE STF Ref.
and light medium (%) (%)
source

SC-TiO, Cu -1.8 Vvs. 1 M KOH 46.6 5.4 This
Ag/AgCl* work
UV LED
(365 nm)

TiO, Cu -1.8 Vvs. 1 M KOH 59.3 3.7 [25]
Ag/AgCl*
UV LED
(365 nm)

TiO, Cu/ZnO  Pulsed 0.1 M 24 - [69]
bias** KHCO3
Sunlight

WO3 Cu 0.65 V vs. 0.5M 4.5 - [70]
RHE*** KHCO3
Hg lamp (>
420 nm)

BiVOy/ Cu 0.4V vs. 0.5M 17.7 - [71]

WO3 RHE*** KHCO3

Hg lamp (>
420 nm)

AlGaN/ Cu -1.47 V vs. 3 MKCl 2.5 - [72]

GaN Ag/AgCl*

Xe lamp
(365 nm)

Notation: * Cathode potential, ** Potential not available, Photoanode

potential.
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Fig. 8. Reaction mechanisms for the formation of CoH4 and CH30H from CO, at Cu cathodes.

Adapted from [63,66,68].
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methanol is also favored under illumination (4.72 pmol m2 s,
Furthermore, the Faradaic efficiencies for both ethylene and methanol
(46.6% and 15.3%, respectively) are enhanced under light irradiation,
outperforming previous photoanode-driven photoelectrochemical sys-
tems reported in the literature. Accordingly, the solar-to-fuel results are
improved in the system with illuminated SC-TiOy photoactive surfaces
(5.4% for ethylene and 1.9% for methanol), in comparison with the
behavior of TiO,-P25 photoanodes (3.7% for ethylene and 1% for
methanol).

To sum up, this work reports the continuous light-driven photo-
electrochemical conversion of COy using SC-TiOzphotoanodes, pro-
moting a more efficient photoelectrochemical transformation of CO; to
valuable products.
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Resumenes de resultados y conclusiones

CAPITULO 4. RESUMEN DE RESULTADOS Y CONCLUSIONES

4.1 Resumen de los principales resultados

La presente Tesis Doctoral presenta un proceso de conversion fotoelectroquimica de CO»
en continuo utilizando fotoanodos basados en TiO2 comercial (TiO2-P25) y TiO2 con propiedades
mejoradas (Ti02-SC), junto con catodos basados en Cu, para la produccién de alcoholes e

hidrocarburos.

Para lograrlo, se ha realizado inicialmente una exhaustiva revisién del estado del arte,
donde la fotoelectrocatalisis destaca como una alternativa prometedora que combina las ventajas
de la electrocatalisis y la fotocatélisis, reduciendo el voltaje requerido en la conversion
electroquimica de CO: en productos quimicos Utiles mediante el aprovechamiento de la luz. Como
se ha discutido a lo largo de este documento, el disefio de un reactor PEC debe realizarse en base
a una cuidadosa evaluacion de diversos factores, como son la fuente de luz, la configuracién
geométrica, el material de construccidn, asi como caracteristicas de mezcla y flujo, e intercambio
de calor, entre otros. Dos de los parametros clave del proceso son las fases involucradas y el
modo de operacion (es decir, discontinuo, semicontinuo o continuo). Ademas, el anodo y el
catodo en la celda PEC deben estar preferiblemente en forma de peliculas delgadas separadas
por una membrana conductora de protones y depositadas sobre sustratos porosos. Esto favorece
el transporte de electrones, asi como la difusion de protones a través de la membrana. El proceso
requiere ademas que se dé eficientemente la reaccion de evolucion de oxigeno en el lado del

anodo y una difusién eficiente de CO:2 en el lado del catodo.

La literatura muestra que se ha empleado con mayor frecuencia la configuracion de
fotodanodo-catodo a oscuras, aprovechando los beneficios de usar semiconductores tipo 7 (en
lugar de semiconductores tipo p), mas abundantes, econdmicos y estables para la oxidacion de
H20. En una configuracién fotocatodo-anodo a oscuras, el fotocatodo estd compuesto
por un semiconductor tipo p debido a su alta energia de banda de conduccion, que es
adecuada para la reduccion de CO2, pero su eficiencia es limitada. Otra opcién para la
disposicion de los fotoelectrodos es la combinacion de un fotocdtodo con un semiconductor
tipo p para la reduccion de COz con un fotoanodo de semiconductor tipo 77 para la oxidacion de
H20. A diferencia de las otras dos configuraciones, esta permite, idealmente, realizar la
reduccion de CO: sin necesidad de aplicar corriente eléctrica externa. Por Ultimo, la
configuracion de reactor PEC tandem (o hibrida) combina la reducciéon de CO: con la
generacion de energia fotovoltaica en el mismo dispositivo, mediante: (i) la utilizacién de
elementos fotovoltaicos exteriores al reactor, capaces de suministrar un flujo extra de
electrones para la reduccion de CO; y (ii) la integracion de materiales fotovoltaicos en la
estructura de los fotoelectrodos del sistema, maximizando el aprovechamiento de la luz y la

separacion de cargas.

73



Capitulo 4

Tras la revision del estado del arte, se ha disefiado y construido un sistema experimental
para llevar a cabo la fotoelectroreduccién de CO2 a metanol y etanol en continuo. Se utiliza una
celda PEC compuesta inicialmente por un fotoanodo basado TiO2-P25 en configuracién MEA que
se ilumina con luz LED UV (100 mW-:cm™), junto con una placa de Cu a oscuras. Con esta
configuracion, se ha logrado un incremento de hasta 4,3 mA-cm= (2 V vs. Ag/AgCl) al iluminar la
superficie del fotoanodo. El funcionamiento del sistema se ve favorecido al aplicar -1,8 V vs.
Ag/AgCl con una carga catalitica de TiO2-P25 de 3 mg'cm, donde se alcanza una velocidad de
produccion de 9,5 pmol'm2's?, una eficiencia Faradaica del 16,2% y una eficiencia energética
del 5,2% para metanol, y una velocidad de produccion de 6,8 pmol'm2's!, eficiencia Faradaica
del 23,2% vy eficiencia energética del 6,8% para etanol. La produccion de metanol se ve
favorecida con el incremento de voltaje, mientras que la produccién de etanol se ve afectada
negativamente. Se concluye que es es posible mejorar la produccion de alcoholes a partir de CO>

con luz UV, reduciendo la energia requerida en un sistema electroquimico (a oscuras).

Posteriormente se investiga el empleo de nanoparticulas de TiO2-SC para la preparacion
de fotoanodos con el objetivo de mejorar la eficiencia del proceso. La caracterizacion
fotoelectroquimica de los fotodnodos revela que la densidad de corriente alcanzada es
significativamente mas elevada (12,31 mA'cm2) que la alcanzada en el sistema en ausencia de
luz (7,18 mA-cm™2). Esta corriente también supera la obtenida anteriormente con los fotoanodos
fabricados con nanoparticulas comerciales de TiO2-P25 (5,9 mA-cm™) en las mismas condiciones.
Esta mejora se atribuye a las propiedades mejoradas del TiO2-SC, como es la morfologia, la
cristalinidad y el area superficial, con influencia en la absorcién de luz y bandgap, que se traduce
en un mejor acceso de reactivos a los sitios fotoactivos y una mejor separacion de cargas, lo que
permite mejorar la eficiencia del proceso. Como resultado, la produccion de etileno, producto de
gran interés comercial, se mejora hasta en seis veces (147,4 umol'm2's!) cuando se utilizan
superficies de TiO2-SC como fotoanodos en comparacién con el rendimiento del proceso a
oscuras. La formacién de metanol también se ve favorecida bajo la luz (4,72 pmol'm=2'st).
Ademas, las eficiencias Faradaicas tanto para el etileno como para el metanol (46,6% y 15,3%,
respectivamente), aumentan con la irradiacion de luz, superando los resultados reportados en la
literatura para sistemas fotoelectroquimicos en configuracion fotoanodo-catodo. En
consecuencia, la eficiencia en la conversion de energia solar en productos mejora en el sistema
basado en TiO>-SC (5,4% para etileno y 1,9% para metanol), en comparacion con el

comportamiento de los fotoanodos de TiO2-P25 (3,7% para etileno y 1 % de metanol).
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4.2 Conclusiones

Las conclusiones obtenidas a lo largo de la presente Tesis Doctoral han sido difundidas a
través 3 articulos en revistas cientificas incluidas en el InCites™ Journal of Citation Reports-
Science Edition (JCR), en posiciones del primer decil (D1), primer cuartil (Q1) o segundo cuartil
(Q2) y 5 comunicaciones presentadas en congresos internacionales y nacionales (2 de las mismas
recogidas en libros o proceedings con ISBN). El listado completo de contribuciones a congresos
se detalla en el anexo, especificando, en cada caso, el tipo de comunicacion realizada, oral o

poster.

A continuacidén, se enumeran las 3 publicaciones en revistas cientificas, indicando lista de
autores por orden de firma, titulo del articulo, nombre de la revista, nimero de la revista, afio de
publicacién, indice de impacto disponible correspondiente al afo de publicacién, denominacién

del area tematica de la revista, cuartil en el area tematica y posicion relativa en el area tematica:

1. Sergio Castro, Jonathan Albo, Angel Irabien, 2018. Photoelectrochemical reactors for CO:
utilization. ACS Sustainable Chemistry & Engineering, 6, 15877-15894. Indice de impacto: 6,970.
Q1 y D1; Chemical Engineering 9/138.

2. Sergio Castro, Jonathan Albo, Angel Irabien, 2020. Continuous conversion of CO: to alcohols
in a TiO2 photoanode-driven photoelectrochemical system. Journal of Chemical Technology &
Biotechnology, 95, 1876-1882. Indice de impacto: 3,174. Q2; Chemical Engineering 63/143.

3. Ivan Merino-Garcia!, Sergio Castro!, Angel Irabien, Ignacio Hernandez, Verdnica Rodriguez,
Rafael Camarillo, Jesusa Rincdn, Jonathan Albo, 2022. Efficient photoelectrochemical conversion
of CO2 to ethylene and methanol using a Cu cathode and TiO2 nanoparticles synthesized in
supercritical medium as photoanode. Journal of Environmental Chemical Engineering, 10, 107441.
Indice de impacto: 7,7. Q1; Chemical Engineering 16/140. 'Ivan Merino-Garcia y Sergio Castro

han contribuido igualmente a este trabajo como primeros autores.

Se presentan a continuacion las principales conclusiones recogidas en los citados

articulos:

1) Se ha demostrado las posibilidades técnicas de llevar a cabo el proceso de fotoelectroreduccion
de CO2 en modo continuo a productos de alto valor afiadido utilizando materiales semiconductores
de TiO2-P25 y Ti0O2-SC. Este enfoque permite reducir significativamente la energia requerida en
un sistema electroquimico convencional. Los resultados muestran el potencial de Ila
fotoelectrocatélisis para la conversion eficiente de CO2, lo que contribuye al mismo tiempo a

mitigar el cambio climatico.
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2) Tras una revision exhaustiva del estado del arte en el campo de la fotoelectroreduccion de CO»
a productos de alto valor afadido, se ha observado que la configuracion mas reportada en la
actualidad es aquella que utiliza un fotoanodo junto con un catodo a oscuras. Esto se debe a los
beneficios asociados al uso de semiconductores tipo 7, en lugar de los semiconductores tipo p,
gue son abundantes, econdmicos y estables para la oxidacion de H.O. Ademas, otra opcion
prometedora para la disposicion de los fotoelectrodos es la combinacidon de un fotocatodo de
semiconductor tipo p para la reduccién de CO2 con un fotoanodo de semiconductor tipo 77 para
la oxidaciéon de H20. Esta configuracion, permite llevar a cabo la reduccion de CO2 junto con la
oxidacion de H.0 sin necesidad de un aporte eléctrico externo, idealmente, lo cual simplifica el
sistema y reduce los consumos del proceso electroquimico. Los sistemas PEC tandem, que
incorporan elementos fotovoltaicos, permiten un mejor aprovechamiento de la luz y mejoran la

separacion de cargas.

3) Posteriormente, se disefia y construye un sistema experimental para la fotoelectroreduccién
en continuo de CO2 a productos de alto valor afiadido. Para ello, se emplea un reactor PEC
equipado con un fotodnodo de TiO2-P25 en una configuracion MEA. Durante las pruebas bajo
iluminacion de luz UV, se observa un incremento notable en la densidad de corriente (4,3 mA-cm-

2), Este resultado muestra los potenciales beneficios del fotoanodo desarrollado.

Ademas, se observa como al utilizar una carga de TiO2-P25 de 3 mg-cm en el fotoanodo
y aplicar un potencial de -1,8 V frente a Ag/AgCl, se alcanza una velocidad de produccion de
metanol de 9,5 umol'm2s!, con una eficiencia Faradaica del 16,2% Yy una eficiencia energética
del 5,2%. En el caso del etanol, se obtiene una velocidad de produccion de 6,8 pmol'm2's?, una
eficiencia Faradaica del 12,1% y una eficiencia energética del 6,8% en las mismas condiciones.
La selectividad de la reaccion puede ser modulada con el voltaje aplicado, resultando favorecida

la produccién de metanol con voltajes mas elevados.

4) Se emplean por Ultimo nanoparticulas de TiO: sintetizadas en medio supercritico (TiO2-SC),
donde la produccion de etileno experimenta un incremento de hasta seis veces (147,4 ymol'm-
2:s1) en comparacion con el sistema a oscuras. Asimismo, la formacion de metanol también se
ve favorecida bajo iluminacion, alcanzando una velocidad de formacion de 4,72 pmol'm=2's,
Ademas, las eficiencias Faradaicas tanto para el etileno como para el metanol (46,6% y 15,3%,
respectivamente) aumentan con la irradiacion de luz, superando los resultados reportados en la
literatura para sistemas fotoelectroquimicos en configuracién fotoanodo-catodo. En
consecuencia, la eficiencia en la conversion de energia solar en productos mejora en el sistema
basado en Ti0>-SC (5,4% para etileno y 1,9% para metanol), en comparacion con el

comportamiento de los fotoanodos de TiO2-P25 (3,7% para etileno y 1 % de metanol).
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4.3 Trabajo futuro

Tras analizar los principales resultados obtenidos en esta Tesis Doctoral, se identifican
las siguientes lineas de investigacion como relevantes para el futuro avance cientifico y técnico
del proceso, de tal forma que sea posible acercar la fotoelectrocatdlisis a su implementacion a

escala industrial:

1) Continuar con el desarrollo y empleo de nuevos materiales fotoactivos para la fabricacion de
fotoanodos, incluyendo materiales basados en dxidos de Cu, Bi, Fe o W, entre otros. Se destaca
la prometedora utilizacion de materiales basados en perovskitas, lo cual puede ser abordado a
través de colaboraciones con grupos de investigacion nacionales e internacionales especializados
en la sintesis de estos compuestos. Ademas, se debe hacer especial énfasis en el disefio y
optimizacion de nuevas configuraciones de fotoelectroreactores, que incluyan configuraciones de
fotocatodos-anodo, fotocatodo-fotoanodo y fotoelectrolizadores tandem, con el objetivo principal
de lograr la produccién de hidrocarburos con alto valor afiadido, como el etileno, operando en
fase gaseosa en el compartimento catddico del reactor PEC y sin aporte externo de energia. Esta
estrategia permite aumentar tanto el rendimiento como la concentracion de los productos

objetivo, minimizando al mismo tiempo la necesidad de etapas adicionales de separacion.

2) Avanzar en las técnicas de fabricacion de los electrodos, ya que este aspecto supone un paso
crucial hacia la futura implementacion industrial de la reduccién fotoelectroquimica de CO2. En
los Ultimos afios han surgido nuevas técnicas de deposicion de catalizadores para la fabricacion
de electrodos como, por ejemplo, la deposicion de vapor quimico, la pirdlisis por pulverizacion, la
galvanoplastia y los métodos de impresidn, que estan captando un gran interés. Ademas, es
importante considerar posibles tratamientos de modificacion de la estructura y superficies de los
fotoelectrodos, como la deposicién capa por capa y el tratamiento de la superficie con plasma,

ya que pueden mejorar el rendimiento y la estabilidad del electrodo.

3) Explorar reacciones de mayor interés que puedan llevarse a cabo en el compartimento anddico
del reactor PEC con el objetivo de aumentar su viabilidad econdmica. Cabe destacar, por ejemplo,
la reaccion de oxidacion del glicerol, debido a que es un subproducto importante en la produccion
de biodiesel, o la electrooxidacién del metano a hidrocarburos liquidos debido al alto consumo
energético del proceso industrial de conversion de metano. Esto supondria un gran progreso en
el proceso ya que permitiria obtener productos de interés tanto en el compartimento catddico
como anddico del reactor fotoelectroguimico, buscando, al mismo tiempo, reducir el consumo

energético del proceso global.

4) Optimizacion del sistema experimental y de las variables para acercar la fotoelectroreduccion
a la aplicacion real. Entre estas variables, es importante considerar la fuente de luz (luz visible o

solar), su intensidad, el potencial de polarizacion, la densidad de corriente, el caudal de CO: y el
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contenido de agua en la corriente cuando se opera en fase gaseosa. Ademas, para superar las
limitaciones inherentes de los electrodos, se debe evaluar la relacién de area geométrica entre
el catodo y el anodo, y la viabilidad de utilizar elementos fotovoltaicos ensamblados

tanto fuera como dentro del reactor.

Ante lo expuesto, queda patente que, aunque a lo largo de esta Tesis Doctoral se han
alcanzado avances significativos en el proceso de fotoelectroreduccidon de CO2 en modo continuo,
aun existen desafios por abordar para lograr la implementacion industrial de este proceso. Por lo

tanto, es crucial seguir dedicando esfuerzos a la investigacion en este campo.
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La captura, almacenamiento y utilizacion de CO, (CAUC) se considera una de las
opciones mas prometedoras para mitigar el cambio climatico. En particular, la
reduccion electroquimica del CO,, que tiene el propdsito de transformar esta
molécula en productos de alto valor afadido, esta atrayendo una atencién cada
vez mayor. En este sentido, la fotoelectrocatalisis, el acoplamiento de Iluz
en sistemas electroquimicos, emerge como una potencial alternativa que combina
los beneficios de la electrocatalisis y la fotocatdlisis. La presente Tesis Doctoral,
desarrollada en el grupo de investigacion DePRO del Departamento de
Ingenierias Quimicas y Biomolecular de la Universidad de Cantabria, tiene
como objetivo establecer un proceso continuo de conversion de CO, por via
fotoelectroquimica, con el propésito de reducir los sobrepotenciales necesarios
para la conversion electroguimica de CO, al hacer uso de la luz. Esta investigacion
representa una nueva linea de estudio dentro del grupo.

The capture, storage, and utilization of CO, (CCUS) is considered one of the most
promising strategies for mitigating climate change. In particular, the electrochemical
reduction of CO,, which has the goal of converting this molecule into high-
value-added products, is attracting increasing interest. In this context,
photoelectrocatalysis, which couples light to electrochemical systems, emerges
as a promising solution, combining the advantages of electrocatalysis and
photocatalysis. The focus of this doctoral thesis, conducted in DePRO research
group within the Department of Chemical and Biomolecular Engineering of the
University of Cantabria, aims to establish a continuous CO, photoelectrochemical
conversion process. The objective is to reduce the overpotentials required for
CO, electrochemical conversion by harnessing the power of light. This represents
the start of a new research line within the scope of the research group.

F,wuc!h

LIMIVER a  de Dociorado
DE CAM I




	Artículo 2 Sergio Castro.pdf
	Continuous conversion of CO2 to alcohols in a TiO2 photoanode-driven photoelectrochemical system
	INTRODUCTION
	EXPERIMENTAL
	TiO2 photoanode preparation
	Photoelectroreduction cell and experimental conditions

	RESULTS AND DISCUSSION
	PEC behaviour of TiO2 photoelectrode
	Process performance of TiO2/Nafion/Cu plate system

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


	Artículo 3 Sergio Castro.pdf
	Efficient photoelectrochemical conversion of CO2 to ethylene and methanol using a Cu cathode and TiO2 nanoparticles synthes ...
	1 Introduction
	2 Materials and methods
	2.1 Synthesis and characterization of SC-TiO2 nanoparticles
	2.2 Photoanode preparation and characterization
	2.3 PEC cell description and experimental conditions

	3 Results and discussion
	3.1 Optical properties
	3.2 PEC characterization
	3.3 Product distribution and process efficiency in PEC cell

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References





