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Summary	

The	use	of	 renewable	energy,	 such	as	 the	 solar	energy,	 is	 a	 suitable	 strategy	 to	

satisfy	the	world’s	energy	demand.	Its	storage	into	chemical	bonds	(i.	e.	H2	and	O2)	can	

be	a	smart	strategy	to	overcome	the	intermittency	of	the	energy	source.	However,	the	

oxidation	 reaction	 of	 water	 to	 O2	 is	 a	 bottleneck	 in	 these	 systems.	 Therefore,	 the	

search	for	an	efficient,	robust	and	inexpensive	heterogeneous	water	oxidation	catalyst	

is	one	of	the	greatest	challenges	that	scientists	are	facing	nowadays.	

In	 this	 Thesis,	mixed	metal	oxides	and	 cobalt	 containing	polyoxometalates	have	

been	used	as	water	oxidation	catalysts	in	different	media.	After	their	synthesis,	they	

have	been	fully	characterised	by	numerous	physical	methods.	The	catalytic	activity	of	

the	 active	 working	 anodes	 has	 been	 studied	 through	 different	 electrochemical	

techniques,	using	multiple	working	 conditions.	The	characterisation	of	 the	 catalytic	

species	pre/post	catalysis	has	been	essential	in	the	determination	of	the	true	catalyst.		

Specifically,	 we	 have	 precipitated	 the	 nonanuclear	 cobalt	 cluster	

[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16−	(Co9)	with	Ba2+	and	Cs+	to	obtain	water-insoluble	

salts	that	can	be	blended	with	a	solid-state	matrix,	such	as	carbon	paste.	The	BaCo9	

have	 shown	 excellent	 and	 unparalleled	 performance	 for	 the	 electrocatalytic	water	

oxidation	in	acidic	media,	yielding	100%	Faradaic	efficiency	matched	with	good	long-

term	 stability.	 We	 have	 also	 incorporated	 the	 homogeneous	 Co9	 POM	 into	 a	

conducting	polymer	matrix	(i.	e.	polypyrrole)	to	obtain	organic-inorganic	anodes	active	

in	 electrocatalytic	 water	 oxidation	 reaction	 in	 neutral	 conditions.	 This	 interesting	

processing	 approach	 has	 yielded	 versatile	 electrodes	 obtained	 from	 low	 cost	 and	

available	 raw	materials.	 Finally,	we	 have	 screened	 binary	 and	 ternary	mixed	 oxide	

compositions,	 based	 on	Ni,	 Zn,	 Fe	 and	 Cr,	 for	 the	 enhancement	 of	 electrocatalytic	

water	oxidation	in	alkaline	media.	Cubic	spinel	phases,	as	well	as,	a-Fe2O3	hematite	

have	 shown	best	 efficiency	 combined	with	 good	 long-term	 stability	 under	working	

conditions.	

	



	

	

	

	

	



	

vii	

	

List	of	Publications	

The	results	of	this	PhD	Thesis	have	delivered	the	following	publications:	

	

Blasco-Ahicart,	M.,	Soriano-López,	J.	&	Galán-Mascarós,	J.	R.	Conducting	Organic	

Polymer	 Electrodes	 with	 Embedded	 Polyoxometalate	 Catalysts	 for	Water	 Splitting.	

ChemElectroChem,	10.1002/celc.201700696	(2017)	(Accepted	11th	August,	published	

on-line)	

	

Blasco-Ahicart,	M.,	Soriano-López,	J.,	Poblet,	J.	M.,	Carbó,	J.	J.	&	Galán-Mascarós,	J.	

R.	 Polyoxometalate	 electrocatalysts	 based	 on	 earth-abundant	 metals	 for	 efficient	

water	oxidation	in	acidic	media.	Nature	Chemistry	(2017)	(Accepted	14th	September)	

	

	

 
	



	

	

	

	

	



	

ix	

	

Abbreviations	

%	yr–1	 Percentage	per	year	

h	 Overpotential	

µ	 Micro	

AC	 Amorphous	carbon	

aq	 Aqueuous	

ATP	 Adenosine	triphosphate	

bpp	 Bis(2-pyridyl)-3,5-pyrazolate	

bpy	 2,2’-bipyridine	

CAN	 Cerium	(IV)	ammonium	nitrate	

Co-POM	 Cobalt	containing	polyoxometalate	

CP	 Carbon	paste	

Cp*	 Pentamethylcyclopentadienyl	

CV	 Cyclic	voltammetry	

DFT	 Density	functional	theory	

d-G	 Dendron	functionalised	graphene	

dG	 Dried	graphene	

dmiz	 1,3-dimethylimidazole	

e–	 Electron	

E0	 Thermodynamic	potential	



	

x	

	

Eapp	 Applied	potential	

EDX	 Electron	dispersive	X-ray	spectroscopy	

EELS	 Electron	energy	loss	spectroscopy	

ES	 Earth	system	

ESEM	 Environmental	scanning	electron	microscopy	

EU	 European	Union	

eV	 electronvolt	

FFT	 Fast	Fourier	transform	

FTO	 Fluorine	doped	tin	oxide	

GC	 Gas	chromatography	or	Glassy	carbon	electrode	

H+	 proton	

H2bda	 2,2’-bipyridine-6,6’-dicarboxylic	acid	

HER	 Hydrogen	evolving	reaction	

HRTEM	 High-resolution	transmission	electron	microscopy	

ICP-OES	 Inductively	coupled	plasma	optical	emission	spectroscopy	

IR	 Infrared	spectroscopy	

isoq	 Isoquinoline	

ITO	 Indium	doped	tin	oxide	

j	 Current	density	

L	 ligand	



	

xi	

	

LHD	 Layered	double	hydroxide	

LSV	 Linear	sweep	voltammetry	

M	 Molar	or	Metal	

mA/cm2	 Milliampere	per	square	centimetre	

MCN	 Mesoporous	carbon	nitride	

Me	 Methyl	

mm	 millimetre	

MOx	 Metal	oxide	

MWCNT	 Multi-walled	carbon	nanotube	

NADPH	 Reduced	pyridine	nucleotide	

NHE	 Normal	hydrogen	electrode	

nm	 Nanometre	

𝐧𝐎𝟐 	 Number	of	moles	of	oxygen	

OEC	 Oxygen	evolving	complex	

OER	 Oxygen	evolving	reaction	

PAMAM	 Polyamidoamine	

PB	 Planetary	boundaries	

PBAs	 Prussian	blue	analogues	

PCET	 Proton-coupled	electron	transfer	

PEM	 Proton	Exchange	Membrane	or	Polymer	Electrolyte	Membrane	



	

xii	

	

Pi	 Phosphate	

POM	 Polyoxometalate	

POM-C	 Polyoxometalate	modified	carbon	paste	electrodes	

ppm	 Parts-per-million	

ppy	 2-phenylpyridine	or	polypyrrole	

PSI	 Photosystem	I	

PSII	 Photosystem	II	

Py5	 2,6-(bis(bis-2-pyridyl)methoxymethane)pyridine	

RDE	 Rotating	disk	electrode	

rpm	 Revolutions	per	minute	

SAXS	 Small	angle	X-ray	scattering	

SOEC	 Solid	oxide	electrolyser	

SPC	 Screen-printed	carbon	

STEM	 Scanning	transmission	electron	microscopy	

SWCNT	 Single-walled	carbon	nanotube	

taml	 Tetraamido	macrocyclic	ligand	

terpy	 2,2’:6,2’’-terpyridine	

TGA	 Therogravimetric	analysis	

toe	 Tons	of	oil	equivalent	

TOF	 Turnover	frequency	



	

xiii	

	

TON	 Turnover	number	

TW	 Terawatt	

UV-vis	 Ultraviolet-visible	spectroscopy	

wG	 Wet	graphene	

WOC	 Water	oxidation	catalyst	

XANES	 X-ray	absorption	near	edge	structure	spectroscopy	

XPS	 X-ray	photoelectron	spectroscopy	

XRD	 X-ray	diffraction	

XRR	 X-ray	reflectivity	

	



	

	

	

	

	



	

	

	

	

	

	

	

	

	

	

Chapter	1	

General	Introduction	
	

	



	

	

	



	 General	Introduction	

	

3	

	

1.1. Motivation:	 Environmental	 Issues	 and	 Global	 Energy	
Consumption	

Global	 energy	 consumption	 is	 projected	 to	 increase	 in	 the	next	 decades	due	 to	

population	and	economic	growth.	In	2001	the	world	population	was	close	to	6.1	billion	

and	it	is	projected	to	be	9.4	billion	by	2050,	which	supposes	an	increase	of	0.9%	yr–1.	

Furthermore,	the	world	energy	consumption	rate	is	projected	to	grow	1.5%	yr–1.	These	

means	that	it	will	be	doubled	from	13.5	terawatt	(TW)	in	2001	to	ca.	27	TW	by	2050	

and	 tripled	 to	 43	 TW	by	 2100.1	Therefore,	meeting	 the	 global	 energy	 demand	 in	 a	

sustainable	fashion	is	arguably	the	most	important	scientific	and	technical	challenge	

that	humanity	has	to	face	in	the	21st	century.2		

The	 4th	 Eurostat	 publication,	 The	 EU	 in	 the	world	 2016,	 provides	 a	 selection	 of	

important	and	interesting	statistics	on	the	European	Union	(EU)	to	give	an	insight	into	

the	European	society,	the	economy	and	the	environment	compared	with	the	world’s	

other	major	 economies.	 According	 to	 this	 publication,	 the	worldwide	 gross	 energy	

consumption	in	2013	had	an	increase	of	31%	compared	to	2003	value,	reaching	a	total	

of	13541.3	million	tonnes	of	oil	equivalent	(toe).	During	this	period	of	time,	China	and	

India	doubled	their	gross	inland	consumption,	while	Japan	and	United	States	recorded	

lower	gross	inland	consumption.3	

The	 same	 European	 publication	 reflects	 the	 distribution	 of	 the	 gross	 inland	

consumption	in	2013	according	to	different	energy	types	(Figure	1.1.).	Hence,	oil	was	

the	main	energy	source	with	31.1%	of	total	gross	inland	consumption,	secondly	coal	

and	lignite	with	a	28.9%,	thirdly	gas	with	21.4%,	in	fourth	place	renewables	and	waste	

with	13.8%	and,	 lastly,	4.8%	from	nuclear	energy.	Therefore,	the	first	three	carbon-

based	fuels	accounted	for	81.4%	of	the	global	energy	consumption,	while	renewable	

energies	just	implied	a	13.8%.	
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Figure	1.1.	Worldwide	gross	inland	energy	consumption	in	2013.3	

The	previous	figure	clearly	shows	the	huge	dependence	of	humanity	on	fossil	fuels	

for	 energy	 production.	 However,	 the	 main	 future	 problem	 is	 not	 related	 to	 the	

availability	 of	 these	 resources	 or	 to	 the	 processability	 cost	 of	 raw	materials.	Many	

sources	indicate	that	there	are	ample	fossil	fuel	reserves,	in	one	form	or	another,	to	

supply	 the	 projected	 energy	 demand	 at	 some	 reasonable	 cost.4	 Based	 on	 1998	

consumption	rates,	50-150	years	of	oil	reserves	are	available.	There	are	reserves	of	

natural	gas	 for	60-160	years	and	between	200-590	years	of	gas	 resources.	Besides,	

there	will	be	supply	of	coal,	shales	and	tar	sands	for	next	1000-2000	years.	Therefore,	

the	estimated	fossil	fuel	resources	could	support	the	high	energy	consumption	rate	of	

25-30	TWyr–1	for	at	least	several	centuries.2	

Nevertheless,	this	high	rate	of	fossil	energy	consumption	is	producing	a	potentially	

significant	 global	 issue,	 due	 to	 the	 increasing	 carbon	 emissions	 in	 form	 of	 CO2.	 As	

shown	in	Figure	1.2.	the	major	producers	of	greenhouse	gas	emissions	are	China	and	

United	States	followed	by	the	European	Union.	This	kind	of	emissions	are	cumulative	

in	 the	 atmosphere	 and	 there	 is	 no	 natural	 destruction	 mechanism	 of	 CO2	 in	 the	

atmosphere,	so	the	long-term	removal	of	atmospheric	CO2	must	occur	by	convection	

at	 the	 near-surface	 layer	 of	 the	 oceans.5	 Therefore,	 if	 no	 active	 intervention	 takes	

place,	 any	 environmental	 effect	 produced	 by	 this	 atmospheric	 CO2	 accumulation	

Renewables&waste

Nuclear	energy

Oil

Coal&lignite

Gas
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during	the	next	40-50	years	will	persist	globally	for	the	next	500-2000	years	or	more.	

Scientific	evidences	 indicate	that	the	atmospheric	CO2	concentration	has	been	kept	

constant	between	210-300	ppm	for	the	last	650000	years,6	while	there	has	been	an	

abrupt	 increase	 in	 the	 last	 50	 years	 due	 to	 the	 anthropogenic	 CO2,	 reaching	 a	

maximum	 value	 of	 380	 ppm.	 This	 high	 CO2	 concentration	 has	 dangerous	 negative	

effects	not	only	in	human	health	but	also	in	the	resilience	of	Holocene-like	state	of	the	

planet,	which	has	been	in	equilibrium	for	the	last	12000	years.	Besides,	it	is	the	only	

state	 of	 the	 Earth	 system	 (ES)	 that	 can	 certainly	 support	 contemporary	 human	

societies.		

	

Figure	1.2.	Greenhouse	gas	emissions,	1990	 (blue)	and	2012	 (red)	 (million	 tonnes	of	CO2-

equivalents).3	

In	 this	 context,	 Rockström	et	 al.	 proposed	 in	 2009,	 and	 revised	 later	 in	 2015,	 a	

planetary	boundary	(PB)	framework	which	defines	a	safe	operating	space	for	humanity	

based	on	the	intrinsic	biophysical	processes	that	regulate	the	stability	of	the	ES.7,8	In	

this	 study,	 they	analysed	nine	processes	 that	are	being	modified	by	human	action:	

Climate	 change	 (atmospheric	 CO2	 concentration	 and	 energy	 imbalance	 at	 top-of-

atmosphere),	 Biosphere	 integrity	 (genetic	 and	 functional	 diversity),	 Land-system	

change	 (area	 of	 forested	 land),	 Freshwater	 use	 (blue	 water	 consumption),	

Biogeochemical	flows	(P	and	N	flow	from	fertilisers),	Ocean	acidification	(carbonate	
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ion	concentration),	Atmospheric	aerosol	 loading,	Stratospheric	ozone	depletion	and	

Novel	entities.	Among	 these	processes,	 climate	 change	and	biosphere	 integrity	are	

recognised	as	core	planetary	boundaries	based	on	their	fundamental	importance	for	

the	ES.		

Figure	1.3.	shows	the	current	status	of	the	control	variables	for	seven	of	the	nine	

planetary	boundaries.	The	green	zones	represent	the	safe	operating	space,	the	yellow	

areas	depict	an	increasing	risk	and	the	red	ones	are	high-risk	zones.	As	shown	in	the	

picture,	two	PB	have	been	transgressed,	such	as	genetic	diversity	and	biogeochemical	

flows.	Moreover,	climate	change	and	land-system	change	are	in	the	zone	of	increasing	

risk.	These	results	should	alert	humanity	of	the	high	risk	of	destabilizing	the	Holocene	

state	of	the	ES	in	which	modern	societies	have	evolved.		

	

Figure	1.3.	Current	statues	of	the	control	variables	of	the	planetary	boundaries.7	

Most	of	the	control	variables	of	the	planetary	boundaries	are	directly	or	indirectly	

related	to	CO2	emissions.	Therefore,	humanity	energy	needs	must	switch	to	a	carbon-

free	 power	 system	 to	 try	 to	 reduce	 such	 non-environmentally	 friendly	 emissions.	

Taking	this	into	account,	there	are	three	general	routes	capable	to	produce	the	high	

amounts	of	carbon-neutral	power	required	to	supply	society	demands:	nuclear	fission,	
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carbon	capture	and	storage	and	 the	use	of	 renewable	energy.2	The	 first	 two	might	

provide	 significant	 commercial	 energy,	 but	 many	 improvements	 must	 be	 done	 to	

make	the	most	of	 these	resources.	Therefore,	 the	use	of	renewable	energies	 is	 the	

most	plausible	alternative.	Among	the	different	renewable	energy	sources,	the	energy	

provided	by	the	sun	 is	the	most	exploitable	based	on	 its	cleanness,	abundance	and	

affordable	expenses.	At	last	but	not	least,	it	is	the	only	renewable	energy	source	with	

enough	capacity	to	produce	energy	for	all	the	planet.2,9,10
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1.2. Solar	Energy	Use	

Sunlight	is	the	most	promising	carbon-neutral	energy	source	for	the	future,	since	

the	sun	delivers	more	energy	to	the	Earth	in	an	hour	than	the	total	energy	consumed	

by	humans	in	a	year.11	Moreover,	solar	radiation	is	available	at	any	location	on	Earth’s	

surface,	having	a	maximum	power	density	of	ca.	1000	watts	per	square	meter	(W/m2).	

The	common	term	used	to	describe	the	solar	source	is	insolation	(the	energy	available	

per	unit	of	 area	and	per	unit	of	 time),	being	kW·h/(m2·yr)	 the	most	 common	unit.	

Depending	on	the	location,	the	annual	insolation	can	vary	over	the	Earth	by	a	factor	

of	3:	 the	 insolation	 in	Canada	 is	 around	800	kW·h/(m2·yr),	while	 it	 can	 reach	2500	

kW·h/(m2·yr)	in	some	dry	desert	areas.4	

There	are	two	major	challenges	in	order	to	use	solar	energy	as	the	main	energy	

source:	(i)	capture	and	conversion	and	(ii)	storage.2	On	one	hand,	solar	capture	and	

conversion	 may	 be	 solved	 by	 photovoltaics.	 The	 main	 difficulty	 is	 to	 dramatically	

reduce	the	cost	per	watt	of	delivered	solar	energy.	In	typical	Si-based	solar	electricity	

modules,	an	electricity	price	of	0.35	$/(kW·h)	is	required	to	cover	the	initial	system	

costs,	while	 fossil-derived	electricity	 currently	 costs	around	0.02-0.05	$/(kW·h).	On	

the	other	hand,	the	energy	provided	by	the	sun	is	intermittent,	as	it	is	only	available	

during	diurnal	time	and	its	availability	depends	on	the	climate	conditions,	so	a	cost-

effective	storage	system	must	be	developed.12	

There	are	different	technologies	and	methods	for	solar	energy	storage,	such	as	(i)	

batteries	 that	 are	 currently	 too	 expensive,	 (ii)	mechanical	 storage	 of	 the	 electrical	

energy,	(i.	e.	electricity	used	to	drive	turbines	to	pump	water	uphill),	(iii)	solar	thermal	

technology,	which	is	the	cheapest	method	nowadays	but	needs	to	be	improved	and	

(iv)	artificial	photosynthesis,	where	the	energy	is	stored	in	the	chemical	bonds	of	solar	

fuels,	such	as	H2	and	O2.2	The	latter,	artificial	photosynthesis,	is	the	most	promising	

alternative	among	them.	

The	primary	 steps	of	artificial	photosynthesis	 involve	 the	conversion	of	 sunlight	

into	useful	fuels.	The	oxidised	fuel	is	O2,	which	can	be	released	into	the	atmosphere	

and	used	elsewhere	as	oxidation	reagent	for	fuel	consumption.	The	reduced	fuels	can	



	 General	Introduction	

	

9	

	

be	H2	from	water	reduction,	or	organic	species	(methanol	or	methane)	that	come	from	

the	fixation	of	atmospheric	CO2.	The	recombination	of	the	reduced	fuel	with	O2	in	a	

suitable	device,	such	as	a	fuel	cell,	would	regenerate	the	original	species,	closing	the	

cycle	in	a	carbon-neutral	fashion.		

	

Figure	1.4.	Carbon-neutral	energy	cycle.	

The	 large-scale	 production	 of	 solar	 fuels	 combined	 with	 fuel	 cell	 technologies,	

which	convert	 fuels	 to	electricity,	would	give	us	 the	key	 to	solve	 the	global	energy	

problem.	Figure	1.5.	shows	the	operation	mode	of	the	future	society	that	consumes	

energy	based	only	on	 carbon-neutral	 sources.13	During	 the	day,	 sunlight	 is	used	 to	

produce	solar	fuels	such	as	hydrogen.	Some	of	this	hydrogen	is	used	immediately	for	

transport	and	electricity	generation	and	the	rest	is	stored.	At	night,	there	is	no	energy	

source	to	produce	hydrogen	as	sunlight	 is	not	present.	Therefore,	hydrogen	stored	

during	sunlight	hours	is	used	for	transport	and	electricity	generation	(with	a	fuel	cell).	

V
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Figure	1.5.	Society	based	on	solar	fuels	use.13	
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1.3. Natural	Photosynthesis	

The	 life	 on	 Earth	 has	 evolved	over	 billions	 of	 years	 and	one	of	 the	 keys	 of	 this	

successful	 process	 relies	 on	 the	 progress	 from	 primitive	 non-oxygenic-evolving	

photosynthetic	organisms	to	advanced	eukaryotic	life	forms.14	The	overall	equation	of	

oxygenic	 photosynthesis	 is	 given	 in	 equation	 1.1.,	 where	 (CH2O)	 represents	 a	

carbohydrate.	 Oxygenic	 photosynthetic	 organisms	 convert	 sunlight	 into	 chemical	

energy,	in	the	form	of	carbohydrate	and	oxygen,	at	an	optimal	efficiency	ca.	25%.	The	

generated	 products	 are	 used	 afterwards	 to	 sustain	 the	 rest	 of	 aerobic	 life,	 with	

carbohydrates	acting	as	high-energy	electron	source	and	oxygen	providing	a	 lower-

energy	destination	for	these	electrons.15		

CO# + 2H#𝐎 → CH#O + 𝐎# + H#O			 	 Eq.	1.1.	

The	aim	of	artificial	photosynthesis	is	to	reproduce	at	large-scale	the	processes	of	

oxygen-evolving	 photosynthesis	 which	 take	 place	 in	 higher	 green	 plants,	

cyanobacteria	 and	 algae.	 Therefore,	 to	 overcome	 the	 challenge	 of	 moving	 from	

laboratory	prototypes	to	commercial	technologies	based	on	solar	energy,	a	complete	

understanding	of	the	reaction	mechanisms	taking	place	in	natural	photosynthesis	is	

needed.		

	

Figure	1.6.	Natural	photosynthesis	general	overview.13	
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Natural	 photosynthesis	 combines	 to	 different	 stages,	 known	 as	 light	 and	 dark	

reactions.	 In	 the	 light	 process,	 the	 chlorophylls	 placed	 in	 the	 cell	 membrane	

(thylakoid)	act	as	antenna	molecules	harvesting	the	light	energy,	which	is	driven	to	

the	reaction	centre	where	the	charge	separation	process	takes	place.	In	this	moment,	

two	energy-rich	compounds	are	generated	by	electrochemical	reactions:	adenosine	

triphosphate	 (ATP)	 and	 reduced	 pyridine	 nucleotide	 (NADPH),	 while	 oxygen	 is	

released	to	the	atmosphere	as	byproduct.	These	first	steps	take	place	in	two	different	

photosystems	 which	 operate	 in	 series:	 the	 photosystem	 I	 (PSI)	 where	 NADPH	 is	

generated	and	photosystem	II	(PSII)	where	water	is	oxidised.15,16	ATP	is	generated	in	

the	ATP-synthase	due	to	the	generation	of	a	chemical	gradient	across	the	thylakoid	

membrane.	Therefore,	the	light	reactions	are	used	in	the	biologic	system	to	convert	

the	trapped	light	energy	 into	electrical	energy	that	 is	stored	in	the	cell	membranes	

(Figure	1.7.).	 In	 the	dark	process,	 the	energy-rich	compounds	previously	generated	

(ATP	and	NADPH)	are	used	to	reduce	CO2	into	carbohydrates	(sugars).	This	reaction	is	

catalysed	by	the	enzyme	RuBisCO	and	is	known	as	the	Calvin	cycle	(Figure	1.8.).	This	

process	 is	 of	 high	 importance	 for	 the	 formation	 of	 sugar	 molecules	 from	 carbon	

dioxide	and	water.17  

	

Figure	1.7.	Elements	in	natural	photosynthesis	process.	

	

	



	 General	Introduction	

	

13	

	

	

Figure	1.8.	Natural	photosynthesis:	light	and	dark	reactions.	

PSI	 and	 PSII	 are	 responsible,	 combined	 with	 cytrochrome	 b6f,	 of	 the	 primary	

transduction	of	light	energy	into	electrical	energy	with	generation	of	an	electron	flux.	

The	electrons	that	flow	through	the	different	photosystem	elements	come	from	the	

water	oxidation	reaction	to	molecular	oxygen,	that	is	catalysed	by	the	oxygen-evolving	

complex	 (OEC)	 located	 in	 PSII.	 The	 structure	 of	 a	 cyanobacterial	 PSII	 complex	was	

reported	by	Barber	and	Iwata	et	al.	using	crystallographic	techniques,	and	the	specific	

structure	of	 the	OEC	 in	this	system	was	 lately	solved	by	Kamiya	et	al.	 in	2011	with	

better	resolution.18,19	The	OEC	located	in	PSII	is	a	cubane-like	Mn3CaO4	cluster	with	a	

mono-µ-oxo	bridge	to	a	fourth	Mn	ion,	also	described	as	Mn4CaO5.	Therefore,	three	

manganese	atoms,	one	calcium	and	four	oxygen	atoms	are	placed	in	the	corners	of	a	

cube,	while	the	fourth	manganese	atom	is	placed	outside	the	cluster,	linked	to	one	

manganese	of	the	cluster	by	an	oxygen	in	the	vertex	and	a	fifth	external	oxygen	atom	

(Figure	1.9.).	To	complete	the	coordination	sphere	of	the	OEC,	two	water	molecules	

are	coordinated	to	the	calcium	atom	and	two	other	are	linked	to	the	manganese	atom	

located	outside	the	cubane	archetype.	A	significant	structural	feature	of	the	cluster	is	

its	 distorted	 chair	 form	 caused	 by	 the	 existence	 of	 the	 calcium	 atom	 within	 the	

cubane-like	 structure.	 This	 distortion	 can	 play	 a	 key	 role	 in	 the	 elucidation	 of	 the	

water-splitting	reaction	mechanism.	
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Figure	 1.9.	 Structure	 of	 Mn4CaO5	 cluster.	 Distances	 in	 Å	 between	 metal	 atoms	 and	 oxo	

bridges	or	water	molecules.	Labeling:	Ca	(blue),	Mn	(green),	O	(red	and	yellow)	and	water	

(orange).	

The	 water	 oxidation	 catalysis	 performed	 in	 the	 OEC	 is	 the	 most	 energetically	

demanding	reaction	done	by	nature.	It	takes	place	under	mild	temperature	and	pH	

conditions	and	requires	a	redox	potential	of	at	least	0.8	V	vs	NHE	(Normal	Hydrogen	

Electrode),	 value	 quite	 close	 to	 thermodynamic	 requirements.	 The	 maximum	

turnover	 rate	 for	 the	 reaction	 2H#O → O# + 4H* + 4e,	 is	 ca.	 10
3	 s–1.	 The	 water	

oxidation	mechanism	that	takes	place	in	the	PSII	 is	also	known	as	Kok	cycle	(Figure	

1.10.),	where	the	OEC	can	exist	in	5	states:	S0	to	S4.	The	whole	process	starts	with	the	

oxidation	of	P680	to	the	radial	cation	P123*· 	(chlorophyll	special	pair	in	the	PSII),	one	of	

the	strongest	known	biological	oxidising	agent	with	a	redox	potential	of	1.26	V	vs	NHE.	

The	OEC	evolves	from	the	initial	state	(S0)	to	the	S4	state	by	four	successive	proton-

coupled	 electron	 transfer	 (PCET)	 reactions,	 where	 4	 electrons	 and	 4	 protons	 are	

sequentially	subtracted.	When	the	system	is	in	the	S4	state	oxygen	is	evolved	and	the	

initial	 S0	 state	 is	 spontaneously	 recovered.	 The	 OEC	 is	 placed	 inside	 a	 protein	

environment,	 which	 adjusts	 the	 proton	 chemical	 potential	 and	 keeps	 the	 charge	

neutrality	 during	 the	 electron	 transfer	 events.20	 As	 a	 consequence	 of	 the	 highly	

energetic	reactions	taking	place	during	Kok	cycle,	the	OEC	and	surrounding	structures	

are	 damaged.	 However,	 nature	 has	 developed	 sophisticated	 mechanisms	 to	 self-
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repair	these	molecules.	Without	these	self-repair	processes	the	OEC	would	not	 last	

more	than	30	minutes	before	degradation.21		

	

Figure	1.10.	The	S-state	(Kok)	cycle	showing	how	the	absorption	of	four	photons	of	light	(hν)	

by	P680	drives	the	splitting	of	two	water	molecules	and	formation	of	O2	through	a	consecutive	

series	of	five	intermediates	(S0,	S1,	S2,	S3	and	S4).	The	S-states	represent	the	various	oxidation	

states	of	Mn	in	PSII-OEC.	Electron	donation	from	the	PSII-OEC	to	P123*· is	mediated	by	tyrosine,	

YZ.
21	

The	understanding	of	Nature’s	strategy	to	store	solar	energy	into	chemical	bonds	

is	 an	 important	 point	 in	 order	 to	 develop	 artificial	 photosynthesis	 devices.	 A	 key	

design	element	in	these	systems	is	the	separation	of	the	functions	of	light	collection	

and	conversion	 from	that	of	catalysis.	 	These	 future	solar	energy	devices	based	on	

artificial	photosynthesis	will	be	capable	to	efficiently	capture	and	convert	solar	energy	

and,	additionally,	store	the	generated	electric	energy	into	chemical	bonds,	such	as	O2	

and	H2,	as	carbon-free	solar	fuels	from	water	splitting.	
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1.4. Artificial	 Photosynthesis	 and	 Water	 Splitting:	 Solar	
Energy	Storage	into	Chemical	Bonds	

In	natural	photosynthesis,	energy	from	sunlight	is	used	to	rearrange	the	bonds	of	

water	to	oxygen	and	hydrogen	equivalents	(Equation	1.2.),	known	as	water	splitting	

process.	Then,	hydrogen	 is	combined	with	CO2	to	generate	hydrocarbons	following	

the	Calvin	cycle.	Equation	1.3.	shows	the	reaction	needed	to	generate	hydrocarbons	

from	 CO2	 and	 water.	 The	 comparison	 of	 the	 thermodynamic	 potentials	 of	 both	

processes	 concludes	 that	 water	 splitting	 is	 the	 core	 reaction	 in	 any	 solar	 energy	

storage	 system,	 since	 the	 production	 of	 carbohydrates	 only	 stores	 0.01	 eV	 more	

(considering	an	electron	equivalency	basis).		

H#O →
5
#
O# + H#												E3 = 1.23	V	vs	NHE	 								Eq.	1.2.	

CO# + H#O →
5
1
C1H5#O1 + O#			E3 = 1.24	V	vs	NHE	 								Eq.	1.3.	

An	 approach	 for	 duplicating	 photosynthesis	 outside	 of	 a	 photosynthetic	

membrane	is	to	convert	sunlight	into	spatially	separated	electron/hole	pairs	within	a	

photovoltaic	 cell	 and	 then	 capture	 the	 charges	 with	 catalysts	 that	 mediate	 water	

splitting	(Figure	1.11.).	The	overall	process	implies	the	splitting	of	water	into	its	main	

elements,	H2	and	O2.	

2H#O → 2H# + O#										 	 	 								Eq.	1.4.	

If	we	analyse	more	 in	deep	 the	water	 splitting	process,	 two	 semireactions	 take	

place:	water	oxidation	and	proton	reduction.	In	the	first	one,	also	known	as	Oxygen	

Evolution	 Reaction	 (OER),	 four	 holes	 are	 captured	 by	 a	 catalyst	 at	 the	 anode	 to	

produce	 oxygen.	 The	 reductive	 process	 implies	 hydrogen	 generation	 in	 a	 separate	

catalyst	at	 the	cathodic	side	when	four	electrons	are	captured	and	 it	 is	 referred	as	

Hydrogen	Evolution	Reaction	(HER).	Therefore,	the	net	result	is	the	storage	of	solar	

energy	into	the	chemical	bonds	of	H2	and	O2.22		
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Figure	1.11.	Scheme	of	an	artificial	photosynthesis	device.2	

In	 order	 to	 develop	 an	 efficient	 water	 splitting	 electrocatalyst	 the	 operando	

conditions	 must	 be	 close	 to	 the	 Nerstian	 potentials	 (E0)	 for	 both	 implied	

semireactions.	

2H#O ⇌ O# + 4H* + 4e,											EABCDE
3 = 1.23 − 0.059 · pH	(	V	vs	NHE)		Eq.	1.5.	

4H* + 4e, ⇌ 2H#																				ELAMNCDE
3 = 0.00 − 0.059 · pH	(	V	vs	NHE)		Eq.	1.6.	

Experimentally,	an	additional	potential	is	needed	to	overcome	activation	barriers,	

concentration	effects	and	voltage	drops	due	to	resistance	of	the	medium.	This	extra	

energy	required	by	the	system	is	called	overpotential	(h).		

𝜂 = EAPPQRED − EMNESTCDRBATRL		 	 	 Eq.	1.7.	

Between	 both	 semireactions,	 the	 water	 oxidation	 reaction	 is	 considered	 the	

bottleneck	step	in	the	water	splitting	process,	as	it	requires	a	large	overpotential	to	

drive	the	overall	process	at	technologically	relevant	kinetics.	This	is	due	to	its	complex	

and	 demanding	 mechanism,	 that	 implies	 a	 four-electron	 oxidation	 of	 two	 water	

molecules	to	form	a	relatively	weak	oxygen-oxygen	bond,	coupled	to	the	removal	of	

four	 protons.	 In	 addition	 to	 the	 control	 of	 these	 PCET	 reactions,	 a	 catalyst	 must	

tolerate	prolonged	exposure	to	oxidising	conditions.22	

The	 first	 scientist	 that	 studied	 these	 photochemical	 reactions	 was	 Giacomo	

Ciamician.	 He	 presented	 in	 1912	 a	 revolutionary	 hypothesis	 that	 suggested	 the	

replacement	of	fossil	fuels	energy,	such	as	coal,	by	sunlight	energy	to	produce	fuels	

(hydrogen)	using	artificial	photochemical	reactions	(artificial	photosynthesis).23,24	As	
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shown	before,	his	proposal	is	still	one	of	the	most	important	challenges	that	scientists	

are	facing	at	the	present.		

Nowadays,	the	cheapest	way	to	produce	H2	is	steam	reforming	of	natural	gas	or	

other	fossil	fuels,	such	as	propane,	gasoline,	diesel,	methanol	or	ethanol.	This	process	

takes	place	 in	a	reactor,	so-called	reformer,	where	water	vapour	 is	 reacted	at	high	

temperature	(700-1100ºC)	with	a	fossil	fuel	in	the	presence	of	a	metal-based	catalyst	

(usually	nickel).25	The	drawback	is	the	low	purity	of	the	generated	H2	with	high	content	

of	 carbonated	 species.	 Moreover,	 this	 technology	 is	 not	 in	 agreement	 with	 the	

necessary	 carbon-free	 energy	 sources.	 Therefore,	 a	 new	 technology	 must	 be	

developed	 to	 produce	H2	 in	 a	 cleaner	way.	 This	 technology	 is	 based	 on	 the	water	

splitting	process	driven	by	electricity	and	it	occurs	in	a	device	called	electrolyser.		

The	 electrolysis	 phenomenon	 was	 discovered	 by	 Troostwijk	 and	 Diemann	 in	

1789.26	However,	 the	 industrialisation	of	such	technology	was	not	established	until	

the	beginning	of	the	XX	century.27	In	1920s	large	size	plants,	rated	at	100	MW,	were	

built	 worldwide.28	 Since	 then,	 alkaline	 electrolysis	 has	 become	 a	 well	 mature	

technology	for	hydrogen	production.	However,	some	drawbacks,	such	as	low	partial	

load	range,	low	current	densities	and	low	operating	pressure,	must	be	overcome.29	In	

the	 1980s,	 Dönitz	 and	 Erdle	 were	 the	 first	 to	 report	 results	 from	 a	 solid	 oxide	

electrolyser	 (SOEC)30	 that	 overpassed	 the	 efficiency	 of	 alkaline	 technology.	

Nevertheless,	 the	 low	 durability	 of	 the	 ceramic	 materials	 at	 high	 operando	

temperature	considerably	reduces	its	practical	application	in	long-term	operation.29	

Another	 promising	 electrolysis	 technology	was	 proposed	 in	 the	 1960s,	 based	 on	 a	

solid	polymer	electrolyte	concept.31	The	polymer	electrolyte	membrane	(PEM),	such	

as	Nafion®,	is	responsible	for	providing	high	proton	conductivity,	low	gas	crossover,	

compact	 system	 design	 and	 high	 pressure	 operation.29	 Among	 the	 three	 different	

approaches	 of	 water	 electrolysis,	 PEM	 type	 is	 the	 most	 promising	 alternative	 to	

overcome	 the	 future	 energy	 demands	 from	 society.	 However,	 up	 to	 know,	 only	

expensive	noble-metal	 catalysts	are	able	 to	work	 in	 such	acidic	 conditions	without	

degrade.	 That	 is	 the	 reason	why	 the	 search	 for	 a	 robust,	 efficient	 and	 inexpensive	

water	oxidation	catalyst	is	such	a	challenge.	
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Figure	1.12.	Scheme	of	the	three	main	water	electrolysis	technologies.29

Ceramic

O2-

Alkaline	electrolysis PEM	electrolysis SOEC	 electrolysis

60-80ºC 50-80ºC 600-900ºC
4H#O+ 4e' → 2H# + 4OH'

4OH'→ O# + 2H#O+ 4e'
4H*+ 4e' → 2H#

2H#O→ O# + 4H*+4e'
2H#O+ 4e' → 2H# +2O#'

2O#'→ O# + 4e'
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1.5. Water	Oxidation	Catalysts	

One	of	the	most	challenging	goals	in	artificial	photosynthesis	development	is	the	

search	for	a	robust,	efficient	and	inexpensive	water	oxidation	catalyst	(WOC).32	Since	

Meyer	reported	the	first	homogeneous	WOC	in	1982,	called	the	blue	dimer,33	many	

organometallic	complexes,	active	in	water	oxidation	catalysis,	have	been	discovered.	

Despite	their	fast	kinetics	and	high	efficiencies,	these	organometallic	compounds	have	

not	 long-term	 stability	 under	 the	 oxidative	 conditions	 generated	 during	 the	water	

splitting	process.	One	major	reason	for	this	instability	resides	in	the	building	organic	

ligands,	that	are	prone	to	oxidative	deactivation.34	Still,	these	catalysts	are	very	useful	

to	give	better	understanding	of	water	oxidation	mechanisms	and	to	stablish	the	best	

electronic	features	required	for	an	efficient	WOC.		

For	 feasible	 industrial	applications,	heterogeneous	water	oxidation	catalysts	are	

required.	 The	 state-of-the-art	 in	 this	 area	 is	 led	 by	 heterogeneous	 noble	 metal	

catalysts,	such	as	IrO2	and	RuO2.	Especially	IrO2,35,36	since	the	faster	RuO2	suffers	rapid	

deactivation	 in	acidic	 conditions.37	However,	 a	WOC	must	be	obtained	 from	cheap	

Earth	abundant	metals	in	order	to	be	viable	for	technological	applications.	In	this	field,	

the	 most	 remarkable	 discovery	 was	 made	 by	 Nocera,	 who	 electrodeposited	 a	

phosphate	 oxide	 cobalt	 layer	 (Co-Pi)	 onto	 the	 anode	 of	 a	 silicon-based	 solar	 cell,	

obtaining	a	robust,	photo-assisted	anode	working	at	neutral	pH	capable	to	split	water	

by	direct	irradiation	with	sunlight.22	Despite	this	great	discovery,	the	stability	of	the	

catalyst	 is	 not	 good	 enough,	 making	 this	 device	 not	 sufficiently	 competitive	 to	

substitute	other	hydrogen	production	technologies.		
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1.5.1. Homogeneous	Water	Oxidation	Catalysts	

Ruthenium-based	WOCs	

As	 mentioned	 before,	 the	 first	 well-defined	 example	 of	 a	 homogenous	 water	

oxidation	catalyst	was	a	µ-oxo-bridged	ruthenium	dimer	coordinated	by	polypyridil	

ligands.	The	compound	with	formula	cis,cis-[(bpy)2(H2O)RuIII(µ-O)RuIII(H2O)(bpy)2]4+	is	

known	as	blue	dimer,	due	 to	 its	 characteristic	 colour,	and	 its	 structure	 is	 shown	 in	

Figure	1.13.33,38	It	is	characterised	by	two-fold	symmetry	and	a	cis,cis	arrangement	at	

each	octahedral	Ru	centre	with	respect	 to	 the	bpy	 ligands,	which	allows	the	water	

ligands	 to	 align	 in	 parallel	 through	 free-rotation	 along	 the	 µ-oxo	 bridge.	 The	 bpy	

ligands	impose	steric	constraints	and	this	results	in	a	nearly	linear	geometry	of	the	Ru	

atoms	through	the	µ-oxo	bridge.	The	blue	dimer	performs	a	turnover	frequency	(TOF)	

of	0.0042	s–1	and	a	turnover	number	(TON)	of	13.2	employing	cerium	(IV)	ammonium	

nitrate	(CAN)	as	chemical	oxidant.39		

	

Figure	 1.13.	 Drawn	 structure	 of	 the	 ruthenium	 blue	 dimer,	 cis,cis-[(bpy)2(H2O)Ru
III(µ-

O)RuIII(H2O)(bpy)2]
4+		in	the	salt	[(bpy)2(H2O)Ru

III(µ-O)RuIII(H2O)(bpy)2](ClO4)4·2H2O.	

Although	 ruthenium	 complexes	 are	 too	 expensive	 to	 be	 implemented	 in	 a	 real	

water	 splitting	device,	 they	have	been	 very	useful	 to	 elucidate	 the	mechanisms	of	

water	 oxidation.40–46	 Meyer	 et	 al.	 emphasised	 that	 PCET	 could	 be	 the	 essential	

reactions	taking	place	in	the	water	oxidation	reaction	catalysed	by	the	blue	dimer47,48	

which	 allow	many	 equivalents	 to	 accumulate	 sequentially	 at	 one	 site	 without	 the	

buildup	of	highly	 charged	species.49,50	Mechanistic	and	kinetic	 studies	of	 the	water	

oxidation	catalytic	performance	of	the	blue	dimer	have	revealed	the	high	complexity	

4+
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of	the	catalytic	process.	It	involves	multiple	PCET	reactions,	higher	oxidation	states	of	

the	 Ru-O-Ru	 core,	 cross-electron	 transfer	 between	 non-adjacent	 oxidation	 states,	

different	 intermediate	 acid-base	 equilibrium	 reactions	 and	 some	 anion	 exchanges	

between	 the	 surrounding	 solution	 and	 the	 coordinated	 water	 molecules.	 Latest	

mechanistic	studies	employing	CAN	as	chemical	oxidant	 in	strong	acidic	conditions,	

suggest	that	the	catalytically	active	species	is	the	RuV-O-RuV	core	formed	by	the	four-

electron	 oxidation	 of	 RuIII-O-RuIII,	 which	 undergoes	 first-order	 decay	 with	 the	

concomitant	release	of	O2	(Figure	1.14.).51	A	different	study	published	the	same	year,	

proposed	the	participation	of	bpy	ligands	in	the	O2	realising	step	(Figure	1.15.).52	The	

bpy	 ligands	 are	 oxidised	 by	 a	 water	 molecule,	 which	 could	 explain	 the	 observed	

degradation	of	bpy	ligands	under	strong	oxidative	conditions.	Afterwards,	a	second	

nucleophilic	attack	by	another	water	molecule	takes	place	in	the	b-position	of	the	bpy	

ring,	generating	a	new	O-O	bond	after	oxidation	by	the	Ru	centers.	The	final	release	

of	an	O2	molecule	is	driven	by	the	recovery	of	the	aromaticity	in	the	ligand.	

	

Figure	1.14.	Proposed	mechanism	of	the	blue	dimer	catalyst.53	
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Figure	1.15.	Mechanism	of	O2	release	by	Ru
V–O–RuV	core,	via	 ligand	participation.	L	=	2,2-

bipyridine.53	

Due	to	the	low	water	oxidation	activity	performed	by	the	blue	dimer	many	efforts	

have	been	done	to	improve	the	stability	and	activity	of	the	ruthenium	compounds	by	

stabilising	 the	 ligand	 framework.	 In	 2004,	 Llobet	 et	 al.	 reported	 a	 new	 ruthenium	

dimer	 called	bpp	 dimer,	 with	 formula	 [(RuII(trpy)(H2O))2(µ-bpp)]3+	 (trpy=	 2,2’:6’,2’’-

terpyridine	 and	 bpp=	bis(2-pyridyl)-3,5-pyrazolate).54	 As	 shown	 in	 Figure	 1.16.,	 the	

aqua	ligands	are	facing	each	other	in	close	proximity	thanks	to	careful	design	of	the	

ligand	framework.	In	this	case,	the	oxo	bridge	was	replaced	by	a	rigid	pyrazolate	ligand	

resulting	in	a	shorter	distance	between	the	Ru	centers.	Water	oxidation	catalysis	was	

done	using	CAN	as	chemical	oxidant	in	a	0.1	M	triflic	acid	solution	(pH	1).	Due	to	the	

rigid	coordination	environment	the	system	achieved	an	increased	TOF	of	0.014	s–1	and	

a	TON	of	18.55	The	starting	species	was	a	RuII-RuII	core	that	quickly	reached	the	highest	

oxidation	 state	RuIV-RuIV	upon	oxidation.	To	elucidate	 the	mechanism	of	 the	water	

oxidation	reaction,	kinetic	analysis	combined	with	18O-labelling	experiments	and	DFT	

calculations	 were	 performed.55,56	 These	 studies	 concluded	 that	 the	 mechanism	

preferably	 follows	 an	 intramolecular	 O-O	 bond	 formation,	 instead	 of	 a	 H2O	

nucleophilic	attack.	However,	an	alternative	DFT	study	supported	the	H2O	nucleophilic	

attack	to	one	of	the	RuIV=O	moieties	as	the	most	plausible	reaction	mechanism.57	
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Figure	1.16.	Drawn	structure	of	the	bpp	dimer.56	

The	first	WOCs	were	design	following	the	structure	of	the	OEC	in	the	PSII.	Thus,	

there	 was	 a	 general	 though	 that	 only	 multinuclear	 WOCs	 could	 carry	 on	 oxygen	

evolution	reaction,	by	dividing	the	four	PCET	steps	required	in	the	process	over	several	

metal	 centres	 in	 close	 proximity.	 	 However,	 Thummel	 et	 al.58	 and	 Meyer	 et	 al.49	

presented	 in	2005	and	2008,	respectively,	a	new	family	of	mononuclear	ruthenium	

complexes	 active	 towards	 water	 oxidation	 reaction.	 Since	 this	 discovery,	 many	

examples	of	monuclear	ruthenium	complexes	active	towards	water	oxidation	catalysis	

were	published	in	literature.53,59,60	Sun	and	Llobet	reported	the	remarkable	activity	of	

[Ru(bda)(isoq)2]	(bda=	2,2’-bipyridine-6,6’-dicarboxilyc	acid	and	isoq=	isoquinoline)	in	

an	acidic	solution	of	triflic	acid	with	CAN	as	chemical	oxidant,	reaching	a	rapid	oxygen	

evolution	with	a	TOF	of	30	s–1	and	a	maximum	TON	of	8360.61		

	

Figure	1.17.	Drawn	structure	of	the	[Ru(bda)(isoq)2].
61	
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More	 recently,	 the	 incorporation	 of	 a	 Ru(bda)	 water	 oxidation	 catalyst	 into	 a	

trinuclear	 metallosupramolecular	 macrocycle	 has	 led	 to	 increased	 stability	 and	

activity	compared	to	the	mononuclear	reference	system.62	Solubility	problems	of	such	

big	complexes	have	been	overcome	by	incorporation	of	ammonium	side	chains	in	the	

structure.		

	

Figure	1.18.	Drawn	structure	of	the	trinuclear	ruthenium	macrocycle.62	

The	 first	 metal-metal	 bonded	 diruthenium	 (II,II)	 tetracetate	 complex,	 [Ru2(µ-

O2CCH3)4],	was	published	by	Galán-Mascarós	group	in	collaboration	with	K.	R.	Dunbar	

in	2014.63	This	compound,	renamed	as	Ru2	(Figure	1.19.),	catalyses	water	electrolysis	

at	high	 catalytic	 rate	with	quantitative	efficiencies	even	 in	diluted	 solutions	over	a	

wide	pH	range	 (pH	1-10).	This	new	compound	reaches	an	estimated	TOF	of	77	s–1,	

being	one	of	the	fastest	Ru-based	catalyst	reported	to	date.	The	activity	of	this	catalyst	

is	not	comparable	to	the	[Ru(bda)(isoq)2]	commented	above,	but	in	this	case	the	pH	

conditions	 do	 not	 restrict	 the	 catalytic	 activity.	 However,	 as	 shown	 for	 many	

organometallic	compounds,	slow	oxidative	deactivation	of	the	acetate	ligands	at	high	

potentials	is	detected.	DFT	calculations	were	performed	to	analyse	the	intermediates	
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involved	in	the	water	oxidation	mechanism.	The	theoretical	results	are	in	agreement	

with	the	experimental	ones,	setting	the	initial	PCET	event	as	the	most	energetically	

demanding	step.	The	H2O	nucleophilic	attack	transforms	the	intermediate	state	S3	to	

S4,	yielding	the	formation	of	the	O-O	bond	in	S5	state.	Additionally,	the	Ru2	compound	

can	act	as	a	single-site	catalyst	with	the	adjacent	Ru	behaving	as	an	auxiliary	ligand	to	

remarkably	enhance	the	system	catalytic	activity.	

	

Figure	1.19.	Drawn	structure	of	the	molecular	structure	of	Ru2.The	acetate	ligands	are	

bound	to	the	Ru#W*	core	in	the	equatorial	positions	and	L	denotes	open	axial	positions	for	
solvent	or	anion	binding.63	

	

Figure	 1.20.	 Proposed	 water	 oxidation	 mechanism	 catalysed	 by	 Ru2	 based	 on	 DFT	

calculations.	The	reported	potentials	are	relative	to	NHE	at	pH	0.63	
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Iridium-based	WOCs	

Iridium	is,	together	with	ruthenium,	one	of	the	most	used	noble	metals	for	water	

oxidation	 catalysis.	 However,	 the	 discovery	 of	 iridium-based	 catalytic	 active	

complexes	for	this	reaction	was	done	several	decades	after	the	publication	of	the	Ru	

blue	dimer.	Bernhard	and	co-workers	reported	in	2008	the	first	family	of	iridium	(III)	

organocompounds	that	were	suitable	catalyst	precursors	for	water	oxidation.64	They	

were	presented	as	a	synthetically	accessible,	robust	and	efficient	alternative	to	the	

catalysts	 discovered	up	 to	 that	moment.	 These	new	 compounds	presented	 two	2-

phenylpyridine-type	(ppy)	ligands	linked	to	four	of	the	Ir	accessible	coordination	sites,	

leaving	 two	 cis	 open	 positions	 for	 the	 coordination	 of	 two	 water	 molecules.	 The	

oxygen	evolution	reaction	was	monitored	by	gas	chromatography,	after	the	addition	

of	CAN	as	chemical	oxidant,	yielding	a	maximum	TOF	of	0.0015	s–1	and	TON	of	2500.	

	

Figure	1.21.	Drawn	structure	of	Ir-based	catalyst	described	by	Bernhard	and	co-workers.	The	

ligands	can	be	R1=H,	CH3	and	R2=H,	Ph,	F,	Cl.
64

 

One	 year	 later,	 in	 2009,	 a	 new	 group	 of	 iridium	 complexes	 based	 on	 the	

pentamethylcyclopentadienyl	 (Cp*)	 ligand	 were	 presented	 by	 Crabtree	 et	 al.	 as	

suitable	 homogeneous	 catalysts	 for	 water	 oxidation	 using	 CAN	 as	 oxidant.65	 They	

highlighted	 that	 the	 presence	 of	 a	 stronger	 donating	 ligand	 in	 these	 compounds,	

[(Cp*)IrL3]	(L=	any	monodentate	or	bidentate	ligand),	caused	an	enhancement	of	their	

activity.		Since	then,	many	Ir-WOC	have	been	published	based	on	this	kind	of	ligands.	

For	 instance,	 Hetterscheid	 and	 Reek	 reported	 a	 [(Cp*)Ir(dmiz)(OH)2]	 (dmiz=	 1,3-

+
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dimethylimidazole)	with	a	maximum	TOF	of	1.5	s–1	and	a	TON	of	200066	and	it	is	still	a	

current	topic	in	research.67	

	

Figure	1.22.	Drawn	structure	of	[(Cp*)Ir(dmiz)(OH)2]	reported	by	Hetterscheid	and	Reek.
66

 

Despite	their	high	activity	towards	water	oxidation	catalysis,	this	kind	of	complexes	

suffer	from	deactivation	under	the	high	oxidative	conditions	of	the	reaction	media.	

Several	studies	have	suggested	the	formation	of	metal	oxide	nanoparticles	from	the	

degradation	 of	 the	 molecular	 starting	 compounds,	 which	 can	 catalyse	 the	 water	

oxidation	reaction.68–71	Crabtree	et	al.	demonstrated,	using	an	electrochemical	Quartz	

Crystal	 Nanobalance,	 that	 a	 layer	 of	 carbon-containing	 iridium	 oxide	 deposit	 was	

formed	on	the	surface	of	the	electrode	under	the	oxidative	working	conditions.	This	

layer	 gave	 a	 characteristic	 colour	 to	 the	 electrode	 and	 proved	 to	 be	 more	 active	

towards	water	oxidation	catalysis	than	the	starting	molecular	compound.71	Moreover,	

the	 use	 of	 tunnelling	 electron	 microscopy,	 powder	 X-ray	 diffraction	 and	 UV-vis	

spectroscopy	let	Grotjahn	et	al.	 identify	some	IrOx	nanoparticles	when	some	of	the	

reported	molecular	iridium	catalysts	were	mixed	with	large	amounts	of	CAN.69	

	

Manganese-based	WOCs	

Manganese	is	present	in	the	active	site	of	the	OEC	in	PSII,	that	is	the	reason	why	

researches	 have	 tried	 to	 obtain	 manganese-based	 water	 oxidation	 catalyst	 by	

mimicking	 nature’s	 best	 WOC.	 Furthermore,	 Mn	 is	 an	 Earth	 abundant	 metal	 and	

relatively	low	toxic	compared	to	the	catalysts	shown	above.	Nevertheless,	only	some	

of	 the	 synthetised	 manganese-based	 complexes	 exhibited	 good	 catalytic	 activity	
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towards	water	oxidation	reaction.72,73	 	The	reported	catalysts	need	oxygen	transfer	

and/or	two-electron	oxidising	agents	as	oxidants	(i.	e.	ClO–	and	HSO4
–)	to	produce	O2	

in	homogeneous	conditions.	Additionally,	most	of	the	Mn-catalysts	found	have	poor	

stability	under	experimental	conditions,	which	is	a	difficulty	in	order	to	identify	which	

is	the	true	catalytic	species.		

Crabtree	 et	 al.	 reported	 the	 catalytic	 activity	 of	 a	 mononuclear	 manganese	

complex	with	oxone	in	the	3-6	pH	range.	However,	they	found	by	EPR	experiments	

that	a	green	MnIV/III	dimer	 is	 formed	during	the	operando	conditions	that	can	react	

further	to	evolve	O2,	with	a	novel	alternate	pathway	that	leads	to	the	stoichiometric	

formation	 of	MnO4
–.74	 Since	 then,	more	 scientific	 efforts	were	 focused	 on	 dimeric	

manganese	catalysts	development.	

	

Figure	1.23.	Drawn	structure	of	Mn	mononuclear	complex	reported	by	Crabtree.74 

One	of	the	most	studied	dimeric	manganese	complex	is	the	reported	by	Crabtree	

et	 al.	 in	 1999,	 with	 formula	 [(terpy)(H2O)MnIII(µ-O)2MnIV(terpy)(H2O)]3+	

(terpy=2,2’:6,2’’-terpyridine).75	This	complex	was	the	first	functional	model	with	di-µ-

oxo	Mn	units,	similar	to	those	observed	in	the	OEC,	that	can	catalyse	homogeneous	

O2	evolution.	The	water	oxidation	reaction	takes	place	 in	the	presence	of	NaClO	as	

chemical	oxidant	with	an	initial	TOF	of	0.67	s–1	and	a	maximum	TON	of	4	after	6	h.	The	

suggested	mechanism	implies	the	generation	of	a	MnV/MnV=O	species,	which	is	the	

key	intermediate	for	the	O-O	bond	formation.	However,	the	catalyst	can	also	undergo	

a	dissociation	to	MnO4
–	which	can	explain	the	catalyst	deactivation	over	time.	Several	
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years	later,	the	activity	of	this	catalyst	was	improved	nearly	4	times	by	impregnation	

of	the	compound	into	a	clay	mineral	lead.76	

	

Figure	1.24.	Drawn	structure	of	Mn	dinuclear	complex	reported	by	Crabtree	et	al.75	

Tetranuclear	 manganese	 WOCs	 have	 been	 also	 obtained	 trying	 to	 mimic	 the	

architecture	 of	 the	 OEC	 in	 PSII.	 The	 Mn4O4L6	 and	 [Mn4O4L6]+	 (L=(Ph)2PO2
–,	 (p-

MePh)2PO2
–	or	(p-MeOPh)2PO2

–)	were	reported	by	Dismukes	et	al.	as	water	oxidation	

catalysts	 under	 UV	 light	 irradiation	 and	 an	 applied	 potential.77–79	 Experiments	 at	

constant	 1.2	 V	 vs	 NHE	 were	 carried	 out	 giving	 a	 linearly	 enhancement	 of	 the	

photocurrent	with	the	pH	increase.	When	the	electrode	is	illuminated	with	>275	nm	

white	 light	 at	 pH	 11,	 an	 initial	 photocurrent	 density	 of	 9	 µA/cm2	 is	 reported.80	

However,	 studies	 performed	afterwards	with	 [Mn4O4((p-MePh)2PO2)6]+	proved	 that	

the	molecular	manganese	catalyst	was	not	the	true	catalyst	in	the	electrode	assembly,	

since	manganese	oxide	was	formed	in	situ	as	the	genuine	WOC.81	
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Figure	1.25.	Drawn	structure	of	[Mn4O4((p-MePh)2PO2)6]
+	as	functional	and	structural	model	

of	the	OEC.82 

Generally,	 manganese	 catalysts	 can	 suffer	 from	 decomposition,	 generating	

permanganate	ions	or	manganese	oxide	nanoparticles	that	can	be	responsible	for	the	

catalytic	activity.	The	 low	stability	and	 low	TONs	reported	 for	manganese	WOCs	 in	

literature	can	be	attributed	to	the	labile	coordination	of	the	manganese.	That	is	the	

reason	why	determining	the	true	catalytic	species	is	a	key	point	in	this	kind	of	systems.	

	

Iron-based	WOCs	

Iron	 is	a	metal	 from	the	first	transition	series	and	 it	 is	the	fourth	most	common	

element	 in	the	Earth’s	crust.	 In	2010,	Bernhad	and	Collins	published	a	series	of	Fe-

macrocyclic	 complexes,	 [FeIII(taml)]–	 (taml=	 tetraamido	 macrocyclic	 ligand)	 where	

some	of	them	were	able	to	oxidise	water	employing	CAN	as	chemical	oxidant.83	The	

compounds’	 activity	 could	 be	 modulated	 by	 substituting	 the	 ligands	 by	 electron	

withdrawing	and	electron	donating	groups.	Those	compounds	with	electron	donating	

ligands,	such	as	H	or	CH3,	did	not	exhibit	catalytic	activity,	while	electron	withdrawing	

groups	(i.	e.	Cl	and	F)	yielded	a	TOF>1.3	s–1	and	a	TON>16.	Nevertheless,	the	ligands	

are	rapidly	oxidised	causing	the	compound’s	fast	deactivation	(within	seconds).		
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Lloret	 Fillol	 and	 Costas	 et	 al.	 reported	 in	 2011	 a	 series	 of	 Fe,	 Mn,	 Co	 and	 Ni	

complexes	with	various	tetradentate	ligands	active	in	water	oxidation	catalysis	using	

CAN	or	NaIO4	as	chemical	oxidants.84	Only	 the	 iron	compounds	were	active	WOCs,	

while	Mn,	Co	and	Ni	counterparts	exhibit	no	activity	towards	the	catalysis	of	water	

oxidation.	The	most	active	Fe	complex	presented	two	free	coordination	sites	in	a	cis	

fashion,	which	was	considered	a	structural	key	aspect	for	catalysis.		Some	years	later,	

in	 2015,	 the	 same	 authors	 claimed	 the	 evidence	 of	 an	 oxygen	 evolving	 iron-oxo-

cerium	intermediate	 in	the	 iron-catalysed	water	oxidation	by	a-[FeII(CF3SO3)2(mcp)]	

(mcp=	 (N,N’-dimethyl-N,N’-bis(2-bypridylmethyl)-1,2-cis-diaminocyclohexane)).	 This	

study	represents	an	iron-based	functional	model	for	the	OEC	of	PSII.85	

	 	 	

Figure	1.26.	Drawn	structure	of	the	Fe-macrocyclic	complex	(X1=X2=Cl,	R=F	and	Y=H2O)
83	(left)	

and	drawn	structure	of	the	Fe	tetracoordinated	active	complex	reported	by	Lloret	and	Costas	

(right).85 

	

Cobalt-based	WOCs	

Cobalt	is	an	abundant	metal	from	the	first	transition	series	that	is	only	found	in	the	

Earth’s	crust	in	a	chemically	combined	form.	Over	the	last	years,	many	efforts	have	

been	done	 to	design	molecular	cobalt	 catalysts	 for	water	oxidation,	 such	as	cobalt	

phthalocyanine,86	fluorinated	cobalt	corrole87	and	cobalt	porphyrins.88		
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As	an	example	of	mononuclear	cobalt	WOC	Berlinguette	et	al.	reported	the	activity	

of	 the	 polypyridyl	 complex	 [Co(Py5)(H2O)]2+	 (Py5=	 2,6-(bis(bis-2-

pyridyl)methoxymethane)pyridine)	towards	water	oxidation	in	basic	media.89	Oxygen	

was	generated	under	a	constant	potential	of	1.59	V	vs	NHE	 for	10	minutes	and	 its	

evolution	was	monitored	with	 a	 fluorescence	 optical	 probe	 immersed	 in	 the	 basic	

solution.	The	experimental	TOF	obtained	was	79	s–1,	although	it	was	difficult	to	reject	

the	formation	of	nanoparticles	near	the	electrode,	which	could	be	responsible	for	the	

water	 oxidation	 catalysis.90	 Additionally,	 Nocera	 et	 al.	 published	 a	 series	 of	

mononuclear	cobalt	hangman	corroles,	which	were	 immobilised	onto	a	conducting	

FTO	coated	glass	(Fluorine	doped	Tin	Oxide)	using	a	Nafion®	membrane	to	successfully	

catalyse	 water	 oxidation.	 They	 found	 that	 octafluorination	 of	 the	 corrole	 ring	

significantly	improved	the	TOF	to	ca.	1	s–1.87		

	

Figure	 1.27.	 Drawn	 structure	 of	 the	 [Co(Py5)(H2O)]
2+	 (left)89,90	 and	 cobalt	 (III)	 hangman	

corrole	(right).87	

The	first	tetranuclear	Co4O4	compounds	were	studied	as	water	oxidation	catalysts	

by	 two	 groups	 at	 the	 same	 time.91–93	 They	 analysed	 the	 catalytic	 activity	 of	 the	

complex	 [Co4O4(OAc)4(py)4]	 (OAc=acetate	 and	 py=pyridine)	 under	 light-irradiation,	

using	[Ru(bpy)3]2+	as	photosensitiser	and	S2O8
2–	as	sacrificial	electron	acceptor.	Under	

the	experimental	conditions,	the	cubane-type	cobalt	complex	yielded	a	TON>40	after	

60	minutes	or	irradiation	and	a	TOF~0.02	s–1.	However,	the	same	complex	was	not	

capable	to	oxidise	water	under	electrochemical	conditions94	and,	in	2014,	Nocera	et	

al.	 reported	 NMR,	 EPR	 and	 electrochemistry	 measurements	 that	 discarded	 the	

genuine	 activity	 of	 the	 cubane	 complex	 due	 the	 presence	 cobalt(II)	 impurities	

responsible	of	the	water	oxidation	catalysis.95	
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Figure	1.28.	Drawn	structure	of	the	[Co4O4(OAc)4(py)4],	being	X=Me,	t-But,	OMe,	Br,	COOMe,	

CN.91	

More	 recently,	 a	 new	 cubane-type	 WOC	 combining	 3	 cobalt	 atoms	 and	 a	

lanthanide	 in	 its	 core	 was	 reported	 by	 Patzke	 et	 al.96	 The	 compound	

[CoII
3Ln(hmp)4(OAc)5H2O]	(Ln=	Ho,	Er,	Tm,	Yb	and	hmp=	2-(hydroxymethyl)pyridine)	

oxidises	water	under	 light-irradiation	employing	[Ru(bpy)3]2+	as	photosensitiser	and	

S2O8
2–	 as	 sacrificial	 electron	 acceptor.	 The	 authors	 studied	 the	 activity	 of	 the	

compounds	as	a	function	of	pH,	finding	the	best	performances	at	pH	8-9.	The	stability	

of	the	complexes	was	carefully	evaluated,	setting	the	cubane	archetype	as	the	true	

catalyst.	
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1.5.2. Heterogeneous	Water	Oxidation	Catalysts	

The	search	for	a	robust,	efficient	and	inexpensive	WOC	is	one	of	the	most	exciting	

challenges	that	scientists	are	facing	at	the	moment.	 In	this	context,	heterogeneous	

catalysts	 are	 the	most	 promising	 candidates	 due	 to	 their	 higher	 stability	 and	 easy	

implementation	 in	 devices,	 compared	 to	 homogeneous	 counterparts.	 That	 is	 the	

reason	why	many	solid-state	compounds	have	been	studied	over	the	years	as	active	

WOCs,	 such	 as	 spinels,	 perovskites,	 layered	 double	 hydroxides	 and	 Prussian	 blue	

derivatives.97–106		

The	most	active	metal	oxides	 in	acidic	media	are	based	on	rare	noble	metals	 (i.	

e.RuOx	 and	 IrOx),	 while	 those	materials	 containing	metals	 from	 the	 first	 transition	

series	 (i.	 e.	 MnOx,	 FeOx,	 CoOx	 and	 NiOx)	 only	 operate	 efficiently	 under	 basic	

conditions.107	 Over	 the	 last	 decade,	 many	 studies	 have	 been	 focused	 on	 the	

development	of	catalyst	operating	at	mild	conditions	based	on	Earth	abundant	metal	

oxides.22,103,108–113	The	versatility	of	such	materials	is	wide,	as	they	can	oxidise	water	

using	 chemical	 oxidants,	 electrochemically22,112–115	 or	 in	 photo-electrochemical	

cells.108,116	 Despite	 the	 extensive	 search	 over	 the	 years	 to	 develop	 suitable	 OER	

catalysts	in	both	acid	and	basic	media,	most	of	the	state-of-the-art	catalysts	are	still	

far	from	idea	overpotential:	0.25	to	0.40	V	to	reach	current	densities	of	interest	(10	

mA/cm2).117		

	

Figure	 1.29.	 OER	 volcano	 plot	 for	 metal	 oxides	 in	 different	 media	 using	 DGO-DGOH	 as	

descriptor	(left)	and	chronological	trend	in	overpotential	(to	reach	10	mA/cm2)	of	various	OER	

catalysts	in	acid	and	alkali	(right).117	

IrOx/SrIrO3

FeCoW
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Ruthenium	Oxides	

The	first	reference	of	ruthenium	oxide	working	as	a	WOC	dates	from	1979,	when	

Grätzel	 et	 al.	 reported	 the	 activity	 of	 colloidal	 RuO2	 nanoparticles	 using	 CAN	 as	

chemical	 oxidant.	 The	O2-evolution	 rates	of	 this	 compound	were	100	 times	higher	

than	the	bulk	RuO2	powder.118	These	nanoparticles	also	showed	activity	under	light-

irradiation	 using	 [Ru(bpy)3]2+	 as	 photosensitiser	 and	 dimethylviologen	 as	 sacrificial	

electron	acceptor.119	Afterwards,	these	nanoparticles	were	deposited	onto	Pt-doped	

TiO2	nanoparticles,	generating	a	system	capable	to	oxidise	and	reduce	water	at	the	

same	time.120	

Depending	on	the	hydration	grade	of	the	RuO2	different	catalytic	activities	were	

obtained.	Thus,	the	optimal	hydration	was	stablished	between	12%	and	14%	in	order	

to	 get	 the	 best	 performance.	 More	 recently,	 an	 easiest	 way	 to	 deposit	 RuO2	

nanoparticles	on	TiO2	was	published.121	The	 resulting	composite	can	oxidise	water,	

using	CAN	as	chemical	oxidant,	with	a	TON	of	16	under	dark	conditions.	

Another	 strategy	 to	 perform	 light-induced	 water	 oxidation	 catalysis	 with	

ruthenium	 oxide	 was	 its	 incorporation	 into	 a	 gel	 system.	 The	 photosensitiser,	

[Ru(bpy)3]2+,	 and	 the	 catalyst,	 RuO2	 nanoparticles,	 were	 closely	 placed	 inside	 the	

polymer	 structure.	The	 functional	 groups	of	 the	polymeric	 chain	 transfer	electrons	

quickly	and	cooperatively	to	generate	oxygen.122	

	

Figure	1.30.	 Schematic	 illustration	of	 the	poly(NIPAAm-co-Ru(bpy)3)-grafted	PNIIPAAm	gel	

that	contains	RuO2	nanoparticles.
122
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Colloidal	RuO2	was	also	deposited	on	a	glassy	carbon	electrode	in	combination	with	

a	Nafion®	membrane	and	then	dipped	into	a	[Ru(bpy)3]2+	solution.	Oxygen	evolution	

was	achieved	at	a	constant	applied	potential	of	1.14V	vs	NHE	in	acetate	buffer	at	pH	

4.6.123	 Despite	 of	 the	 high	 activity	 of	 ruthenium	 oxides,	 they	 suffer	 from	 rapid	

deactivation	in	acidic	conditions.37	

	

Iridium	Oxides	

The	first	time	that	iridium	oxide	(IrO2)	was	reported	as	a	water	oxidation	catalyst	

was	in	1978	by	Grätzel	et	al.124	It	is	one	of	the	most	efficient	WOCs	due	to	its	great	

stability	and	low	overpotential	working	conditions.	

In	 2005,	 a	 citrate-stabilised	 IrO2	 colloid	 was	 self-assembled	 onto	 an	 indium	 tin	

oxide	 (ITO)	 electrode	 by	 immersion	 of	 the	 electrode	 in	 the	 colloidal	 solution.125	

Electrocatalytic	 experiments	 at	 1.24	 V	 vs	 NHE	 at	 pH	 5.2	 performed	 with	 these	

modified	 electrodes	 yielded	 a	 TOF	 ca.	 25000	 h–1,	 based	 on	 the	 catalyst	 surface	

concentration.	Moreover,	 electro-generated	 nano-IrOx	 (1.6-0.6	 nm	 diameter)	 on	 a	

glassy	 carbon	 electrode	were	 reported	 as	 effective	WOCs.	 These	 electrogenerated	

films	 catalyse	 water	 oxidation	 with	 a	 100%	 Faradaic	 efficiency	 at	 0.15-0.25	 V	 of	

overpotential	independently	from	the	pH.126	

Regarding	 light-driven	 water	 oxidation	 catalysis,	 citrate-stabilised	 IrO2	 colloids	

were	 investigated	 as	 WOC	 in	 the	 presence	 of	 [Ru(bpy)3]2+	 as	 photosensitiser	 and	

Na2SiF6-based	buffers.127	The	role	of	the	buffer	in	photosensitiser	decomposition	was	

highlighted	in	this	report,	since	changing	the	buffer	from	Na2SiF6-NaHCO3	to	Na2SiF6-

Na2B4O7	resulted	in	a	3-times	decrease	of	TON	value,	from	290	to	100.		These	systems	

were	lately	improved	by	the	use	of	[Ru(bpy)3]2+	photosensitisers	containing	malonate	

and	succinate	groups	in	the	4,4’-positions,	which	stabilised	the	2	nm	diameter	of	IrO2	

nanoparticles.128	

These	results	set	the	basis	for	the	construction	of	an	overall	water	splitting	system	

that,	operating	at	small	applied	voltage,	could	convert	water	to	hydrogen	and	oxygen	

using	visible	light.129	With	this	objective	in	mind,	the	authors	designed	a	photoanode	
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containing	 TiO2	 and	 IrO2	 hydrated	 nanoparticle	 (2	 nm).	 	 Both	 components	 in	 the	

photoanode	were	connected	by	a	multi-functional	ruthenium	polypyridyl	sensitiser,	

which	was	designed	on	purpose	with	phosphonate	(chemically	selective	for	TiO2)	and	

malonate	 substituents	 (selective	 for	 IrO2·nH2O).	 The	 slow	 electron	 transfer	 from	

IrO2·nH2O	to	the	oxidised	dye	is	responsible	for	the	low	quantum	efficiency	observed,	

although	 it	 can	 be	 improved	 by	 changing	 the	 sensitiser	 nature	 and	 the	 electrode	

material.130–132		

	

Figure	1.31.	Schematic	illustration	of	the	water	splitting	dye	sensitised	solar	cell.129 

IrOx	 and	 RuOx	 are	 currently	 the	 only	 known	 materials	 that	 can	 reach	 ~5	

mA/cm2 with	 overpotentials	 lower	 than	 750	 mV	 in	 acidic	 electrolyte.107	 The	 best	

iridium	oxide	reported	so	far,	IrOx/SrIrO3,	can	support	10	mA/cm2	with	only	270-290	

mV	of	overpotential	for	30	hours	of	continuous	testing	in	acidic	electrolyte.36	Despite	

the	good	performance	of	IrOx	materials	in	terms	of	rates	and	efficiencies,	iridium	is	

one	 of	 the	 rarest	 metals	 in	 the	 Earth.	 Therefore,	 it	 is	 not	 suitable	 for	 large-scale	

applications	owing	to	its	high	price	in	the	market	and	scarce	abundance.	
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Manganese	Oxides	

Manganese	is	one	of	the	most	studied	metals	in	water	oxidation	catalysis,	since	it	

is	present	in	the	core	of	the	OEC	in	the	PSII.	The	difficulty	on	the	employment	of	this	

kind	of	materials	relies	on	the	identification	of	the	real	active	phase	in	MnOx.	That	is	

the	 reason	 why	 WOC	 activity	 of	 manganese	 compounds	 has	 been	 attributed	 to	

layered	oxides,97,108,133	rutile	phases,134	spinels135–137	and	perovskites.138,139	In	general,	

the	formation	of	MnO2	domains,	which	are	inactive	towards	water	oxidation	catalysis,	

reduces	 the	 activity	 of	 Mn-WOCs	 in	 comparison	 with	 NiOx	 or	 CoOx.140	 Dau	 et	 al.	

presented	 a	 strategy	 to	 avoid	 this	 deactivation	 process	 by	 potential	 cycling	 during	

electrodeposition	of	MnOx	 films.	The	already	 formed	MnO2	 inactive	species	can	be	

modified	into	a	mixed-valency	MnIII/IV	oxide	during	the	reduction	potential	sweeping.	

This	 new	 compound	 remains	 highly	 active	 even	 under	 mildly	 acidic	 solution.141	

However,	stability	issues	still	need	to	be	overcome	as	rapid	dissolution	at	neutral	pH	

cannot	be	avoided.		

One	of	the	key	elements	for	the	catalysis	of	water	oxidation	reaction	by	manganese	

oxides	is	the	presence	of	MnIII.142	Unfortunately,	MnIII	is	unstable	at	a	pH	value	below	

9	since	it	disproportionates	into	MnII	and	MnIV	as	shown	in	the	Frost	diagram	(Figure	

1.32.).	 Therefore,	 new	 strategies	 are	 needed	 to	 improve	 the	 long-term	 catalytic	

activity	of	such	materials.	One	alternative	is	the	use	of	Li+	electrolytes	that	stabilise	

the	conversion	of	MnOx	into	layered	structures.143	The	tunnability	of	layered	MnOx	by	

organic	 molecules	 has	 also	 been	 reported.144	 Besides,	 MnIII	 can	 be	 stabilised	 by	

coordinating	amine	groups	on	the	MnO2	surface,	shifting	the	electrocatalytic	activity	

by	 approximately	 500	 mV.145,146	 Interestingly,	 oxygen	 vacancies	 in	 the	 material’s	

structure	also	increase	its	catalytic	activity.147		
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Figure	1.32.	Frost	diagram	for	Mn	in	aqueous	acidic	solution.	The	species	located	above	the	

lines	connecting	their	neightbours	are	unstable	and	suffer	disproportionation. 

Although	these	materials	show	low	catalytic	activity	in	acidic	media,	they	present	

a	 unique	 self-repairing	 mechanism:	 the	MnII	 ions	 generated	 spontaneously	 in	 the	

disproportionation	reaction	of	MnIII	are	reoxidised	at	OER	potentials.148	The	catalytic	

activity	has	been	enhanced	by	formation	of	hybrid	nanocomposites	on	gold	or	CoSe2	

surfaces149,150	and	by	Ca-doped	nanostructures.151	

	

Iron	Oxides	

The	most	appealing	 feature	 from	 iron	oxide	 films	 is	 their	 incredible	 low	cost.152	

Doyle	 et	 al.	 studied	 them	 in	 detail,	 carrying	 out	 kinetic	 and	 mechanistic	

investigations.153–155	 These	 FeOx	 films	were	 also	 proposed	 as	 photoelectrochemical	

anodes,	 since	 hematite	 (Fe2O3)	 band	 gap	 is	 sufficient	 enough	 to	 promote	 water	

oxidation	 (2.1	 eV).98,156	 Unfortunately,	 the	mismatch	 between	 hole	 diffusion,	 slow	

interfacial	electron	transfer	and	optical	penetration	leads	to	poor	efficiency.157–159	

The	activity	of	FeOx	is	lower	than	those	reached	by	cobalt	or	nickel	counterparts.	

Therefore,	different	strategies	have	been	undertaken	to	improve	the	catalytic	activity	

of	 iron-based	 materials.	 Nanostructuration	 of	 the	 photoelectrodes	 improves	 their	

performance.160,161	 Besides,	 coverage	 of	 hematite	 photoanodes	with	 a	 thin	 film	 of	

amorphous	FeOOH	doubles	the	obtained	photocurrent,162	exhibiting	catalytic	activity	
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and	long-term	stabilitiy	comparable	to	the	best	CoOx	catalyst.163	Activity	can	also	be	

enhanced	(50	mV	decrease	in	overpotential)	by	combination	of	FeOx	with	solid-state	

supports,	such	as	Nafion®	or	single-walled	carbon	nanotube	composites.164	

	

Cobalt	Oxides	

Many	applications	are	based	on	the	use	of	Co3O4	as	electrocatalyst.165	It	was	first	

electrodeposited	more	than	one	century	ago166,167	and	it	has	been	used	as	cathode	in	

electrochemical	water	splitting	since	1970.168	The	most	important	discovery	regarding	

heterogeneous	cobalt-based	WOCs	was	done	by	Nocera	et	al.	in	2008	with	the	self-

repairing	mechanism	showed	by	CoOx	cathodes	working	at	neutral	pH	in	a	phosphate	

(Pi)	electrolyte.22,169	These	robust	CoOx	catalysts	were	referred	as	CoPi,	where	the	Pi	

anions	 have	 an	 structural	 role	 stabilising	 the	 CoOx	 catalytic	 domains	 to	 avoid	 Co	

leaching.170	 A	 better	 description	 of	 the	 CoPi	 catalyst	 implies	 a	 layered	 CoOx	 with	

molecular	 dimensions,	 stabilised	 at	 neutral	 pH	 by	 the	 PO4	 groups,114	where	 the	 Pi	

electrolyte	 plays	 the	 role	 of	 facilitating	 rapid	 proton	 transfer171	 and	 improves	 the	

kinetics	of	the	process.172	

	 	

Figure	1.33.	(left)	Drawn	structure	of	the	CoPi	catalyst,	curve	lines	denote	phosphate	or	OHx	

terminal	or	bridging	ligands.	(right)	Picture	of	the	electrodeposited	CoPi	catalyst	
21

 

CoPi	 has	 been	 widely	 studied	 and	 its	 growth	 mechanism	 depends	 on	 many	

parameters,	such	as	pH,	applied	voltage	and	electrolyte.	The	best	performances	are	

obtained	using	acetate-buffered	solutions	as	electrolyte173	and	cobaloximes	as	cobalt	
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source.172	Large	surface	area	electrodes	with	an	optimal	 film	thickness	of	1.44	mm	

reached	100	mA/cm2	working	in	buffered	natural	waters.174	

The	 performance	 of	 Co3O4	 and	 CoPi	 catalysts	 was	 compared	 by	 using	 dynamic	

potential-pH	diagrams.175	The	results	showed	an	overall	better	activity	of	CoPi	related	

to	the	major	number	of	accessible	active	sites	 in	these	species	thanks	to	 its	higher	

hydration.35	 In	 contrast,	 when	 working	 at	 high	 current	 densities	 CoPi	 activity	

significantly	 decreases	 over	 time.	 This	 current	 drop,	 occurring	 up	 to	 pH	 12,	 was	

associated	to	a	self-healing	process,	in	which	cobalt	ions	need	to	be	reoxidised	from	

solution	to	the	electrode.	However,	 this	 instability	was	not	observed	for	analogous	

Co3O4	 electrodes,	 probably	 due	 to	 their	 better	 mechanical	 strength	 and	 better	

adhesion	to	the	support.	These	results	highlight	the	 importance	of	the	preparation	

method	on	the	final	electrode	performance.	

Cobalt	oxides	have	been	often	combined	with	photoanodes	to	promote	enhanced	

photocatalytic	water	oxidation,	such	as	TiO2,	a-Fe2O3,	thallium	oxynitride	and	carbon	

nitride.176–179	 Their	 activity	 has	 also	 been	 investigated	 on	 semiconducting	 supports	

such	 as	 silicon,180	 amorphous	 carbon,181	 graphene182	 and	 single-wall	 carbon	

nanotubes183	resulting	in	enhanced	water	oxidation	activity.	

	

Nickel	Oxides	

Nickel	 oxides	 are	 used	 in	 commercially	 available	 alkaline	 electrolysers.103,184	

However,	 their	 use	 in	 scientific	 research	 is	 not	 so	 extensive	when	 compared	with	

CoOx,154	probably	due	to	the	need	for	a	highly	alkali	medium	and	a	complex	evolution	

of	the	catalyst	with	aging.185	The	starting	phase,	a-NiO(OH),	dehydrates	to	b-NiO(OH),	

which	lately	evolves	under	an	applied	oxidation	potential	into	a	mixture	of	b-	and	g-

NiO(OH)	phases.186	The	b-NiO(OH)	is	considered	the	most	active	phase,	but	it	can	be	

deactivated	under	OER	in	alkaline	media	at	high	overpotentials.187,188	

NiOx	 films	analogous	 to	 the	CoPi	work	can	be	electrodeposited	 in	a	controllable	

fashion	by	using	a	borate	electrolyte.112,189	They	work	at	higher	pH	(pH	9.2)	than	the	
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CoPi	compound	and	their	efficiency	can	increase	two	orders	of	magnitude	by	doing	a	

pre-electrolysis	 treatment.111	 The	 improved	 catalytic	 activity	 was	 attributed	 to	

changes	in	Ni	oxidation	state	and	film	structure.	However,	some	years	later	Boettcher	

et	 al.	 reported	 the	 effect	 of	 incidental	 and	 intentional	 Fe	 incorporation	 on	NiOx-Bi	

catalyst	film	activity	in	near-neutral	buffered	borate	electrolytes.	Those	films	obtained	

under	 rigorously	 Fe-free	 conditions	 showed	 no	 increase	 in	 catalytic	 activity,	

concluding	 that	 Fe	 presence	 is	 	 a	 critical	 component	 in	 the	 film	 activation	

process.190,191	

	

Mixed	Oxides	

The	 presence	 of	 additional	 metal	 centres	 with	 different	 nature	 in	 the	 oxide	

structure	 has	 proved	 to	 enhance	 the	 catalytic	 activity	 of	 these	 materials	 towards	

water	oxidation.	Corrigan	reported	 in	1987	the	 improvement	of	the	OER	activity	of	

NiOx	 films	 with	 the	 incorporation	 of	 Fe	 impurities	 form	 the	 KOH	 electrolyte	 after	

several	catalytic	cycles.192	A	complementary	study	showed	that	doping	Fe3O4	with	Ni	

gave	the	NiFe2O4	species	as	the	most	active	phase,	with	Tafel	slopes	of	41	mV/dec.193	

The	incorporation	of	low	Fe	amounts	also	increased	the	activity	of	other	oxides,	such	

as	Cr2(MO4)3.194,195	Several	studies	concluded	that	Fe	doping	enhanced	the	catalytic	

activity	 of	metal	 oxides	 by	 increasing	 the	 oxidation	potential	 of	 the	 active	 sites.196	

Recent	 experiments	 with	 Fe-free	 KOH	 solutions	 demonstrated	 that	 NiOx	 is	 not	 as	

active	as	it	was	supposed,	with	a	real	onset	catalytic	activity	above	400	mV.191	

Another	 technique	 for	 the	 preparation	 of	 amorphous	 mixed-metal	 oxides	 was	

described	by	Berlinguette	et	 al.197,198	 The	 authors	 developed	 a	 systematic	 study	 of	

binary	and	ternary	amorphous	metal	oxides,	being	the	amorphous	FeNi4Ox	the	best	

WOC	at	pH	13	(0.1	M	KOH).	

The	active	sites	of	most	oxide-based	WOCs	are	layered	double	hydroxides	(LHD),	

which	are	efficient	catalysts	under	basic	conditions,	as	well	as,	in	neutral	media.199–201	

These	materials	reach	good	current	densities	at	relatively	low	overpotentials,	but	they	

present	 high	 Tafel	 slopes	 associated	 to	 the	 formation	 of	 an	 insulating	 layer	 of	
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anions.202	 High	 Fe	 doping	 rates	 leaded	 the	 best	 performance	 towards	 OER.203	

Recently,	the	most	active	WOC	in	alkali	media	has	been	reported	as	LHD	FeCoW	with	

only	191	mV	overpotential	to	reach	10	mA/cm2.204	

Another	 studied	group	of	mixed	oxides	WOCs	are	double	perovskites.	 They	are	

very	stable	in	alkaline	solution,205–211	but	the	presence	of	rare	Earth	elements	in	their	

structures	limits	their	extended	use.207,208	For	instance,	Ba-Sr-Co-Fe	perovskite	proved	

to	 be	 10	 times	 faster	 than	 IrOx.209	 Low-temperature	 annealing	 optimises	 the	

performance,	as	it	promotes	lower	concentration	of	charged	cations	and	increases	OH	

surface	 coverage.212	 Additionally,	 perovskites	 are	 bifunctional	 catalysts	 that	 can	

promote	OER,	as	well	as,	HER.211	

Another	group	of	active	WOCs	are	mixed	spinels,203,213–215	molybdates216,217	and	Cr-

doped	ferrites.218,219	These	compounds	will	be	better	described	in	section	1.6.	Ferrites	

Chemistry.	

	

Prussian	Blue	Derivatives	

The	catalytic	activity	of	Prussian	blue	analogues	(PBAs)	in	redox	chemistry	has	been	

well	documented	for	many	years.220	However,	their	use	as	WOCs	was	not	stablished	

until	2013,	when	Galán-Mascarós	et	al.	reported	the	electrocatalytic	activity	of	K2xCo(3-

x)[Fe(CN)6]2	 (CoFePB)	 in	 neutral	 conditions.106	 The	 observed	 kinetics	 of	 CoFePB	 are	

comparable	to	those	of	metal	oxides,	with	unparalleled	long-term	stability.	Electrodes	

coated	with	CoFePB	maintain	a	persistent	catalytic	activity	 for	weeks	at	neutral	pH	

under	ambient	conditions.	

Detailed	 structural	 characterisation,	 using	 Raman	 and	 X-ray	 photoelectron	

spectroscopy,	confirmed	the	absence	of	any	trace	of	a	transition	metal	oxide	in	the	

CoFePB	 after	 being	 used	 in	 water	 oxidation	 catalysis.221	 Moreover,	 this	 material	

remains	 active	 under	 acidic	 conditions,	 in	 which	 MOx	 participation	 is	 neglected.	

Therefore,	although	kinetics	and	poisoning	studies	still	need	to	be	done	to	completely	

clarify	 the	 nature	 of	 the	 active	 sites	 in	 these	 composites,	 multiple	 experimental	
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evidences	ruled	out	the	participation	of	metal	oxide	nanostructures	evolved	during	

the	catalytic	process.		

In	2016,	Galán-Mascarós	et	al.	published	a	new	strategy	to	prepare	CoFePB	with	

enhanced	activity	 and	acid	pH	 stability	by	 chemical	 etching	of	Co(OH)(CO3)0.5·nH2O	

nanocrystals.222	 The	 resulting	 electrodes	 exhibited	 a	 dramatic	 enhancement	 of	 the	

catalytic	performance	towards	oxygen	production,	when	compared	with	the	previous	

reports	for	analogous	materials.	Moreover,	they	are	stable	in	a	remarkably	large	pH	

range	from	1-13.	Apparently,	the	superior	electrocatalytic	activity	of	this	WOC	comes	

from	 the	 optimised	 interfacial	 matching	 between	 the	 catalyst	 and	 the	 electrode	

surface	obtained	through	this	specific	fabrication	method.	

	

Figure	1.34.	Schematic	representation	of	the	CoFePB	electrodes	reported	by	Galán-Mascarós	

et	al.222	
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1.5.3. Supported	Homogeneous	Electrocatalysts	

Homogeneous	 and	 heterogeneous	 catalysts	 have	 intrinsic	 advantages	 and	

disadvantages:	heterogeneous	conditions	are	preferred	for	technological	applications	

due	to	the	maximised	electron	transfer,	while	homogeneous	catalysts	offer	superior	

processability,	 optimisation	 and	 kinetics.59,223,224	 Taking	 this	 into	 account,	 the	 best	

strategy	 would	 be	 the	 immobilisation	 of	 homogeneous	 catalyst	 on	 to	 solid-state	

supports	with	high-surface	area.		

Different	 methodologies	 are	 available	 to	 process	 homogeneous	 catalysts	 on	

electrodes.225–227	 However,	 the	 instability	 of	 homogeneous	 catalysts	 in	 highly	

oxidative	 working	 conditions	 is	 a	 main	 issue,	 as	 they	 can	 decompose	 in	 the	

corresponding	metal	oxides	which	can	be	responsible	for	the	catalytic	activity.228–230	

This	is	the	reason	why	many	efforts	are	placed	on	the	identification	of	the	true	active	

catalyst.	

The	incorporation	of	homogeneous	WOCs	into	polymeric	matrices	or	surfaces	has	

been	 successfully	 done	 with	 noble-metal	 catalysts.231–233	 However,	 the	 number	 of	

examples	with	earth-abundant	WOCs	is	not	so	vast.	Two	main	strategies	have	been	

used	to	overcome	such	challenge:	the	immobilisation	of	the	catalyst	with	a	polymeric	

membrane	 (i.	 e.	 Nafion®)	 and	 the	 incorporation	 of	 the	 catalytic	 species	 into	 a	

conductive	matrix	(i.	e.	carbon	black,	carbon	paste,	polypyrrole).	The	first	strategy	has	

been	 successfully	 done	 with	 cobalt	 cubane	 clusters,	 that	 were	 incorporated	 onto	

hematite	 electrodes	 with	 a	 Nafion-containing	 ink,	 improving	 the	 obtained	

photocurrent.234	The	second	strategy,	using	insoluble	Cs+	salts	of	high	nuclearity	cobalt	

containing	 polyoxometalates	 (Co-POMs)	 mixed	 with	 carbon	 paste,	 yielded	 high	

currents	 at	 low	 overpotentials.235	 Remarkably,	 the	 catalytic	 activity	 of	 these	 POM-

carbon	blends	is	maintained	at	any	pH	value,	because	the	insolubility	of	these	ionic	

salts	is	not	affected	by	OH–	concentration.	Recently,	the	incorporation	of	a	Ru-based	

polyoxometalate	into	a	conducting	polymer	matrix	(polypyrrole)	using	a	layer-by-layer	

assembly	lead	to	the	formation	of	active	working	electrodes	towards	water	oxidation	

catalysis.	 The	 composite	 films	 showed	 promising	 activity	 towards	 electrocatalytic	

water	 oxidation	 at	 neutral	 pH	with	 an	 onset-potential	 ca.	 500	mV.236	Moreover,	 a	
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combination	of	both	 strategies	also	outcome	good	 results:	 iron	complexes	of	 tera-

amido	macrocyclic	 ligands	 (TAML)	were	mixed	with	 carbon	 black	 and	 immobilised	

with	Nafion®	to	prepare	robust	electrocatalytic	anodes,	although	with	low	selectivity	

towards	O2	evolution.237		

	

Figure	1.35.	Schematic	representation	of	POM-carbon	blends.235 
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1.6. Ferrites	Chemistry	

Ferrites	are	a	large	class	of	oxides	with	remarkable	and	interesting	properties,	that	

have	been	investigated	and	applied	over	the	last	century.	They	present	a	wide	range	

of	 applications	 due	 to	 their	 significant	 saturation	 magnetisation,	 high	 electrical	

resistivity,	low	electrical	losses	and	very	good	chemical	stability.	They	can	be	obtained	

through	different	synthetic	methods	which	can	yield	three	different	crystal	systems.	

Therefore,	according	to	the	ferrite’s	crystal	system	these	compounds	can	be	classified	

into	three	main	groups:	garnets,	hexaferrites	and	spinels.	Moreover,	the	properties	of	

these	compounds	can	be	tuned	by	preparation	of	a	large	variety	of	solid	solutions.238		
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1.6.1. Garnet	Ferrites	

The	 crystal	 structure	 of	 this	 kind	 of	 ferrites	 is	 that	 of	 the	 garnet	 mineral,	

Mn3Al2Si3O12.	 Generally,	 garnets	 are	 interesting	 due	 to	 their	 magnetic	 properties,	

being	those	with	general	formula	R3Fe5O12	(R	is	a	rare	Earth	cation	from	La3+	to	Lu3+)	

the	ones	with	most	interesting	magnetic	behaviour.239,240		

The	crystal	structure	has	a	cubic	symmetry	and	it	belongs	to	the	space	group	Oh
10-

Ia3d	with	8	formula	units	(160	atoms)	per	unit	cell.	The	oxygen	sublattice	is	described	

as	a	polyhedral	combination	and	there	are	three	different	kinds	of	cation	sites	in	the	

structure:	 dodecahedral,	 octahedral	 and	 tetrahedral.	 The	 rare-Earth	 cations	 (R)	

occupy	the	largest	dodecahedral	sites	with	eight-coordination	environment,	whereas	

the	octahedral	and	tetrahedral	sites	are	occupied	by	FeIII	ions.	Therefore,	the	cation	

distribution	 can	 be	 generally	 expressed	 through	 the	 following	 formula,	

{R3}(Fe3)[Fe2]O12,	where	{}	brackets	denote	dodecahedral	sites,	()	parenthesis	depict	

tetrahedral	site	occupancy	and	[]	square	brackets	are	used	to	design	octahedral	sites.	

This	kind	of	materials	can	form	a	large	variety	of	total	solid	solutions,	being	the	yttrium	

iron	 garnet,	 Y3Fe5O12,	 also	 known	 as	YIG,	 	 and	 Y3Al5O12	 	 (YAG)	 the	 ones	with	most	

remarkable	magnetic	properties	which	are	still	a	current	topic	in	research.241,242	

	

Figure	1.36.	Polyhedral	representation	of	YAG	compound.242	
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1.6.2. Hexaferrites	

Hexaferrites	are	a	family	of	related	compounds	with	hexagonal	and	rhombohedral	

symmetry.	The	oxygen	atoms	are	distributed	 in	 layers	with	 the	 sequence	ABABAB,	

generating	a	cubic	anionic	lattice.243	Commercially,	the	most	important	hexaferrite	is	

BaFe12O19	which	has	the	same	structure	as	the	natural	mineral	magneto-plumbite	and	

that	 is	 the	 reason	 why	 hexaferrites	 are	 also	 called	 magnetoferrites.	 This	 kind	 of	

materials	 can	 form	 an	 extensive	 variety	 of	 solid	 solutions,	 where	 BaII	 can	 be	

substituted	by	SrII,	CaII	and	PbII	and	FeIII	can	be	substitute	by	AlIII,	GaIII,	InIII	or	ScIII.244	

	

Figure	1.37.	Space	filling	representation	of	BaFe12O19	compound.	
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1.6.3. Spinel	Ferrites	

Spinel	 ferrites	 possess	 the	 crystal	 structure	 of	 the	 natural	 spinel	MgAl2O4,	 first	

determined	by	Bragg	in	1915.245	There	is	a	large	variety	of	mixed	oxides	that	adopt	the	

spinel	structure.	This	kind	of	materials	must	accomplish	some	requirements:	have	an	

overall	cation/anion	ratio	of	3/4,	a	total	cation	valence	of	8	and	relatively	small	cation	

radii.	There	are	many	examples	of	spinels	with	different	cation	valence	combinations,	

such	 as	 2,	 3	 (NiIIFeIII2O4)246;	 2,	 4	 (CoIIGeIVO4)247;	 1,	 3,	 4	 (LiIFeIIITiIVO4)248;	 1,	 3	

(LiI0.5FeIII2.5O4)249;	1,	2,	5	(LiINiIIVVO4)250	and	1,	6	(NaII2WVIO4)251.	

The	general	formula	of	these	compounds	is	AB2O4	(A	is	usually	a	divalent	cation	

and	B	a	trivalent	cation)	and	each	unit	cell	contains	8	times	the	basic	 formula.	The	

oxygen	atoms	are	packaged	in	a	face	centered	cubic	fashion	and	the	space	group	of	

the	material	 is	 Fd3m.	 There	 are	 two	 types	 of	 interstitial	 sites	 in	 the	 structure:	 64	

tetrahedral	and	32	octahedral	 sites,	but	only	one-eighth	of	 the	 tetrahedral	 sites	 (8	

tetrahedral	sites)	and	half	of	the	octahedral	sites	(16	octahedral	sites)	are	occupied	

by	cations.	Therefore,	the	cation	distribution	can	be	generally	expressed	through	the	

following	formula,	(A)[B]2O4,	where	()	parenthesis	denote	the	tetrahedral	sites	and	[]	

square	brackets	show	the	octahedral	sites.238	

Spinels	can	be	classified	into	different	groups	depending	on	the	cation	distribution	

among	 the	octahedral	and	 tetrahedral	positions.	 In	normal	 spinels	divalent	 cations	

occupy	 the	 tetrahedral	 sites,	 while	 trivalent	 cations	 are	 located	 in	 an	 octahedral	

environment.	Therefore,	the	general	formula	for	a	normal	spinel	is	(A)[B]2O4.	On	the	

contrary,	in	 inverse	spinels,	half	of	the	trivalent	cations	occupy	the	tetrahedral	sites	

whereas	the	octahedral	sites	are	filled	with	the	divalent	cations	and	the	other	half	of	

trivalent	 ions,	 resulting	 in	 (B)[A,B]O4	 general	 formula.	 Moreover,	 an	 intermediate	

cation	distribution	can	also	be	observed,	(A1-dBd)[AdB2-d]O4,	where	d	 is	the	degree	of	

inversion.	Notice	that	d	 for	normal	spinels	would	be	0	and	1	 in	 the	case	of	 inverse	

spinel.	In	many	intermediate	spinels	d	depends	on	the	preparation	technique	and	on	

the	cooling	rate	after	sintering	or	annealing.	The	variety	of	cations	distribution	allows	

the	 formation	 of	 a	 wide	 variety	 of	 total	 solid	 solutions,	 with	 different	 chemical	
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composition	but	the	same	crystalline	structure.238	One	interesting	example	is	the	Zn-

Ni	system,	with	general	formula	ZnxNi1-xFe2O4,	where	0≤x≤1.252		

	

Figure	 1.38.	 Ball	 representation	 of	 MFe2O4	 spinel	 crystal	 structure	 with	 octahedral	 and	

tetrahedral	sites:	(a)	FeIII	cations	occupy	octahedral	sites	in	normal	spinel	distribution	(b)	FeIII	

cations	 occupy	 the	 tetrahedral	 and	 half	 of	 the	 octahedral	 sites	 in	 inverse	 spinel	

configuration.253	

To	understand	how	cations	are	distributed	in	the	spinel	crystal	structure,	different	

parameters	 have	 to	 be	 taken	 into	 consideration.	 Firstly,	 the	 lattice	 deformation	

produced	by	cation	radii	differences,	also	known	as	elastic	energy.	The	incorporation	

of	 cations	with	different	 size	can	distort	 the	 theoretical	 spinel	 crystal	 structure.	To	

minimise	 the	 distortion,	 usually	 small	 cations	 should	 occupy	 the	 smallest	 sites	

(tetrahedral	sites),	while	the	larger	cations	should	be	placed	in	the	larger	octahedral	

sites.	However,	trivalent	cations	(that	would	be	located	in	an	octahedral	environment	

in	the	normal	spinel)	are	generally	smaller	than	divalent	ones.	That	is	the	reason	why	

these	trivalent	cations	prefer	to	stay	in	smaller	tetrahedral	sites	and	tend	to	form	an	

inverse	 spinel	 configuration.	 Another	 factor	 to	 be	 considered	 is	 the	 electrostatic	

energy	 (Madelung	 energy),	 which	 is	 related	 to	 the	 electrical	 charge	 distribution.	

Generally,	cations	with	high	valence	(trivalent	species)	should	occupy	the	sites	with	

larger	 coordination	 number	 (octahedral),	 whereas	 cations	 with	 smaller	 electrical	

charge	 (divalent	 cations)	 should	 be	 placed	 in	 the	 tetrahedral	 positions.	 Another	

parameter	that	has	to	be	taken	into	account	to	determine	the	cation	distribution	is	

the	crystal	field	stabilisation	energy.	The	d	orbitals	from	the	cationic	species	are	split	

according	to	the	electric	field	distribution	established	by	anions	on	a	particular	crystal	

Normal	spinel Inverse spinel
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site.	 Therefore,	 cations	will	 be	 placed	 in	 those	 positions	where	 the	 geometry	 of	d	

orbitals	fits	best	with	the	crystal	structure.			

Among	the	different	kind	of	ferrites,	spinel	ferrites	are	the	most	interesting	ones	

due	to	their	remarkable	application	possibilities	from	simple	permanent	magnets,254	

to	 microwave	 applications,255	 inductors	 in	 electronic	 circuits,256	 gas	 sensing,257	

catalysis258–260	and	photocatalysis.261,262		
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1.6.4. Ferrites	as	Water	Oxidation	Catalysts	

One	of	 the	key	points	 in	 the	oxygen	evolution	reaction	 is	 the	development	of	a	

robust,	efficient	and	inexpensive	water	oxidation	catalyst.	To	overcome	such	a	great	

challenge,	 mixed	 Earth	 abundant	 metal	 oxides	 with	 ferrite	 structure	 can	 be	

implemented	as	WOCs	in	basic	conditions.	During	the	last	years,	an	increasing	interest	

has	arisen	around	 this	kind	of	heterogeneous	water	oxidation	catalysts.	Therefore,	

with	 this	purpose	on	mind,	different	 studies	have	been	 reported	 to	determine	 the	

optimal	metal	composition	towards	highly	efficient	WOCs	in	basic	media.		

In	 2012,	 Boettcher	et	 al.	 studied	 the	 activity	 of	 a	 series	 of	 binary	metal	 oxides	

towards	OER,	such	as	NiOx,	CoOx,	NiyCo1-yOx,	Ni0.9Fe0.1Ox,	IrOx,	MnOx	and	FeOx.263	The	

electrodes	were	prepared	by	spin-coating	deposition	of	a	solution	precursor	mixture,	

containing	dissolved	metal	nitrate	precursors	in	ethanol	and	Triton	X-100,	on	different	

substrates	(i.	e.	Au/Ti	quartz	crystal	microbalance	crystals)	and	then,	annealing	in	air	

on	 a	 hot	 plate	 at	 300ºC	 for	 several	 minutes.	 The	 synthetic	 strategy	 allowed	 the	

formation	 of	 ultrathin	 film	 metal	 oxide	 electrocatalysts	 (2-3	 m	 thickness)	 in	 a	

controlled	 and	 reproducible	 manner	 with	 starting	 spinel	 or	 rock	 salt	 structure.	

Furthermore,	 the	 electrode	 geometry	 was	 an	 advantage	 in	 the	 study	 of	 the	 OER	

electrocatalytic	properties	of	the	films.	Under	the	basic	reaction	conditions	(1	M	KOH)	

the	best	performance	was	obtained	with	Ni0.9Fe0.1Ox	compound.	This	catalyst	reached	

10	mA/cm2	of	current	density	at	an	overpotential	of	336	mV	with	a	Tafel	slope	of	30	

mV/dec.	These	results	are	roughly	one	order	of	magnitude	higher	than	IrOx	control	

films	and	similar	to	the	best	known	OER	catalysts	in	basic	media.209	The	highly	activity	

is	attributed	to	the	in	situ	formation	of	layered	NiFe-oxohydroxyde	species	with	nearly	

every	Ni	atom	electrochemically	active.		

Some	years	later,	in	2014,	Stahl	et	al.	reported	a	combinatorial	screening	of	nearly	

3500	trimetallic	AxByCzOq	mixed	metal	oxide	compositions	that	led	to	the	discovery	of	

electrocatalysts	with	enhanced	activity.264	The	OER	activity	of	known	monometallic	

oxide	catalysts,	 such	as	NiOx	and	CoOx,	 can	be	 improved	by	 incorporation	of	other	

metal	ions.	However,	predicting	which	is	the	optimal	formulation	for	the	best	efficient	

WOC	 is	not	an	easy	 task.	Therefore,	 they	used	a	 fluorescence-based	combinatorial	
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assay	 to	 detect	 oxygen	 evolution	 activity	 across	 arrays	 of	 potential	 metal	 oxide	

catalysts.	 The	 screening	 essay	 apparatus	 consisted	 of	 a	 sealed	 polycarbonate	

compartment	 containing	 an	 anode	 with	 a	 rectangular	 array	 of	 varied	 oxide	

compositions,	electrolyte	solution	(0.1	M	KOH)	and	a	Ni	wire	counter	electrode.	The	

device	was	 interfaced	with	an	optical	 system	 for	detecting	oxygen	evolution	and	a	

stainless-steel	mesh	 coated	with	 a	 dual-chromophore	 fluorescent	 oxygen-sensitive	

paint.	 During	 electrolysis,	 the	mesh	was	 illuminated	with	 ca.	 400	 nm	 light	 pulses.	

During	blank	experiments,	where	no	oxygen	was	present,	 the	mesh	 fluoresced	red	

and	green,	but	in	the	presence	of	oxygen	only	green	was	emitted.	Then,	the	emitted	

light	from	the	stain	steel	mesh	was	detected	by	a	camera,	which	took	pictures	along	

the	constant-current	(5	mA)	electrochemical	experiments	performance.		

	 	

Figure	1.39.	Schematic	drawings	of	the	(a)	side	and	(b)	perspective	views	of	the	screening	

apparatus.	(c)	False-colour	rendering	of	integrated	fluorescence	data.264	

The	 results	 obtained	 by	 Stahl	 and	 co-workers	 showed	 that	Ni-based	 oxides	 are	

significantly	more	active	than	Co-based	oxides.	The	most	active	Ni-Fe	binary	oxides	

were	Ni-Fe	80:20	and	60:40.	Moreover,	it	was	highlighted	that	the	presence	of	a	third	

metal	enhances	the	catalytic	activity.	The	best	results	were	obtained	when	doping	Ni-

Fe	compounds	with	AlIII,	CrIII	and	GaIII	to	obtain	Ni-Fe-Al	(40:40:20),	Ni-Fe-Cr	(40:20:40)	

b)

c)

a)
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and	Ni-Fe-Ga	(20:20:60)	as	the	best	metallic	compositions.	Thus,	inclusion	of	a	third	

metal	 remarkably	 enhances	 the	 catalytic	 activity	 of	 the	metal	 oxide	 opening	 new	

strategies	for	catalyst	optimisation.	

Spinel	ferrites,	MxFe3-xO4,	have	also	been	investigated	as	promising	materials	for	

photoelectrochemical	cells	(PEC)	in	water	splitting.265–267	This	kind	of	compounds	are	

attractive	since	they	have	narrow	optical	bandgap	(<2.2	V)	for	efficiently	harvesting	

light	 of	 the	 visible	 solar	 spectrum	 and	 they	 also	 present	multiple	 oxidation	 states	

stabilised	by	the	spinel	structure	with	individual	transition	metals	of	known	catalytic	

properties.	 Moreover,	 they	 have	 chemically	 and	 thermally	 stability	 in	 aqueous	

systems,	specially	in	alkaline	and	neutral	media	in	which	most	PEC	investigations	are	

performed.	Additionally,	 they	are	made	up	 from	Earth	abundant	and	 low	cost	 raw	

materials,	so	they	are	promising	candidates	for	PEC	scale	up	applications.253	

The	 first	 fundamental	 photoelectrochemical	 investigations	 of	 ferrite	 electrodes	

date	from	1977,	when	Kung	et	al.	reported	one	of	the	first	ferrites	employed	for	PEC,	

CdFe2O4.268	 After	 this	 first	 work,	 different	 types	 of	 ferrites	 were	 used	 for	 PEC	

applications,	 such	as	Fe2O3,
269,270

	NiFe2O4
271,272	and	ZnFe2O4

273,274	among	others.	The	

early	 studies	 were	 focused	 on	 the	 basic	 properties	 of	 PECs,	 but	 the	 reported	

photocurrents	and	efficiencies	were	very	low.		

To	perform	photoelectrochemical	oxidation	of	water	to	O2	with	spinel	ferrites,	they	

need	to	be	n-type	semiconductors	with	the	valence	band	located	more	positive	than	

the	 H2O/O2	 oxidation	 potential	 (1.23	 vs	 NHE).	 Moreover,	 they	 must	 have	 good	

electrical	 properties	 and	 stability	 under	 water	 oxidation	 conditions.	 Among	 the	

different	 spinel	 ferrites,	 n-ZnFe2O4	 is	 the	 most	 promising	 candidate.	 Systematic	

investigations	of	 the	photoelectrochemical	performance	of	 ZnFe2O4	 found	 that	 the	

obtained	 photocurrents	 were	 directly	 dependent	 on	 the	 solvent,	 deposition	

temperature	and	deposition	time	of	the	electrodes.274,275	A	maximum	photocurrent	

density	 of	 0.35	mA/cm2	 at	 1.23	V	 vs	RHE	was	obtained	with	 an	 ZnFe2O4	 electrode	

synthesized	using	0.1	M	solution	of	the	bimetallic	precursor	in	ethanol,	deposited	at	

450ºC	during	35	min.	
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The	use	of	spinel	ferrites	in	PEC	water	splitting	opens	a	promising	scenario	where	

some	 aspects,	 such	 as	 photocurrents,	 must	 be	 improved.	 The	 low	 photochemical	

performances	can	be	attributed	to	slow	interfacial	charge	carrier	transfer,	high	charge	

carrier	 recombination	 rates	 and	 loss	 of	 interfacial	 area	 due	 to	 the	 high	 thermal	

treatment.	 However,	 different	 strategies	 have	 been	 proposed	 to	 overcome	 such	

challenges,	 such	 as	 nanostructuring,	 forming	 heterojunction	 structures,	 cocatalyst	

coating	and	control	of	the	defect	chemistry.253		
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1.7. Polyoxometalate	Chemistry	

Polyoxometalates	 (POMs)	 are	 an	 extensively	 studied	 class	 of	 discrete	

polyoxoanionic	molecules	built	from	fragments	of	high-valent	metal	oxides.	They	are	

formed	spontaneously	in	water	when	either	soluble	molecular	monomeric	transition	

metal	 precursors	 or	 insoluble	 metal	 hydroxides	 or	 oxides	 are	 adjusted	 to	 the	

appropriate	pH.	They	have	been	widely	studied	due	to	their	versatility	in	numerous	

applications,	 such	 as	 catalysis,	 biology,	 medicine	 and	 material	 science,	 among	

others.276	

The	general	formula	of	POMs	is	{MOx}n,	where	M	stands	for	the	metal	and	x=4-7.	

This	 cluster	 structure	 is	 formed	by	 [MOx]	polyhedra	with	octahedral	or	 tetrahedral	

shape,	sharing	vertexes	and	edges.	These	structures	are	governed	by	electrostatic	and	

radii-ratio	principles,	that	are	also	observed	for	extended	ionic	lattices.277	

These	 cluster	 compounds	 are	 normally	 anionic	 and	 they	 present	 low	 surface	

charge	density	that	results	in	weak	anion-cation	attractions.	That	is	the	reason	why	

POMs	are	extensively	used	in	solution	chemistry	(aqueous	and	non-aqueous	solvents).	

In	the	surface	of	POMs	two	different	types	of	oxygen	atoms	can	be	found:	terminal	

(M=O)	and	bridging	 (M-O-M).	A	greater	negative	 charge	 is	 located	on	 the	bridging	

oxygen	 atoms,	 providing	 them	 a	 higher	 basicity	 nature	 and	 facilitating	 their	

protonation,	in	contrast	to	the	terminal	oxygens	behaviour.	

POMs	where	discovered	by	the	Spanish	Delhuyar	brothers	in	1783278	and	the	first	

reported	 structure	 dates	 from	 1826279.	 However,	 the	 lack	 of	 powerful	 enough	

characterisation	techniques	and	synthetic	methodologies	did	not	allow	an	adequate	

development	of	 this	 research	 topic	until	 the	end	of	20th	 century.	The	popularity	of	

POM	 chemistry	 raised	 after	 the	 publication,	 in	 1991,	 of	 a	 Review	 by	 Pope	 and	

Müller.276	 Some	 years	 later,	 in	 1998,	 Hill	 organised	 an	 special	 edition	 in	 Chemical	

Reviews	to	highlight	the	history,	developments	and	applications	of	the	diverse	areas	

covered	by	POMs	up	to	that	time.280	Later,	Cronin	et	al.	published	a	review	where	“a	

periodic	 table	 of	 polyoxometalate	 building	 blocks”	 was	 presented,	 as	 well	 as,	 the	
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challenges	that	need	to	be	overcome	for	the	design	of	functional	systems	based	on	

POMs.281	

According	 to	 Cronin	 et	 al.	 review,	 POMs	 can	 be	 classified	 according	 to	 their	

structure	 into	 three	 broad	 subsets:	 (i)	 heteropolyanions,	 (ii)	 isopolyanions	 and	 (iii)	

molybdenum	blue	and	molybdenum	brown	reduced	POM	clusters.	

Heteropolyanions	 {XaMn}	 are	 metal	 oxide	 clusters	 that	 include	 one	 or	 several	

heteroatoms	in	their	structure,	commonly	elements	from	p-	or	d-block	(i.	e.	PV,	SiIV	or	

VV).	These	compounds	tend	to	be	hydrolytically	stable	over	a	wide	pH	range.	Thus,	

this	broad	family	represents	the	most	studied	type	of	POMs,	with	great	emphasis	on	

the	 archetypal	 Keggin	 [XM12O40]n–	 and	 Wells-Dawson	 [X2M18O62]n–	 anions	 (Figure	

1.40.).	M,	known	as	the	addenda	atom,	can	be	W	or	Mo,	while	X	(heteroatom)	is	a	

tetrahedral	 template	 that	 can	 be	most	 of	 the	 elements	 in	 the	 periodic	 table.	 The	

robustness	of	tungsten-based	POMs	has	been	exploited	to	develop	compounds	with	

vacancies	 in	 their	 structure	 (usually	 one,	 two	 or	 three)	 that	 can	 be	 linked	 using	

electrophiles	to	larger	aggregates	in	a	predictable	manner.	These	lacunary	POMs	have	

high	negative	charge	densities	and	can	serve	as	 inorganic	 ligands	 to	 stabilise	more	

complex	transition	metal	complexes.	

Isopolyanions	 {Mn}	 are	 composed	of	 a	metal	oxide	 framework,	but	without	any	

internal	heteroatom.	This	results	in	lower	stability	compared	to	the	heteropolyanion	

counterparts.	However,	they	are	very	attractive	from	a	synthetic	point	of	view	since	

they	present	high	charges	and	strongly	basic	oxygen	surfaces.	Figure	1.40.	shows	an	

example	of	isopolyanion	compound,	the	Lindqvist	archetype.	

Molybdenum	blue	and	molybdenum	brown	reduced	POM	clusters	{XaMVI
nMV

n}	are	

spherically	 shaped	molecular	 systems	with	 nanoscale	 size	 based	 on	molybdenum-

oxide	building	blocks.	Their	structure	was	unknown	until	Müller	et	al.	published	the	

composition	of	a	very-high-nuclearity	cluster	{Mo154}	with	a	ring	topology.	The	most	

potential	application	of	this	highly	reduced	POMs	is	in	nanoscience.	



Chapter	1	 	

	

60	

	

	

Figure	1.40.	Schematic	representation	of	some	typical	POM	archetypes:	Keggin	[XM12O40]
n–,	

Wells-Dawson	 [X2M18O62]
n–,	 Lindqvist	 [M6O19]

2–	 and	 {Mo11}14.
282	 Grey	 colour	 depicts	 M	

addenda	atoms	and	orange	X	heteroatoms.	

	

Lindqvist

KegginWells-Dawson

{Mo11}14
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1.7.1. The	Keggin	Archetype	

In	POM	chemistry,	the	Keggin	structure	is	one	of	the	most	robust	archetypes,	with	

formula	[XM12O40]n–	(M=Mo,	W).	The	first	structure	reported	for	a-Keggin	dates	from	

1933,	when	J.	F.	Keggin	presented	the	crystal	structure	of	the	12-tungstophosphoric	

acid	 polyoxometalate	 employing	 powder	 X-ray	 analysis.283	 Since	 then,	 many	

heteropolyanion	compounds	have	been	published	based	on	 that	 structure.	This	a-

[XM12O40]n–	 polyoxometalates	 have	 an	 overall	 Td	 symmetry	 with	 a	 central	 [XO4]	

tetrahedron,	 surrounded	 by	 twelve	 [MO6]	 octahedra	 assembled	 together	 in	 four	

edge-sharing	trimers.	These	M3O12	trimers	are	linked	to	each	other	and	to	the	central	

heteroatom	by	corner	shared	bridges.284	

The	 Keggin	 archetype	 presents	 structural	 isomerism,	 being	a-,	b-,	 g-,	 d-	 and	 e-

structures	 the	 five	Baker-Figgis	 isomers	 (Figure	1.41.).285	The	 five	structures	can	be	

interconverted	by	60º	rotation	of	three	edge-shared	M3O13	trimers.	Starting	from	a-

Keggin	structure,	a	60º	rotation	of	one	triad	leads	to	the	formation	of	the	b-isomer,	

with	a	decrease	 in	symmetry	 from	Td	 to	C3v.	 If	a	 second	 triad	 is	 rotated	60º,	 the	g-

isomer	 is	 acquired	with	 the	 corresponding	 loss	 of	 symmetry	 to	 C2v.	 This	 structure	

presents	 a	 new	kind	of	 linkage	between	 triads,	where	 edges	 are	 shared.	 This	 new	

linkage	 implies	a	 lower	M-M	distance	and	more	acute	M-O-M	angles,	which	confer	

lower	stability	to	the	g-isomer	due	to	higher	coulombic	repulsions	and	less	favourable	

pp-dp	interactions.	The	d-	and	e-isomers	are	obtained	by	60º	rotation	of	subsequent	

triads,	with	C3v	and	Td	symmetry	respectively.	The	rotation	of	the	triads	increases	the	

number	of	edge-shared	M-O-M	linkages,	subsequently	reducing	the	stability	of	 the	

isomers.	
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Figure	 1.41.	 Polyhedral	 representation	 of	 the	 five	 Baker-Figgis	 isomers	 of	 the	 Keggin	

archetype	 with	 their	 overall	 symmetry.	 The	 60º	 rotated	 triads	 are	 represented	 in	 green	

colour.	

Polyoxometalate	compounds	are	known	to	be	stable	in	a	wide	range	of	pH,	from	

acid	 to	 moderate	 alkaline	 solutions.	 However,	 increasing	 OH–	 concentration	

progressively	degrades	the	POM	moieties,	generating	vacancies	in	the	structure.	This	

vacant	 structures,	where	 1,	 2	 or	 3	 [MO6]	 units	 have	 been	 removed,	 are	 known	 as	

lacunary	species.	These	lacunary	species	are	interesting	from	a	synthetic	point	of	view,	

since	the	new	vacancies	can	be	filled	with	[Mn+=O](n–2)+	fragments	or	organic	groups.	

Thus,	 they	can	be	used	as	polydentate	 inorganic	 ligands	 to	 stabilise	more	complex	

structures.284,286	Lacunary	species	 for	 the	Keggin	structure	are	known	for	 the	a-,	b-	

and	 g-isomers,	 although	 the	a-structure	 is	 the	 most	 used	 in	 POM	 chemistry.	 The	

removal	of	one	[MO6]	unit	leads	to	the	formation	of	the	pentadentate	monolacunary	

{a-XW11O39}	 archetype,	 whereas	 trilacunary	 species	 are	 formed	 by	 losing	 three	

corner-shared	octahedra	{A-a-XW9O34}	(hexadentate	 ligand)	or	by	removal	of	three	

edge-shared	octahedra	{B-a-XW9O34}	(heptadentate	ligand).		

	

! (Td) " (C3v) # (C2v)

$ (C3v) % (Td)
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Figure	1.42.	Polyhedral	representation	of	lacunary	a-Keggin	species.	

As	 said	 before,	 lacunary	 species	 can	 stabilise	 small	metal	 oxide	 frameworks	 or	

organic	compounds.	This	valuable	feature	allows	the	use	of	POMs	in	a	huge	range	of	

applications,	 such	 as	 magnetism,	 medicine,	 analysis,	 biochemistry,	 chirality	 or	

material	 science.224,277,281,284,286,287	 POMs	 have	 been	 commonly	 used	 as	 catalysts	 in	

different	 reactions:	 oxidation	 of	 aromatic	 hydrocarbons;	 olefin	 polymerisation	 and	

epoxidation	and	Friedel-Crafts-type	alkylation,	acylation	and	sulfonation	of	aromatic	

compounds.	Specially,	over	the	past	decades,	POMs	have	been	presented	as	efficient	

water	oxidation	catalysts.288–290	

B-!-XM9O34!-XM11O39 A-!-XM9O34
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1.7.2. Polyoxometalates	as	Water	Oxidation	Catalysts	

In	water	oxidation	catalysis,	POMs	are	very	interesting	compounds	since	they	can	

act	as	inorganic	multidentate	ligands	to	stabilise	transition	metal	oxide	clusters,	with	

high	 stability	 under	 strong	 oxidising	 conditions.277,281,287	 Moreover,	 they	 have	 the	

ability	 to	 assist	 deprotonation	 equilibria	 on	 the	 polyoxygenated	 surface	 and	 to	

stabilise	high-valent	intermediates,	that	is	the	reason	why	they	are	known	as	strong	

Broensted	acids	and	as	reversible	multielectron	oxidants.286,291–293	Additionally,	they	

can	 possess	 multiple-µ-hydroxo/oxo	 bridging	 units	 which	 stabilise	 adjacent	 d-

electrons	centres.	This	remarkable	feature	is	the	basis	of	multiple	electron/cascade	

transformations	that	take	place	in	natural	enzymes.15	Therefore,	POMs	combine	the	

stability	 of	 heterogeneous	 catalysts	 with	 the	 tunability	 and	 processing	 of	

homogeneous	counterparts,	highlighting	their	applicability	as	bifunctional	(acid	and	

redox)	catalysts.		

	

Ruthenium	based	POMs	

The	 first	 electrochemical	 production	 of	 O2	 catalysed	 by	 a	 Ru-POM	 species	 was	

reported	by	Shannon	et	al.	in	2004,	who	used	Na14[RuIII2Zn2(H2O)2(ZnW9O34)2]	species	

as	catalyst.47	However,	 it	was	several	years	 later	when	two	groups	reported,	at	the	

same	time,	a	ruthenium-based	POM	with	extraordinary	activity	and	stability	towards	

OER.288,294	The	catalyst,	with	 formula	 [Ru4(µ-O)4(µ-OH)2(H2O)4(g-SiW10O36)2]10–,	has	a	

tetraruthenate	 core	 stabilised	 by	 two	 [g-SiW10O36]8–	moieties.	 The	 ruthenium	 core,	

[RuIV4(µ-O)4(µ-OH)2(H2O)4]6+,	 has	 an	 adamantane-like	 arrangement	 with	 the	 four	

ruthenium	atoms	forming	a	tetrahedron,	connected	to	each	other	by	sharing	vertexes	

(four	oxo-bridges).	The	core	has	also	two	hydroxo	bridges	which	connect,	respectively,	

two	ruthenium	adjacent	atoms	with	a	Ru-O-Ru	angle	bond	of	ca.	131.2º.	Additionally,	

an	aqua	ligand	completes	the	coordination	sphere	of	each	RuIV	centre,	reaching	a	total	

value	of	four	aqua	ligands	per	central	metallic	array.	The	polyhedral	metallic	core	is	

linked	to	the	Keggin	moieties	by	sharing	vertexes.	The	[g-SiW10O36]8–	archetypes	are	
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rotated	90º	around	the	vertical	C2	axis	relative	one	to	the	other,	yielding	an	overall	D2d	

POM	symmetry.	

	

Figure	1.43.	Polyhedral	representation	of	[Ru4(µ-O)4(µ-OH)2(H2O)4(g-SiW10O36)2]
10–	(left)	and	

ball-and-sticks	representation	of	the	metallic	core	(right).	Label:	Ru	(blue	octahedra	and	blue	

balls),	W	(grey	octahedra),	Si	(yellow	tetrahedra),	O	(red	balls)	and	H	(grey	balls).	

To	test	the	activity	of	the	catalyst	towards	OER	different	chemical	oxidants	were	

used.	On	one	hand,	Bonchio	et	al.	used	CAN	to	evaluated	oxygen	production	in	strong	

acidic	media	(pH=0.6)	at	20ºC.	They	reached	a	TOF	of	0.125	s–1	with	an	oxygen	yield	of	

90%	 with	 respect	 to	 the	 oxidant.	Moreover,	 the	 activity	 of	 the	 catalyst	 remained	

invariable	after	addition	of	a	second	charge	of	CAN	after	the	initial	catalytic	run,	which	

highlighted	 the	 stability	 of	 the	 catalyst	 under	 reaction	 conditions.288	 On	 the	 other	

hand,	Hill	et	al.	tested	the	catalytic	activity	of	the	same	catalyst	using	[Ru(bpy)3]3+	as	

chemical	oxidant	at	pH	7	in	dark	conditions.294In	this	case,	the	O2	yield	was	lower	(max.	

75%)	due	to	the	instability	of	[Ru(bpy)3]3+	under	oxidising	conditions.295	One	year	after,	

Hill	and	co-workers	proved	that	the	catalyst	is	stable	under	working	conditions	in	a	pH	

range	between	7	and	1.5.296	Electrochemical	measurements	done	with	the	catalytic	

species	showed	several	voltammetric	peaks	associated	to	the	successive	oxidation	of	

the	 RuIV	 centres	 to	 RuV,	 followed	 by	 a	 catalytic	 wave	 assigned	 to	 water	 oxidation	

process.	The	overall	4-electron	reduction	potential	of	the	RuV
4/	RuIV

4	couple	was	ca.	

0.95	V	at	pH	7,	while	the	4-electron	oxygen	evolution	reaction	at	the	same	pH	is	ca.	
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0.82	V.	Thus,	the	reduction	potential	obtained	with	the	POM	is	sufficient	enough	to	

oxidise	water	in	neutral	conditions.		

	

Figure	 1.44.	 Schematic	 representation	 of	 the	 water	 oxidation	 reaction	 catalysed	 by	

Na14[Ru
III
2Zn2(H2O)2(ZnW9O34)2].

296	

Light-induced	catalytic	water	oxidation	was	also	tested	using	the	Ru-POM	catalyst,	

[Ru(bpy)3]3+	as	photosensitiser	and	sodium	persulfate	as	sacrificial	electron	acceptor,	

with	outstanding	results.297	Moreover,	to	study	the	electron	transfer	kinetics	from	the	

catalyst	to	the	oxidised	photosensitiser	[Ru(bpy)3]3+	flash	photolysis	experiments	were	

performed.298	The	hole	scavenging	between	the	catalyst	and	the	photosensitiser	is	so	

fast,	 that	 side	 reactions	 that	 deactivate	 the	 photosensitiser	 are	 limited.	 The	

experiments	also	explained	the	high	TOF	values	reached	for	water	oxidation	using	this	

catalyst,	which	are	similar	to	the	values	for	the	OEC	in	PSII.	

Despite	the	high	activity	and	stability	of	the	Ru-POM	WOC,	the	catalytic	core	is	still	

made	 of	 a	 noble	 and	 scarce	 metal.	 Therefore,	 its	 application	 in	 a	 relevant	

technological	process	is	not	feasible.	

	

Cobalt	based	POMs	

Tetranuclear	cobalt	sandwich-type	polyoxometalate	

The	 first	 carbon-free	homogeneous	WOC	obtained	 from	Earth	abundant	metals	

was	 reported	 by	Hill	et	 al.	 in	 2010,289	 highlighting	 the	 importance	 of	 non-precious	

noble	metal	catalysts	in	OER.	
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The	catalyst’s	structure	was	already	described	by	Weakley	et	al.	 in	1973,299	with	

formula	 [Co4(H2O)2(a-PW9O34)2]10–	 (Co4).	 It	 has	 a	 sandwich	 structure	 with	 two	

trilacunary	[B-a-PW9O34]9–	Keggin	units	stabilising	the	central	rhomb-like	tetracobalt-

oxo-core.	The	octahedral	CoII	central	atoms	were	linked	to	each	other	through	oxo-

bridges	by	sharing	edges.	In	this	case,	two	cobalt	atoms	occupied	internal	positions,	

while	the	other	two	cobalt	metals	were	set	in	external	positions	with	terminal	water	

molecules	completing	their	coordination	sphere.	

	

Figure	1.45.	Polyhedral	representation	of	[Co4(H2O)2(a-PW9O34)2]
10–	(left)	and	ball-and-sticks	

representation	of	the	metallic	core	(right).	Label:	Co	(purple	octahedra	and	purple	balls),	W	

(grey	octahedra),	P	(orange	tetrahedra),	O	(red	balls)	and	H	(grey	balls).	

Hill	and	co-workers	tested	the	catalytic	activity	of	this	Co-POM	towards	OER	using	

[Ru(bpy)3]3+	 as	 chemical	 oxidant	 in	 a	 NaPi	 buffer	 at	 pH	 8	 and	 O2	 generation	 was	

monitored	by	gas	chromatography.	The	maximum	TOF	obtained	was	higher	than	5	s–

1,	which	was	the	highest	value	reported	for	a	homogeneous	WOC	at	that	moment.	In	

the	same	publication,	 several	Co-POMs	were	also	 tested	 in	 the	same	experimental	

conditions,	but	none	of	them	exhibited	catalytic	activity	towards	OER	(even	the	same	

tretranuclear	 cobalt-oxo-core	 distribution	 with	 different	 inorganic	 ligands,	 such	 as	

Wells-Dawson	POM).	These	 results	emphasise	 the	 importance	of	 the	central	metal	

array	 disposition,	 as	 well	 as,	 the	 nature	 of	 the	 inorganic	 ligands	 and	 synthetic	

conditions	in	the	catalytic	activity	of	the	compounds.	One	year	later,	the	same	group	

published	the	light-driven	catalytic	activity	of	this	POM	towards	OER	using	[Ru(bpy)3]3+	

as	photosensitiser	and	sodium	persulfate	as	sacrificial	electron	acceptor	in	pH	8	NaBi	
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buffer.300	The	tests	showed	that	the	Co-POM	was	more	active	in	this	conditions	than	

the	tetraruthenium	POM	commented	in	the	previous	section.		

During	the	last	years,	the	genuine	activity	of	molecular	Co-POMs	has	been	put	into	

close	scrutiny.301–304In	aqueous	solution	there	is	an	equilibrium	between	Co2+	(aq)	and	

the	Co-POMs.305	Thus,	the	aqueous	cobalt	cations,	as	well	as,	in	situ	generated	CoOx	

can	be	the	true	water	oxidation	species.22,295,306	This	is	the	reason	why	special	effort	

has	 to	 be	 done	 in	 the	 identification	 of	 the	 true	 catalyst	 to	 distinguish	 between	

homogeneous	or	heterogeneous	catalysis.305	Hill	et	al.	presented	different	evidences	

to	prove	the	genuine	catalytic	activity	of	the	Co4	in	the	reaction	conditions.289,305	The	

activity	of	aqueous	cobalt	cations	and	CoOx	was	negligible	in	the	same	experimental	

conditions,	so	the	true	catalyst	in	this	experiments	was	proven	to	be	Co4.	The	same	

conclusions	 were	 presented	 by	 Finke	 et	 al.	 when	 maintaining	 the	 same	 working	

conditions.303	However,	 Finke	and	co-workers	also	proved	 that	generally,	Co-POMs	

used	 in	solution	to	perform	electrochemical	catalytic	water	oxidation	were	not	 the	

true	catalysts.301	In	this	publication,	the	in-situ	generation	of	a	CoOx	film	on	the	surface	

of	the	working	electrode,	due	to	the	leaching	of	Co2+	(aq)	from	the	POM	species,	was	

identified	as	the	genuine	catalyst	 in	this	experimental	set-up.301,302	Fortunately,	 the	

formation	of	CoOx	active	 film	can	be	avoided	by	 selective	catalyst	poisoning,	using	

2,2’-bipyridine	(bpy)	in	stechiometrical	ratio	as	inhibitor.289	The	inhibition	mechanism	

implies	the	reactivity	of	the	aqueous	cobalt	cations	with	the	added	bpy	to	generate	

the	inactive	precipitate	[Co(bpy)3]2+.307	Using	this	inhibition	strategy,	many	Co-POMs	

have	proved	to	be	the	true	homogeneous	catalysts	under	the	desired	experimental	

conditions.	

Nonanuclear	cobalt	polyoxometalate	

The	 synthesis	 and	 structural	 characterisation	 of	

[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16–	(Co9)	cluster	was	first	reported	by	Weakley	et	al.	

in	 1984.308	 However,	 it	 was	 not	 until	 2012	when	 our	 group	 reported	 the	 catalytic	

activity	 of	 this	 high	 nuclearity	 Co-containing	 POM	 towards	 homogeneous	 catalytic	

water	oxidation.290	
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The	 structure	 of	 this	 high	 nuclearity	 polyanion	 contains	 three	 trilacunary	 {B-a-

XW9O34}	Keggin	moieties	which	are	stabilising	the	central	metallic	array	with	9	cobalt	

atoms.	Three	CoII	ions	occupy	the	octahedral	vacant	positions	in	each	lacunary	Keggin	

archetype,	 forming	 triangular	 edge-sharing	 Co3O12	 structures.	 Then,	 the	 three	 Co-

Keggin	moieties	are	interconnected	by	three	hydroxyl	bridges	and	two	HPO4
2–	anions,	

forming	 a	 triangle	 of	 triangles	 as	 overall	 structure.	 Besides,	 to	 complete	 the	

coordination	sphere	of	the	central	metallic	array,	six	of	the	nine	cobalt	atoms	have	

terminal	water	molecules	with	 a	 tendency	 to	be	oxidised.	We	 can	distinguish	 four	

main	 structural	 differences	 between	 Co4	 and	 Co9	 arising	 from	 the	 increase	 in	

nuclearity:	(i)	a	triangle	of	triangles	versus	rhombohedral	core	structure,	(ii)	presence	

of	hydroxyl	bridges	versus	only	oxo	bridges,	(iii)	available	hydrogen	phosphate	bridges	

that	are	not	embedded	in	the	POM	structure	and	(iv)	higher	percentage	of	terminal	

water	molecules.	

	

Figure	1.46.	Polyhedral	representation	of	[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]
16–	(left)	and	ball-

and-sticks	representation	of	the	metallic	core	(right).	Label:	Co	(purple	octahedra	and	purple	

balls),	W	(grey	octahedra),	P	(orange	tetrahedra),	O	(red	balls)	and	H	(grey	balls).	

In	the	article	published	by	Galán-Mascarós	et	al.	in	2012,	the	catalytic	activity	of	

Co9	 was	 tested	 towards	 water	 oxidation	 reaction	 in	 homogeneous	 conditions,	

electrochemically	 and	 with	 a	 chemical	 oxidant.	 The	 electrochemical	 studies	 were	

done	in	a	H-cell	with	a	porous	frit	in	the	middle	using	sodium	phosphate	buffer	(0.05	
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M)	with	1	M	NaNO3	as	electrolyte	at	pH	7.	The	anode	in	the	electrochemical	tests	was	

a	fluorine-doped	tin	oxide	(FTO)	coated	glass	and	a	platinum	mesh	as	cathode.	Firstly,	

a	bulk	electrolysis	experiment	at	a	constant	applied	potential	of	1.41	V	vs	NHE	was	

performed	 without	 catalyst	 (blank	 test),	 obtaining	 negligible	 current	 densities.	

However,	with	the	incorporation	of	1	mM	of	Co9	to	the	anode	side	the	current	density	

increased	over	one	order	of	magnitude.	Interestingly,	during	the	bulk	electrolysis	test	

a	brown	film	appeared	on	the	surface	of	the	FTO,	which	was	characterised	as	CoOx.	

The	activity	of	the	grown-film	was	tested	under	the	same	experimental	conditions,	

without	the	presence	of	Co9	and	the	currents	obtained	were	the	same.	These	results	

indicated	 that	 the	 true	 catalytic	 species	 in	 the	 first	 experiment	was	 the	 as-formed	

CoOx	film	and	not	the	Co9	homogeneous	WOC.	This	CoOx	film	is	formed	due	to	the	

oxidation	of	Co2+	(aq)	ions	leached	from	the	POM.	As	commented	above,	the	addition	

of	a	chelating	ligand	such	as	2,2’-bipyridyl	(bpy)	can	avoid	the	formation	of	CoOx	film	

by	 trapping	 the	 aqueous	 cobalt	 ions	 in	 an	 inert	 precipitate	 [Co(bpy)3]2+.	When	 the	

electrocatalytic	water	oxidation	experiments	with	homogeneous	Co9	were	repeated	

with	addition	of	bpy,	the	current	density	of	the	system	also	increased	compared	to	

the	blank	test,	but	less	than	one-third	that	the	values	observed	without	bpy.	Besides,	

there	was	no	film	grown	on	the	FTO	surface	and	the	catalytic	activity	of	the	“used”	

FTO	in	a	new	buffer	solution	without	Co9	was	similar	to	the	blank.	All	these	evidences	

concluded	that	the	true	catalyst	in	the	second	set	of	experiments	with	bpy	was	the	

Co9	POM.	The	efficiency	of	the	oxygen	production	was	monitored	with	a	fluorescence	

probe	and	 it	 reached	a	 value	of	90%	over	an	hour.	 The	 current	 flown	 through	 the	

system	and	not	involved	in	the	catalytic	process	could	be	attributed	to	the	oxidation	

of	[Co(bpy)3]2+	to	[Co(bpy)3]3+.	Additionally,	at	the	end	of	the	electrocatalytic	tests,	a	

pink	precipitate	was	observed	in	the	bottom	of	the	anodic	compartment,	identified	as	

the	insoluble	[Co(bpy)3]3+	salt	of	the	Co9.	In	the	reaction	conditions,	Tafel	plots	from	

steady	state	current	density	measurements	were	done	to	analyse	the	kinetics	of	the	

reaction.	They	observed	a	clear	dependence	between	kinetics	and	Co9	concentration.	

In	concentrated	solutions	(1	mM	Co9)	the	Tafel	slope	was	130-140	mV/dec,	indicating	

that	 the	 rate-determining	 step	 is	 electrochemical	 (electron-	 or	 mass-transport	

issues),309,310	 with	 a	 776	 mV	 overpotential	 needed	 to	 reach	 1	 mA/cm2.	 In	 diluted	
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solutions	 (0.06	mM	Co9)	 the	 Tafel	 slope	was	55-65	mV/dec,	 suggesting	 a	 chemical	

rate-determining	step	in	this	case,311,312		with	an	overpotential	of	695	mV	to	reach	1	

mA/cm2.	The	reported	overpotentials	for	Co9	WOC	are	higher	than	the	ones	published	

for	CoOx.	However,	a	direct	comparison	between	these	catalysts	is	not	fair	since	the	

activity	 of	 the	 homogeneous	 WOC	 is	 directly	 related	 to	 its	 concentration	 in	 the	

reaction	media.	In	this	experiments,	the	TOF	value	could	not	be	calculated	from	the	

electrochemical	 data	 due	 to	 the	 absence	 of	 non-catalytic	 redox	 process	 in	 the	

potential	region	studied.311,312	

In	the	same	publication,	the	activity	of	Co9	towards	catalytic	water	oxidation	was	

also	tested	using	0.1	M	NaClO	as	chemical	oxidant.	The	addition	of	Co9	to	a	0.9	M	NaPi	

buffer	(pH	8)	containing	the	chemical	oxidant,	resulted	in	the	immediate	evolution	of	

bubbles,	whose	oxygen	nature	was	confirmed	by	on-line	mass	spectrometry	(MS).	The	

oxygen	 production	 was	 monitored	 with	 differential	 manometry	 at	 different	

oxidant/catalyst	 ratios	 and	 also	 by	 gas	 chromatography.	 In	 these	 experiments,	 a	

maximum	TON	of	over	400	and	an	initial	TOF	of	350	h–1	were	reported	with	a	3300:1	

oxidant/Co9	 ratio.	Nevertheless,	 the	obtained	efficiencies	were	 low,	 suggesting	 the	

presence	 of	 competing	 reactions	 (i.	 e.	 disproportionation	 of	 hypochlorite	 to	 yield	

chloride	and	chlorite).	Besides,	crystallisation	of	 the	Co9	after	catalytic	 tests	gave	a	

powder	with	the	same	IR	and	X-ray	diffraction	pattern	compared	to	the	fresh	Co9.	The	

catalytic	 activity	 of	 Co9	 was	 compared	 with	 Co4	 under	 the	 same	 experimental	

conditions.	Fixing	the	same	POM	concentration,	the	initial	calculated	TOF	for	Co9	was	

8	times	higher	than	the	one	for	Co4.	If	the	molecular	weight	of	each	POM	is	taken	into	

account,	it	was	estimated	that	250	and	29	mg	of	O2	can	be	obtained	per	gram	of	POM	

with	a	1000:1	oxidant/POM	ratio	for	Co9	and	Co4,	respectively.	This	results	highlight	

the	higher	efficiency	of	Co9	with	remarkable	stability	in	solution.	There	is	no	sign	of	

catalyst	deactivation	after	addition	of	extra	equivalents	of	chemical	oxidant	after	long	

periods	of	time	with	10-fold	excess	of	bpy	in	solution.	

More	recently,	in	2015,	the	stability	and	solution	speciation	of	the	Co9	was	deeply	

studied	 by	 Goberna-Ferrón	 and	 co-workers	 using	 small	 angle	 X-ray	 scattering	

(SAXS).313	 SAXS	 results	 combined	 with	 high	 energy	 X-ray	 scattering	 (HEXS)	 and	



Chapter	1	 	

	

72	

	

compared	with	 the	simulated	data	 from	crystal	 structure,	confirmed	that	 the	POM	

remains	stable	in	a	wide	range	of	pH,	from	5.5	to	11.	At	basic	pH	values	(pH>11)	the	

trilacunary	Keggin	species	are	predominant,	while	lowering	the	pH	(pH<1.5)	stabilises	

the	plenary	Keggin	archetype	by	restructuration	of	the	initial	Co9	metallic	cluster.	In	

addition,	there	is	a	colour	change	in	the	solution	when	lowering	the	pH	from	7	to	1.5.	

The	 starting	 pink	 solution	 at	 pH	 7	 (presence	 of	Co9)	 changes	 to	 reddish	 at	 pH	 1.5	

suggesting	the	formation	of	[Co(H2O)6]2+	coming	from	the	dissociation	of	the	starting	

POM.314	Moreover,	SAXS	measurements	were	done	while	Co9	was	used	as	WOC	in	the	

same	working	conditions	presented	above	using	a	chemical	oxidant	(1	mM	Co9,	0.9	M	

NaPi	buffer	pH	8	and	0.9	M	NaClO)	and	in	neat	water.290	The	results	concluded	that	

Co9	remains	largely	intact	during	reaction	with	a	chemical	oxidant,	especially	 in	the	

absence	of	phosphate	buffer.	Additionally,	the	presence	of	concentrated	phosphate	

buffers	can	accelerate	the	degradation	of	the	Co-POMs	under	the	reaction	conditions	

due	to	the	formation	of	highly	insoluble	cobalt	oxide	phosphate.	

As	 commented	 in	 previous	 sections,	 heterogeneous	 conditions	 are	 preferred	 in	

order	to	perform	water	oxidation	catalysis.	Pursuing	this	objective,	Galán-Mascarós	

et	al.	reported	in	2013	the	activity	of	a	water-insoluble	Co9	cesium	salt	incorporated	

into	amorphous	carbon	paste	electrodes	towards	electrocatalytic	water	oxidation	at	

neutral	pH	(0.05	M	NaPi	buffer	with	1	M	NaNO3	as	electrolyte).235	The	insoluble	salt	

was	obtained	after	addition	of	CsCl	to	a	Co9	aqueous	solution.	The	insulator	catalytic	

material	was	 then	mixed	with	 carbon	 paste	 to	 prepare	 POM-modified	 amorphous	

carbon	(POM-C)	electrodes	with	a	POM	content	between	1	and	60%	in	weight.	Firstly,	

the	 electrocatalytic	 activity	 of	 such	electrodes	was	 analysed	by	 cyclic	 voltammetry	

(CV),	 where	 a	 strong	 water	 oxidation	 wave	 was	 observed.	 Then,	 Tafel	 plots	 were	

obtained	from	steady	state	current	measurements	with	a	90-110	mV/dec	Tafel	slope	

for	 those	 electrodes	 with	more	 than	 3%	 catalyst	 content,	 suggesting	 an	 electron-

transfer	rate-limiting	step.	The	lowest	overpotential	needed	to	reach	1	mA/cm2	was	

540	 mV	 obtained	 with	 a	 14%	 catalyst	 content.	 Bulk	 electrolysis	 experiments	 at	 a	

constant	1.3	V	vs	NHE	applied	potential	were	carried	out	during	8	hours,	showing	a	

constant	current	density	after	a	small	initial	decay.	This	demonstrates	the	long-term	

stability	of	Co9	in	heterogeneous	conditions.	The	oxygen	production	was	monitored	
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using	a	fluorescence	probe,	reaching	90%	Faradaic	efficiency.	Moreover,	analogous	

experiments	with	CoOx	were	performed	to	determine	the	nature	of	the	true	catalyst.	

POM-C	 electrodes	 reached	 higher	 current	 densities	 than	 the	 corresponding	 CoOx	

blends,	with	equimolar	amounts	of	cobalt	content,	and	the	difference	was	even	higher	

when	 the	 experiments	 were	 done	 in	 acidic	 conditions	 (pH	 1).	 Additionally,	 the	

insoluble	POM	salt	was	recovered	and	characterised	after	the	catalytic	tests	and	no	

significant	changes	between	the	used	catalyst	and	the	fresh	one	were	detected.		

In	conclusion,	it	was	proved	that	the	catalytic	activity	of	homogeneous	WOCs	from	

POM	 chemistry	 can	 be	 maintained	 in	 the	 solid	 state,	 through	 incorporation	 of	

insoluble	species	into	a	solid-state	matrix.	This	is	a	suitable	strategy	to	obtain	robust	

electrodes	that	perform	heterogeneous	water	oxidation	catalysis	at	constant	rates	for	

hours	without	apparition	of	any	sign	of	fatigue	or	decomposition.	
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1.8. Thesis	Goals	

The	most	 plausible	 solution	 to	 satisfy	 the	world’s	 energy	demand,	 following	 an	

environmentally	friendly	approach,	is	the	use	of	renewable	energy,	such	as	the	energy	

from	the	sun.	Its	storage	into	chemical	bonds	(i.	e.	H2	and	O2)	can	be	a	smart	strategy	

to	overcome	the	energy	source	intermittency.	The	bottleneck	of	this	storing	systems	

is	the	oxidation	reaction	of	water	to	O2.	Therefore,	the	search	for	a	robust,	efficient	

and	 inexpensive	 heterogeneous	 water	 oxidation	 catalyst	 is	 one	 of	 the	 greatest	

challenges	that	scientists	are	facing	nowadays	for	the	implementation	of	this	energy-

solving	strategy	as	a	commercial	technology.		

The	objective	of	 this	work	will	 be	 the	 study	of	different	approaches	 to	develop	

suitable	working	anodes	based	on	Earth	abundant	materials	for	the	electrocatalytic	

water	 oxidation	 reaction	 in	 different	 media.	 On	 one	 hand,	 the	 active	 POM	

[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16–	 (Co9)	 will	 be	 incorporated	 on	 to	 different	

supports	 to	 electrocatalyse	 heterogeneous	 water	 oxidation	 in	 acidic	 and	 neutral	

conditions.	 On	 the	 other	 hand,	 binary	 and	 ternary	 mixed	 metal	 oxides	 will	 be	

employed	 in	 the	 heterogeneous	 electrocatalytic	 water	 oxidation	 reaction	 in	 basic	

media.		

v In	Chapter	2,	we	present	the	precipitation	of	Co9	POM	with	Ba2+	and	Cs+	that	

leads	 to	 the	 formation	of	water-insoluble	 salts	 that	 can	be	blended	with	 a	

solid-state	 matrix	 (i.	 e.	 carbon	 paste)	 and	 incorporated	 into	 electrodes	 to	

efficiently	catalyse	heterogeneous	water	oxidation	 in	acidic	media.	The	Ba-

Co9	catalyst	outperforms	the	state-of-the-art	IrO2	noble	metal	catalysts,	with	

lower	onset-potential	and	robust	current	densities.	

v In	Chapter	3,	the	homogeneous	Co9	POM	is	 incorporated	 into	a	conducting	

polymer	matrix	(i.	e.	polypyrrole)	by	electropolymerisation	in	order	to	obtain	

organic-inorganic	 active	 anodes	 in	 the	 electrocatalytic	 water	 oxidation	

reaction	 in	 neutral	 conditions.	 This	 interesting	 processing	 approach	 yields	

versatile	electrodes	obtained	from	low	cost	and	available	raw	materials.	
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v In	Chapter	4,	the	synthesis	of	mixed	metal	oxides	based	on	Earth	abundant	

metals	 and	 the	 determination	 of	 the	 best	 chemical	 composition	 towards	

electrocatalytic	 water	 oxidation	 in	 basic	 media	 is	 presented,	 as	 well	 as,	 a	

complete	characterisation	of	their	crystal	structure.	

This	Thesis	highlights	the	utility	of	heterogeneous	water	oxidation	catalysts	based	

on	Earth	abundant	metals	and	the	importance	of	a	good	processing	method	in	order	

to	obtain	 suitable	electrodes	active	 towards	electrochemical	water	oxidation	 in	a	

wide	range	of	pH.		
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2.1. Introduction	

The	 huge	 number	 of	 CO2	 emissions,	 coming	 from	 the	 use	 of	 fossil	 fuels,	 are	

generating	a	serious	environmental	global	issue.	A	good	strategy	to	face	this	problem	

would	 be	 the	 use	 of	 renewable	 energies,	 being	 the	 energy	 from	 the	 sun	 the	 best	

alternative.	However,	as	described	in	the	previous	chapter,	this	clean	energy	source	

is	intermittent.	Therefore,	its	storage	is	a	must	in	order	to	develop	a	sustainable	and	

environmentally	 friendly	energy	cycle.	One	of	the	most	promising	approaches	 is	 its	

storage	into	chemical	bonds,	such	as	H2	and	O2,	process	that	occurs	in	a	device	called	

electrolyser.	

As	 explained	 in	 the	 previous	 chapter,	 in	 the	 water	 splitting	 process	 two	

semireactions	take	place:	the	oxidation	of	water	to	molecular	oxygen	(OER)	and	the	

reduction	of	protons	to	molecular	hydrogen	(HER).	The	thermodynamic	potential	of	

both	 semireactions	 is	 pH	 dependent	 and	 the	water	 oxidation	 reaction	 is	 generally	

considered	as	the	bottleneck	of	the	whole	process.	

2H#O ⇌ O# + 4H( + 4e*											E,-./0
1 = 1.23 − 0.059 · pH	(	V	vs	NHE)		Eq.	2.1.	

4H( + 4e* ⇌ 2H#																				EC,DE./0
1 = 0.00 − 0.059 · pH	(	V	vs	NHE)		Eq.	2.2.	

The	most	promising	electrolysis	device	to	perform	water	splitting	in	a	commercial	

scale	is	based	on	solid	polymer	electrolyte	membrane	technology	(PEM-electrolyser).	

This	device	can	operate	at	high	current	densities	(~2	A/cm2)	thanks	to	the	presence	

of	a	very	thin	electrolyte	membrane	with	a	high	proton	conductivity	(0.1±0.02	S·cm–

1)	and	minimum	ohmic	losses.	Moreover,	there	is	low	gas	crossover	rate	through	the	

polymer	electrolyte	membrane,	yielding	hydrogen	with	high	purity	and	allowing	the	

system	 to	work	under	 a	wide	 range	of	power	 input.	Nevertheless,	 there	are	 some	

negative	aspects	that	minimise	the	implementation	of	these	compact	devices	in	the	

market,	 which	 are	 directly	 related	 to	 the	 corrosive	 acidic	 regime	 provided	 by	 the	

proton	 exchange	 membrane.	 These	 acidic	 conditions	 imply	 the	 use	 of	 corrosion-

resistant	materials	in	the	development	of	the	device	components	(current	collectors	

and	separator	plates),	 such	as	 titanium.	Moreover,	 the	catalysts	used	must	survive	

under	 such	demanding	conditions	and,	up	 to	now,	only	noble	 scarce	materials	are	
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capable	to	do	it,	such	as	those	based	on	platinum,	iridium	and	ruthenium.1	Therefore,	

the	need	to	develop	an	efficient	catalyst	based	on	Earth	abundant	metals	stable	under	

acidic	oxidising	conditions	is	a	need.	This	great	challenge	has	to	be	overcome	in	order	

to	develop	a	 carbon-free	energy	 cycle	 capable	 to	 supply	 the	 future	 society	 energy	

demand.	

Transition	metal	 oxides	 are	 good	water	 oxidation	 catalysts	 in	 alkaline	media.2–9	

Unfortunately,	all	of	them	loose	their	remarkable	activity	at	lower	pH.10,11	Essentially,	

only	cobalt	oxides	appear	to	retain	interesting	activity	at	neutral	pH	(pH~7)	with	the	

help	 of	 ancillary	 electrolytes.12,13	 However,	 at	 higher	 proton	 concentration	 the	

catalytic	performance	is	insufficient	and	corrosion	becomes	a	major	issue.	Therefore,	

different	 strategies	 have	 been	 developed	 in	 order	 to	 enhance	 the	 performance	 of	

transition	metal	oxides	in	acidic	media,14–16	but	none	of	them	can	still	compete	with	

the	activity	of	IrO2.		

As	 an	 alternative	 to	 oxides,	 cobalt	 containing	polyoxometalates	 (Co-POM)	have	

shown	to	be	promising	homogeneous	Earth	abundant	WOCs	at	close-to-neutral	pH.17–

20	Although	their	genuine	activity	was	put	into	close	scrutiny,21–23	it	was	demonstrated	

that	 they	 are	 genuine	 molecular	 WOCs	 under	 controlled	 working	 conditions.24–27	

Furthermore,	POMs	can	be	immobilised	into	modified	electrodes	to	be	employed	as	

heterogeneous	 water	 oxidation	 catalysts.	 However,	 these	 polyanionic	 species,	

obtained	as	salts	with	a	variety	of	countecations,	are	typically	insulators.	Therefore,	

due	 to	 their	 high	 intrinsic	 electrical	 resistance,	 they	 need	 to	 be	 combined	 with	 a	

conductive	support	to	be	incorporated	into	water	splitting	anodes.		

The	 first	 example	 of	 a	 modified	 electrode	 for	 water	 oxidation	 catalysis	 by	

immobilisation	of	a	POM	into	a	conductive	material	was	reported	by	Bonchio	et	al.	in	

2010.28	 They	 incorporated,	 through	 electrostatic	 interactions,	 the	 polyoxometalate	

salt	 Li10[Ru4(µ-OH)2(H2O)4(g-SiW10O36)2]	 (Ru4)	 into	water-soluble	multiwalled	 carbon	

nanotubes	 (MWCNTs)	 previously	 decorated	 with	 polyamidoamine	 ammonium	

dendrimers	(PAMAM),	to	obtain	the	Ru4@MWCNT-PAMAM	composite.	The	modified	

electrodes	were	prepared	by	drop-casting	an	aqueous	solution	containing	the	hybrid	

composite	onto	an	ITO	electrode	surface	and	their	performance	was	studied	by	cyclic	
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voltammetry.	These	Ru4@MWCNT-PAMAM	modified	electrodes	showed	high	surface	

area,	good	mechanical	properties	and	good	thermal	stability.	To	determine	the	role	

of	 each	 composite	 component	 in	 the	 electrode	 performance,	 different	 tests	 were	

done	with	distinct	compositions.	On	one	hand,	a	POM-free	MWCNT-PAMAM	solution	

was	deposited	on	the	ITO	electrode	yielding	no	activity	towards	electrocatalytic	water	

oxidation.	On	the	other	hand,	different	solutions	containing	Ru4	were	deposited	on	

the	 ITO	 surface:	 Ru4,	 Ru4	 with	 amorphous	 carbon	 (Ru4@AC)	 and	 Ru4	 with	 the	

dendrimer	 decorated	 MWCNT	 (Ru4@MWCNT-PAMAM).	 All	 of	 these	 modified	

electrodes	 were	 active	 towards	 electrocatalytic	 water	 oxidation,	 being	 the	

Ru4@MWCNT-PAMAM	 the	 one	 with	 best	 performance.	 The	 TOF	 efficiency,	

determined	by	chronoamperometric	experiments,	was	0.01	s–1	at	0.35	V	overpotential	

and	0.085	s–1	at	0.6	V.	These	results	confirmed	the	good	synergetic	effect	between	

the	POM	and	the	conductive	support	material,	although	no	long-term	stability	tests	

were	performed.	

In	 2012,	 Xie	 et	 al.	 reported	 the	 immobilisation	 of	 the	 POM	 [Co4(H2O)2(a-

PW9O34)2]10–	(Co4)	in	ordered	mesoporous	carbon	nitride	(MCN).29	MCN	is	an	attractive	

electrocatalytic	support	material	due	to	its	uniform	nanochannels,	high	surface	area	

and	 outstanding	 conductivity.	 In	 particular,	MCN	 has	 –NH2	 and	 –NH	 groups	 on	 its	

mesoporous	 walls,	 which	 can	 be	 protonated	 to	 –NH3
+	 providing	 sites	 for	 the	

electrostatic	 immobilisation	 of	 the	 anionic	Co4	 POM.	 The	 preparation	 of	Co4/MCN	

catalyst	 involved	 a	 two-step	 process.	 First,	 the	 synthesised	 MCN	 was	 left	 under	

vacuum	to	 remove	air	 trapped	 inside	 the	mesopores	and	 impurities.	 Secondly,	 the	

vacuum-treated	 and	 protonated	 MCN	 materials	 were	 immersed	 in	 an	 aqueous	

solution	of	Co4,	yielding	a	well	dispersed	Co4/MCN	hybrid	composite	after	24	hours.	

The	 active	 anodes	 for	 catalytic	water	 oxidation	were	 prepared	 by	 drop-casting	 an	

aqueous	solution	of	this	Co4/MCN	composite	on	to	an	ITO	electrode.	Additionally,	ITO	

electrodes	 were	 also	 modified	 with	 POM-free	 and	 with	 a	 lipophilic	 salt	 of	 Co4	 to	

determine	the	role	of	each	component	 in	the	catalytic	activity.	The	electrocatalytic	

performance	 of	 the	 electrodes	 was	 studied	 by	 cyclic	 voltammetry	 in	 a	 phosphate	

buffer	 (pH	 7).	 The	 best	 results	 were	 obtained	 with	 the	 Co4/MCN	 modified	 ITO	
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electrodes,	 while	 the	 POM-free	 and	 the	 MCN	 modified	 electrodes	 gave	 lower	

response.	Stability	studies	were	performed	at	1.6	V	vs	NHE	applied	potential	for	1000	

s	at	pH	7,	yielding	a	95%	Faradaic	efficiency	and	a	TOF	of	0.3	s–1.	The	X-ray	absorption	

near	edge	structure	(XANES)	results	suggested	the	formation	of	a	bond	between	Co4	

and	MCN,	which	 could	 be	 the	 responsible	 for	 the	 highly	 catalytic	 water	 oxidation	

activity.	No	significant	changes	were	observed	on	the	hybrid	composite	after	use	in	

catalytic	experiments,	although	no	long-term	stability	tests	were	carried	out.	

One	 year	 later,	 Bonchio	et	 al.	 published	 the	 activity	 of	 graphene	 functionalised	

nanosheets	with	Ru4	towards	electrocatalytic	water	oxidation	reaction	at	neutral	pH.30	

Pristine	graphene	was	functionalised	with	a	polyaminoamide	ammonium	dendrimer	

(PAMAM)	 via	 direct	 1,3-dipolar	 cyclo-addition	 to	 obtain	 dendron	 functionalised	

graphene	(d-G).	The	polyanion	Ru4	was	assembled	to	the	d-G	through	electrostatic	

interactions	at	pH	5	and,	then,	an	aqueous	solution	of	the	hybrid	composite	was	drop-

casted	on	 ITO	and	 screen-printed	 carbon	 (SPC)	electrodes.	Cyclic	 voltammetry	and	

chronoamperometric	 experiments	 showed	 that	 these	 new	 modified	 electrodes	

(Ru4@d-G@SPC)	 worked	 at	 lower	 overpotentials	 and	 had	 higher	 TOF	 than	 the	

MWCNTs	 counterparts.	 Therefore,	 the	 use	 of	 graphene	 nanosheets	 is	 more	

convenient	 than	 employing	 MWCNTs	 as	 electrocatalytic	 support	 material	 for	

electrocatalytic	water	oxidation.	Moreover,	the	stability	of	Ru4@d-G@SPC	electrodes	

was	tested	by	sequential	chronoamperometry	experiments,	with	only	1%	current	loss	

after	4	hours	of	experiment.	 The	authors	 suggested	 that	 the	good	performance	of	

these	 electrodes	 resides	 in	 the	 non-invasive	 and	 highly	 dispersed	 surface	

modification.	

The	 same	 year,	 Hill	et	 al.	 presented	 a	 similar	 strategy	 to	 integrate	Ru4	 POM	 in	

modified	graphene	towards	the	development	of	active	anodes	for	the	electrocatalytic	

water	oxidation	 reaction	 in	neutral	and	acidic	media.31	 Firstly,	 graphene	oxide	was	

reduced	 and	 electrochemically	 deposited	 on	 the	 surface	 of	 glassy	 carbon	 (GC)	

electrodes	 to	 prepare	 two	 kinds	 of	 electrodes:	 wet	 graphene	modified	 electrodes	

(wG)	and	dried	graphene	modified	electrode	(dG).	Both	were	prepared	in	the	same	

way,	 but	 the	 latter	 were	 dried	 in	 air	 prior	 to	 use.	 Secondly,	 Ru4	 POM	 was	
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electrostatically	 immobilised	 by	 soaking	 the	 electrodes	 (with	 electrodeposited	

graphene)	 overnight	 into	 an	 aqueous	 solution	 containing	 the	 POM.	 Both	modified	

electrodes,	 Ru4@dG@GC	 and	 Ru4@wG@GC,	 were	 studied	 by	 cyclic	 voltammetry	

employing	 0.5	 M	 H2SO4	 as	 electrolyte	 being	 Ru4@wG@GC	 the	 ones	 with	 best	

performance.	Authors	attributed	this	difference	to	the	higher	porous	structure	of	the	

wet	graphene,	which	allows	for	a	much	higher	loading	of	the	POM	compared	with	the	

dried	graphene	(confirmed	by	EDX	data).	Chronoamperometric	stability	 tests	at	pH	

7.5	 with	 0.1	M	 NaBi	 buffer	 and	 1	M	 Ca(NO3)2	 as	 electrolyte	 were	 performed	 at	 a	

constant	1.5	V	vs	NHE	applied	potential.	During	the	electrochemical	measurements,	a	

current	decay	was	observed	due	to	the	accumulation	of	O2	bubbles	on	the	surface	of	

the	 electrode,	 which	 decreased	 the	 active	 surface	 area.	 The	 EDX	 analysis	 of	 the	

catalyst	after	chronoamperometry	tests	showed	no	difference	compared	to	the	fresh	

catalytic	species.	Furthermore,	experiments	with	RuO2-graphene	modified	electrodes	

were	done	to	rule	out	the	possible	catalytic	performance	of	RuO2	nanoparticle	formed	

in	situ	during	the	electrocatalytic	experiments.	The	active	Ru4@wG	electrodes	showed	

a	TOF	of	0.82	s–1	at	an	overpotential	of	0.35	V,	which	is	80	times	more	active	than	the	

Ru4@MWCNT	 modified	 electrodes	 at	 the	 same	 overpotential.	 Thus,	 authors	

suggested	that	the	presence	of	a	non-conducting	PAMAM	dendrimer	on	the	graphene	

surface	has	a	negative	impact	on	the	activity	of	the	catalyst.		

Also	 in	 2013,	 Galán-Mascarós	 et	 al.	 reported	 the	 activity	 of	

Cs15K[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]	 (CsCo9)	 water-insoluble	 salt	 embedded	 into	

amorphous	 carbon	 paste	 (CP)	 modified	 electrodes	 towards	 electrocatalytic	 water	

oxidation	 at	 neutral	 conditions.32	 The	 modified	 electrodes	 were	 prepared	 by	

mechanically	mixing	 the	 cesium	 POM	 salt	 with	 carbon	 paste	 conducting	matrix	 in	

different	 ratios	 (1	 to	 60%	 in	 weight)	 and	 filled	 into	 the	 electrode	 pocket.	 The	

electrocatalytic	 activity	 of	 such	 electrodes	 was	 studied	 through	 different	

electrochemical	techniques	in	a	0.05	M	NaPi	buffer	with	1	M	NaNO3	as	electrolyte	(pH	

7).	Firstly,	cyclic	voltammetry	experiments	with	POM	modified	electrodes	showed	a	

strong	water	oxidation	wave,	whereas	analogous	experiments	only	with	CP	gave	a	flat	

response.	 Secondly,	 Tafel	 plots	 obtained	 from	 steady	 state	 current	measurements	
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suggested	 that	 there	 was	 an	 electron-transfer	 rate-limiting	 step	 and	 the	 lowest	

overpotential	needed	to	reach	1	mA/cm2	was	540	mV	(obtained	with	a	14%	catalyst	

content).	 Finally,	 long-term	 chronoamperometric	 tests	 at	 1.3	 V	 vs	 NHE	 constant	

applied	potential	were	carried	during	8	hours,	showing	a	small	decay	for	the	first	30	

minutes	 followed	 by	 a	 stable	 current	 density,	 which	 demonstrates	 the	 long-term	

stability	of	these	CsCo9/CP	electrodes	in	neutral	conditions.	Moreover,	the	Faradaic	

efficiency	 was	 90%,	 monitored	 by	 a	 fluorescence	 probe.	 Additionally,	 analogous	

experiments	with	CoOx	were	performed	to	determine	the	nature	of	the	true	catalyst.	

The	current	densities	reached	with	the	CoOx/CP	blends,	with	equimolar	amounts	of	

cobalt	 content,	were	 lower	 than	 the	ones	obtained	with	CsCo9/CP	electrodes.	 This	

difference	was	even	higher	when	the	experiments	were	performed	 in	acidic	media	

(pH	 1),	 where	 the	 CsCo9/CP	 blends	 showed	 unprecedented	 stability.	 Besides,	 the	

CsCo9	 salt	 was	 recovered	 and	 characterised	 after	 the	 catalytic	 tests,	 without	 no	

significant	changes	between	the	used	catalyst	and	the	fresh	one.	

In	 this	 chapter,	we	present	 the	 catalytic	water	oxidation	 activity	 of	 barium	and	

cesium	Co9	POM	salts	as	carbon	paste	mixtures	in	acidic	media.	Remarkably,	blends	

containing	the	BaCo9	water-insoluble	salt	outperform	the	state-of-the-art	IrO2	noble	

metal	catalyst,	with	lower	onset-potential	and	robust	current	densities.	These	results	

represent	 a	 breakthrough	 in	 the	 development	 of	 efficient	 and	 inexpensive	WOCs	

based	on	Earth	abundant	metals	suitable	for	acidic	water	electrolysis.		
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2.2. Results	and	Discussion	

2.2.1. Synthesis	

Water-insoluble	 cesium	 and	 barium	 salts	 of	 Co9	 were	 obtained	 by	 simple	

metathesis	 reaction,	 after	 addition	 of	 CsCl	 or	 BaCl2	 to	 an	 aqueous	 solution	 of	Co9	

potassium	 salt.33	 The	 presence	 of	 the	 [Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16–	 anion	 in	

both	 salts	was	confirmed	by	 infrared	spectroscopy	 (IR)	 (Figure	2.1.).	 IR	 spectra	are	

identical	to	the	initial	potassium	POM	salt.	In	POM	chemistry,	the	IR	bands	represent	

a	reliable	fingerprint	for	the	molecular	structure.										

	

Figure	2.1.	 IR	spectra	of	KCo9,	CsCo9	and	BaCo9	salts.	The	bands	present	between	900	and	

1100	cm–1	correspond	to	the	P-O	vibrational	modes,	while	the	strong	band	between	600	and	

750	cm–1	is	associated	to	the	W-O	bond	vibrational	modes.	

Additionally,	 the	 metallic	 composition	 of	 the	 compounds	 was	 determined	 by	

inductively	coupled	plasma	optical	emission	spectrometry	(ICP-OES)	after	digestion	of	

the	materials	in	acidic	conditions	and	heating.	The	number	of	water	molecules	in	each	

compound	 was	 determined	 by	 thermogravimetric	 analysis	 (TGA),	 showing	 28	

molecules	 of	 water	 for	 the	 cesium	 salt	 and	 55	 water	 molecules	 for	 the	 barium	

counterpart.	Both	analyses	together,	allowed	us	to	calculate	the	molecular	formula	of	

both	salts:	Cs15K[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]·28H2O	(CsCo9)	with	Mw=10107.15	

KCo9

CsCo9

BaCo9

! (cm-1)
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g/mole	 and	 Ba8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]·55H2O	 (BaCo9)	 with	 Mw=9659.40	

g/mole.	

	 Cs	 Ba	 K	 P	 Co	 W	

CsCo9	theoretical	 15	 -	 1	 5	 9	 27	

CsCo9	experimental	 14.8	 -	 1.3	 4.5	 9.3	 27	

BaCo9	theoretical	 -	 8	 -	 5	 9	 27	

BaCo9	experimental	 -	 8.1	 -	 4.9	 8.7	 27	

Table	2.1.	Stoichiometry	of	the	CsCo9	and	BaCo9	salts	extracted	from	the	ICP-OES	analyses.	

The	data	has	been	normalised	to	the	W	content	to	facilitate	the	lecture.		

	

Figure	2.2.	Thermogravimetric	analysis	for	CsCo9	(top)	and	BaCo9	(bottom).	

CsCo9

BaCo9
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Environmental	 scanning	 electron	 microscopy	 (ESEM)	 showed	 a	 homogeneous	

particle	size	distribution	 for	both	CsCo9	and	BaCo9	salts.	CsCo9	has	more	crystalline	

appearance,	 where	 particles	 have	 a	 diameter	 range	 between	 2-10	 µm	 with	 a	

polyhedral	shape,	while	BaCo9	presents	sharp	needles	with	2-5	µm	length.	The	higher	

crystallinity	of	the	cesium	salt	is	also	confirmed	by	powder	X-ray	diffraction	(powder	

XRD),	shown	in	Figure	2.4..		

				

				
Figure	 2.3.	 ESEM	 images	 of	 CsCo9	 and	 BaCo9	 salts	 at	 different	 magnifications:	 a)	 freshly	

prepared	CsCo9	at	2500	magnification;	b)	freshly	prepared	CsCo9	at	10000	magnification;	c)	

freshly	 prepared	 BaCo9	 at	 2500	 magnification;	 d)	 freshly	 prepared	 BaCo9	 at	 10000	

magnification.	

	

a) b)

c) c)
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Figure	2.4.	Powder	X-ray	diffraction	spectra	of	fresh	CsCo9	and	BaCo9	salts.	

CsCo9

BaCo9

2! (degrees)

2! (degrees)
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2.2.2. Electrochemistry	

Due	to	the	high	interest	of	acidic	water	oxidation	catalysis,	we	decided	to	test	the	

activity	 in	 acidic	 media	 of	 CsCo9	 and	 BaCo9	 salts.	 We	 blended	 each	 salt	 with	

commercial	carbon	paste	(CP,	formed	by	carbon	black	and	an	organic	oil	binder)	to	

obtain	a	modified	electrode	to	be	used	as	anode	in	water	electrolysis	experiments.	

The	carbon	paste	mixtures	were	prepared	in	a	mortar	by	mixing	carbon	paste	and	the	

catalyst	in	the	desired	ratio	by	weight.	Then,	the	electrode	pocket	was	filled	with	the	

catalyst/CP	homogeneous	blends.	

	

Figure	2.5.	Pictures	of	the	electrode	preparation	process:	a)	proper	amounts	of	catalyst	and	

CP;	b)	 resulting	homogeneous	mixture	of	catalyst	and	CP;	c)	 final	electrode	filled	with	the	

homogeneous	catalyst/CP	mixture.	

Initial	electrochemical	tests	were	performed	with	a	three-electrode	configuration	

in	1	M	H2SO4	solution	with	a	Rotating	Disc	Electrode	(CP-RDE)	with	0.07	cm2	of	surface	

area	as	working	electrode.	A	platinum	mesh	was	used	as	counter	electrode	and	the	

reference	electrode	was	 a	Ag/AgCl	 (3.5	M	KCl).	 The	 rotating	 speed	of	 the	working	

electrode	during	the	experiments	was	set	to	500	rpm,	to	assure	a	constant	diffusion	

layer	 thickness	 and	 minimal	 effect	 of	 the	 double-layer	 charging	 during	 the	

experiments.34	 The	 electrochemical	 activity	 of	 catalyst/CP	 blends	 was	 studied	 via	

linear	 sweep	 voltammetry	 (LSV)	 and	 current	 densities	 showed	 a	 rapid	 increase	

deviating	 from	the	 flat	 response	of	 the	carbon	paste,	 indicating	 the	appearance	of	

catalytic	currents	(Figure	2.6.).	The	catalyst	content	was	optimised	following	the	LSV	

response,	 reaching	optimal	performance	with	30-40%	ratios	 (in	weight).	Electrodes	

with	over	50%	catalyst	content	were	too	brittle	 for	accurate	measurements,	so	we	

limited	the	maximum	catalyst	content	to	40%	for	all	further	studies.		

a) b) c)
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Figure	 2.6.	 Electrochemical	 behaviour	 of	 Co-POM/CP	 electrodes:	 a)	 Linear	 sweep	

voltammetry	in	H2SO4	(1	M)	solution	with	a	CsCo9/CP	blend	working	electrode	for	different	

catalyst	 contents;	b)	 The	 same	experiments	with	BaCo9/CP	blend	electrode.	CP	 labels	 the	

blank	experiment	with	carbon	paste-only	electrode.	

The	 electrodes	 containing	 BaCo9	 showed	 significantly	 better	 electrocatalytic	

performance	 compared	 to	 the	 CsCo9/CP	 counterparts	 (Figure	 2.6.).	 The	 minimum	

onset-potential	for	40%	CsCo9/CP	was	1.42	V	vs	NHE	(h=196	mV),	while	the	same	ratio	

for	BaCo9/CP	electrodes	exhibited	an	onset-potential	of	h=88	mV	and	higher	current	

densities	in	the	potential	range	studied.	This	huge	improvement	in	voltage	efficiency	

suggests	a	strong	influence	of	the	countercation	in	electrocatalysis	kinetics,	since	both	

salts	 contain	 the	 same	 active	 Co-POM.	 The	 origin	 of	 this	 positive	 effect	 could	 be	

related	to	better	electron	transfer	kinetics.	However,	without	 further	experimental	

evidence,	we	cannot	discard	that	it	can	be	related	to	the	higher	hydration,	different	

surface	area/interface	or	lower	crystallinity.		
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2.2.3. Comparative	Electrochemistry	

The	comparison	of	the	OER	activities	among	different	catalysts	is	a	difficult	task35	

because	 many	 parameters	 affect	 the	 overall	 performance,	 including	 particle	 size,	

active	 surface	 area,	 accessibility	 to	 active	 sites,	 electrode	 geometry,	 electronic	

interface,	etc.	 In	order	 to	put	 into	context	our	Co-POM	results,	we	carried	out	 the	

same	experiments	using	IrO2/CP	and	Co3O4/CP	blends.	 IrO2	represents	the	state-of-

the-art	water	oxidation	catalyst	in	acidic	media,	whereas	Co3O4	is	the	most	plausible	

CoOx	species	formed	via	decomposition	of	the	parent	POM.	

As	shown	in	Figure	2.7.,	no	IrO2/CP	blend	can	match	the	catalytic	activity	of	the	Co-

POM	electrodes	at	low	overpotentials	at	the	same	catalyst	content	in	weight.	Notably,	

the	BaCo9/CP	 blend	 exceeds	 the	 performance	 of	 the	 noble	metal	 oxide	 in	 all	 the	

potential	range	studied.	Using	BaCo9/CP	blends,	lower	potentials	are	needed	to	reach	

the	same	current	densities	compared	to	the	IrO2/CP	mixtures.	In	Table	2.2.,	the	onset-

potential	and	the	overpotential	needed	to	reach	a	current	density	of	1	mA/cm2	and	

10	mA/cm2	are	shown	for	different	catalyst	content.	A	remarkable	difference	of	246	

mV	for	the	onset-potential	of	water	oxidation	between	BaCo9/CP	(40%)	blends	and	

IrO2/CP	(40%)	and	a	97	mV	difference	to	reach	a	current	density	of	10	mA/cm2	should	

be	highlighted.	

	

Figure	2.7.	Linear	sweep	voltammetry	in	H2SO4	(1	M)	solution	with	a	IrO2/CP	blend	working	

electrode	for	different	catalyst	content,	compared	with	a	40%	CsCo9/CP	and	a	40%	BaCo9/CP	

electrodes.	
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	 Catalyst	(total	mg)	 honset	(mV)	

cat/CP	(%)	 CsCo9	 BaCo9	 IrO2	 Co3O4	 CsCo9	 BaCo9	 IrO2	 Co3O4	

40	 13	 11	 14	 19	 196	 88	 334	 90	

30	 11	 9	 12	 14	 236	 103	 335	 196	

20	 8	 7	 9	 8	 246	 164	 363	 305	

10	 4	 4	 5	 4	 363	 280	 393	 386	

	 h	(mV)	@	1	mA/cm2	 h	(mV)	@	10	mA/cm2	

cat/CP	(%)	 CsCo9	 BaCo9	 IrO2	 Co3O4	 CsCo9	 BaCo9	 IrO2	 Co3O4	

40	 306	 189	 379	 221	 466	 361	 458	 410	

30	 316	 244	 388	 311	 >500	 384	 480	 446	

20	 324	 240	 416	 357	 >500	 404	 >500	 454	

10	 395	 314	 447	 412	 >500	 434	 >500	 485	

Table	2.2.	Comparison	of	linear	sweep	voltammetry	data	for	Co-POM/CP	electrodes	with	the	

corresponding	iridium	and	cobalt	oxide	blends	as	a	function	of	catalyst	content.		

Onset-overpotentials	 (honset)	 showed	 in	 Table	 2.2.,	 were	 estimated	 from	 the	

intersecting	point	between	the	 tangent	 lines	of	 the	Faradaic	 (above	 j=0.2	mA/cm2)	

and	non-Faradaic	(below	j=-0.1	mA/cm2)	currents.	Figure	2.8.	shows	the	estimation	of	

the	onset-potential	for	40%	catalyst/CP	blends.	
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Figure	2.8.	Estimation	of	the	water	oxidation	onset-potential	from	linear	sweep	voltammetry	

data	in	H2SO4	(1	M)	solution	with	a	40%	catalyst/CP	blend.	

Moreover,	the	superior	performance	of	BaCo9/CP	blends	is	even	more	evident	if	

we	 take	 into	 account	 the	 total	 number	 of	 possible	 active	 sites	 in	 each	 modified	

electrode,	given	the	different	molecular	weight.	The	estimation	of	the	actual	active	

layer	 is	very	difficult,	 since	 there	 is	no	way	 to	precisely	determine	 the	exact	active	

portion	of	the	electrode	pocket	 in	the	catalytic	experiments	(electrode	pocket	with	

nominal	surface	are	of	0.07	cm2	and	a	total	depth	of	4	mm).	Therefore,	to	quantify	the	

number	 of	 possible	 active	 sites	 for	 comparison	 studies	 we	 designed	 a	 systematic	

procedure:	the	electrodes	were	weighted	before	and	after	the	incorporation	of	the	

desired	 catalyst/CP	 mixture.	 Taking	 into	 account	 the	 catalyst/CP	 ratio,	 the	 exact	

amount	of	 catalyst	was	determined,	 as	well	 as,	 the	 total	 content	 (moles)	 of	metal	

present.	Although	not	all	the	catalyst/CP	is	active,	estimating	the	total	catalyst	content	

gives	us	the	maximum	active	sites	limit	(and	minimum	activity	per	active	site).	Finally,	

all	active	metals	(Co	or	Ir)	were	identified	as	viable	active	sites.	Additionally,	it	should	

be	noted	 that	 in	 the	case	of	Co9	only	six	Co	positions	are	viable	active	sites	 (those	

directly	bounded	to	water	molecules),	but	we	are	counting	for	all	nine	Co	positions	in	

these	calculations.	We	present	an	example	for	the	calculation	of	the	number	of	active	

sites	in	a	30%	BaCo9/CP	blend.	

j(
m
A/
cm

2 )

! (V)

BaCo9 CsCo9 IrO2Co3O4



Chapter	2	 	

	

118	

	

m𝐁𝐚𝐂𝐨𝟗/OP	Q-	DE0	0R0CDS./0	T.CU0D = 31.26	mg	

m𝐁𝐚𝐂𝐨𝟗 = 9.38	mg	

9.38mg	𝐁𝐚𝐂𝐨𝟗 ·
1	mmole	𝐁𝐚𝐂𝐨𝟗

9659.40	mg	𝐁𝐚𝐂𝐨𝟗
·

9	mmole	Co
1	mmole	𝐁𝐚𝐂𝐨𝟗

·
10\	µmole	Co
1	mmole	Co

= 8.74	µmole	Co	

If	we	normalise	 the	current	densities	obtained	 in	 the	 linear	sweep	voltammetry	

experiments	 by	 the	 number	 of	 possible	 total	 active	 sites,	 the	 difference	 among	

catalysts	 is	 even	 more	 remarkable.	 For	 the	 same	 catalyst	 weight,	 IrO2/CP	 blends	

contain	at	least,	five	times	more	active	sites	than	the	corresponding	BaCo9/CP	blend.	

Thus,	BaCo9	easily	outperforms	the	kinetics	of	the	best	state-of-the-art	OER	catalyst	

in	 acidic	media,	 per	weight	 and	 per	mole,	 while	 being	 obtained	 from	 inexpensive	

starting	materials	 (barium,	cobalt,	phosphate	and	 tungstate),	 representing	 the	 first	

competitive	catalyst	of	its	kind.	

	

Figure	2.9.	Normalised	linear	sweep	voltammetry	in	H2SO4	(1	M)	solution	for	30%	catalyst/CP	

blends	with	respect	to	the	total	active	metal	content	(Co	or	Ir).		

We	also	studied	the	Tafel	plots	(Figure	2.10.)	to	determine	the	rate-determining	

step	of	the	electrochemical	process.	The	experiments	were	done	taking	steady	state	

current	density	data	in	the	0.0	V	<h<	0.4	V	range.	Tafel	slope	values	were	66	mV/dec	

(IrO2/CP);	 98	mV/dec	 (CsCo9/CP)	 and	 97	mV/dec	 (BaCo9/CP).	 The	 IrO2/CP	 slope	 is	

typical	of	this	catalyst36	indicating	chemically	controlled	kinetics.	On	the	contrary,	the	
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Co-POM	 slopes	 are	 higher,	 suggesting	 competition	 between	 a	 chemical	 and	 an	

electron-transfer	 limiting	step.	This	 is	not	surprising	due	to	the	 insulating	nature	of	

the	 Co-POM	 salts,	 when	 compared	 with	 the	 better	 conductivity	 of	 iridium	 oxide.	

Despite	the	higher	Tafel	slope,	the	BaCo9/CP	blends	reach	higher	currents	in	a	large	

potential	 range,	because	of	 its	 lower	onset-potential.	This	allows	 to	sustain	overall	

lower	energy	consumption	and,	therefore,	higher	energy	efficiency.	Extrapolating	the	

Tafel	plots	(only	valid	if	the	rate-determining	step	of	the	mechanism	does	not	change	

with	potential),	 IrO2	would	match	BaCo9	performance	at	overpotentials	over	0.7	V.	

Moreover,	the	identical	slope	for	both	Co-POMs	suggests	the	same	oxygen	evolution	

mechanism	is	taking	place	in	both	cases,	as	expected,	since	both	Co-POMs	contain	the	

same	active	sites.	

	

Figure	2.10.	Tafel	region	for	30%	catalyst/CP	blends	from	steady-state	chronamperometry	

experiments	in	H2SO4	(1	M)	solution.	Orange	and	blue	circles	are	duplicated	from	literature	

for	IrO2.
37,38	

It	 should	 be	 mentioned	 that	 the	 IrO2	 activity	 found	 in	 our	 CP	 blends	 is	 not	

comparable	with	the	state-of-the-art	IrO2	preparations.37	Additionally,	Jaramillo	et	al.	

reported	 how	 nanostructuration	 of	 IrO2/SrIrOx	 blends	 enhanced	 its	 already	 high	

catalytic	 activity.38	 Nevertheless,	 our	 BaCo9/CP	 electrodes	 exhibit	 better	 catalytic	
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activity	at	low	overpotentials	than	the	best	IrO2	results	available	(Figure	2.10.),37,38	and	

are	still	competitive	at	moderate	currents	up	to	10	mA/cm2.	

An	 important	 issue	 with	 Co-POMs	 is	 the	 possibility	 to	 evolve	 into	 the	

corresponding	 CoOx	 species	 (a	 competitive	 WOC)	 during	 water	 oxidation.	 As	

commented	in	previous	chapter,	CoOx	has	been	identified	as	the	major	active	phase	

in	 water	 oxidation	 catalysis	 when	 starting	 with	 Co-POMs	 in	 certain	 experimental	

conditions.21,22	Therefore,	to	gather	additional	evidence	on	the	possible	participation	

of	 traces	of	 adventitious	CoOx,	we	 carried	out	 the	 same	experiments	 starting	with	

Co3O4.	We	observed	that	the	water	oxidation	activity	of	Co3O4/CP	electrodes	is	clearly	

better	to	what	has	been	typically	reported	for	this	WOC	in	acid.39	This	suggests	that	

the	use	of	a	hydrophobic	binder,	and	an	appropriate	conducting	support,	could	extend	

the	use	of	classic	metal	oxides	into	acidic	media.	Additionally,	the	Co2+	that	might	be	

released	from	the	Co-POM	species	is	also	competent	WOC.11	However,	we	can	rule-

out	 the	participation	of	any	homogeneous	species	during	 these	experiments,	 since	

post-electrocatalytic	 ICP-OES	 data	 rejected	 the	 presence	 of	 any	 metal	 in	 solution	

(Table	2.4.	in	posterior	section).	

The	LSV	data	for	the	Co3O4/CP	blends	(Figure	2.11.	a)	showed	an	electrocatalytic	

performance	close	to	that	of	CsCo9/CP	by	weight,	reaching	a	very	low	onset-potential	

for	high	catalyst	contents	(Table	2.2).	Nevertheless,	the	Tafel	plots	indicate	a	different	

rate-determining	step,	with	significantly	higher	slopes	over	110	mV/dec	(Figure	2.10.).	

Furthermore,	 these	 oxide	 blends	 cannot	match	 the	BaCo9/CP	modified	 electrodes	

when	reaching	significant	current	densities	(over	1	mA/cm2).	As	described	before,	it	is	

worthy	to	mention	that	these	comparisons	per	weight	are	unfair	towards	the	Co-POM	

catalysts.	At	same	weight,	the	number	of	active	sites	in	an	oxide	electrode	is	about	

one	order	of	magnitude	higher,	due	to	its	lower	molecular	weight	and	higher	density	

of	 active	 sites.	 If	 we	 normalise	 current	 density	 data	 taking	 into	 account	 the	 total	

number	of	Co	centres,	the	activity	of	both	Co-POM/CP	is	remarkably	better	(Figure	

2.9.).	Additionally,	experimental	evidences	against	the	possible	major	participation	of	

CoOx	traces	in	the	Co-POM/CP	electrodes	appeared	in	the	LSV	data	(Figure	2.11.	b),	
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where	there	is	an	additional	pre-catalytic	event	in	the	Co3O4/CP	electrodes,	which	is	

absent	in	the	Co-POM/CP	blends	behaviour.	

	

Figure	2.11.	Linear	sweep	voltammetry	in	H2SO4	(1	M)	solution:	a)	Co3O4/CP	blend	working	

electrode	for	different	catalyst	content,	compared	with	a	40%	CsCo9/CP	and	a	40%	BaCo9/CP	

electrodes;	b)	pre-catalytic	region	of	40%	BaCo9/CP	and	Co3O4/CP	electrodes,	showing	the	

event	that	appears	exclusively	in	the	case	of	cobalt	oxide.	
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2.2.4. Active	Surface	Area	

Additional	characterisation	experiments	were	carried	out	to	check	if	the	different	

catalytic	activity	of	Co-POM/CP	blends	compared	to	IrO2/CP	and	Co3O4/CP	electrodes	

was	only	due	to	different	surface	area	in	the	as-prepared	materials	or	in	the	electrode	

blend.	

On	 one	 hand,	 we	 determined	 the	 BET	 surface	 area	 from	 the	 adsorption	 and	

desorption	 isotherms	 for	 all	 four	 catalyst,	 previously	 degassed	 at	 120ºC	 during	 12	

hours.	The	results	do	not	show	significant	differences,	with	very	small	BET	areas	for	

all	materials	(Table	2.3.).	

	 BET	surface	area	(m2/g)	

BaCo9	 10.6	

CsCo9		 2.3	

Co3O4	 27.5	

IrO2	 2.2	

Table	2.3.	BET	surface	area	values	for	the	as-prepared	catalysts.	
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Figure	2.12.	Adsorption	and	desorption	isotherms	of	BaCo9,	CsCo9,	Co3O4	and	IrO2	previously	

degassed	at	120ºC	during	12	h.	

On	the	other	hand,	we	analysed	the	double	layer	capacitance	(Cdl)	of	the	electrodes	

using	cyclic	voltammetry,	which	is	expected	to	be	linearly	proportional	to	the	effective	

active	surface	area.	Determining	the	exact	surface	area	is	difficult	due	to	the	unknown	

behaviour	of	the	catalyst	and	conducting	support,	but	we	can	easily	estimate	relative	

surface	areas	taking	into	account	the	calculated	Cdl.		

To	calculate	the	Cdl,	we	analysed	a	region	in	the	CV	(0.8-0.9	V	vs	Ag/AgCl	3.5	M	KCl)	

where	the	current	response	does	not	arise	from	any	redox	or	catalytic	process,	so	it	

must	be	due	to	the	charging	of	the	double	layer	(Figure	2.13.).	We	can	estimate	the	

Cdl	by	plotting	Dj	(ja-jc)	at	0.85	V	vs	Ag/AgCl	(3.5	M	KCl)	against	the	scan	rate,	where	

the	slope	is	twice	the	Cdl	(Figure	2.14.).	The	values	obtained	for	30%	catalyst/CP	were	

385.2	mF/cm2	for	BaCo9/CP	6.2	mF/cm2	for	CsCo9/CP	8.7	mF/cm2	for	Co3O4/CP	and	

0.6	mF/cm2	for	IrO2/CP.	
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Figure	2.13.	Cyclic	voltammograms	in	the	region	of	0.8-0.9	V	vs	Ag/AgCl	(3.5	M	KCl)	for	30%	

catalyst/CP	blends	at	different	scan	rates:	a)	BaCo9/CP;	b)	CsCo9/CP;	c)	Co3O4/CP;	d)	IrO2/CP.	

Colour	labels:	20	mV/s	(black),	40	mV/s	(dark-blue),	60	mV/s	(red),	80	mV/s	(dark-green),	100	

mV/s	(light-blue),	120	mV/s	(pink),	140	mV/s	(light-green),	160	mV/s	(orange)	and	180	mV/s	

(purple).	
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Figure	2.14.	Difference	in	current	density	(Dj=ja-jc)	at	0.85	V	vs	Ag/AgCl	(3.5	M	KCl)	plotted	

against	scan	rate	fitted	to	a	linear	regression	allows	the	estimation	of	Cdl.	

The	 results	 show	 how	 Cdl	 is	 two	 orders	 of	 magnitude	 higher	 for	 the	 BaCo9/CP	

electrodes,	which	cannot	be	related	to	the	difference	in	BET	surface	area.	Therefore,	

these	results	indicate	that	the	surface	of	the	BaCo9	catalyst	is	intrinsically	more	active	

towards	water	oxidation,	which	might	be	related	to	the	crystalline	surface	structure	

of	this	material	and	maybe	to	the	presence	of	the	Ba2+	cations	in	close	proximity.	
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2.2.5. Oxygen	Evolution	

Bulk	water	electrolysis	experiments	with	catalysts/CP	blends	at	a	constant	current	

density	of	1	mA/cm2	showed	good	stability.	After	a	slight	decay	in	the	first	minutes,	

the	overpotential	remained	constant	for,	at	least,	one	hour.		

	

Figure	2.15.	Chronopotentiometry	data	in	H2SO4	(1	M)	solution	at	a	constant	anodic	current	

of	1	mA/cm2	with	30%	catalyst/CP	blends.	

During	 the	 chronopotentiometry	 measurements	 of	 BaCo9/CP,	 CsCo9/CP	 and	

Co3O4/CP	 blends	 we	 monitored	 oxygen	 evolution	 with	 an	 Ocean	 Optics	 NeoFOX	

oxygen	sensing	system	equipped	with	a	FOXY	probe	(fluorescence	probe).	Firstly,	the	

FOXY	probe	was	calibrated	with	a	two-point	calibration,	fixing	0%	O2	under	N2	flow	

and	20.9%	O2	in	air.	Then,	the	experiments	were	carried	out	in	an	H-cell	where	the	

anode	 and	 cathode	 compartments	 were	 separated	 by	 a	 porous	 frit	 and	 the	 FOXY	

probe	was	inserted	into	the	gas	space	of	the	anodic	compartment	(Vgas	space~4.9	mL).	

Afterwards,	the	solution	was	completely	deaerated	by	purging	with	N2	for	at	least	1h.	

Before	starting	the	electrochemical	experiment,	N2	flow	was	removed	and	a	base	line	

of	10	minutes	was	recorded.		
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Figure	2.16.	Picture	of	the	electrochemical	system	during	oxygen	measurement.	The	labels	

stand	for	WE	(working	electrode),	RE	(reference	electrode),	CE	(counter	electrode)	and	FOXY	

(fluorescence	probe).	

The	moles	of	O2	generated	during	the	electrochemical	experiment	were	calculated	

with	the	following	equation,	considering	ideal	gas	behaviour:	

n`a =
%O# · Pd`def · Vgeh	hPeOi

R · T
																											𝐸𝑞. 2.3.	

where	%	O2	is	given	by	the	FOXY	probe,	PTOTAL	is	1	atm,	VGAS	SPACE	(L)	is	measured	for	

each	 experiment,	 R	 is	 0.082	 (atm·L/K·mole)	 and	 T	 is	 298	 K.	 The	 Faradaic	 oxygen	

production	curve	was	calculated	taking	into	account	the	charge	data	flown	during	the	

chronopotentiometry	experiment	as	described	in	the	following	equation:	

n`a =
Q

n0o · F
																																											𝐸𝑞. 2.4.	

where	Q	(C)	 is	the	charge	passed	through	the	system,	n0o = 4	 is	the	number	of	

electrons	 needed	 to	 generate	 one	 molecule	 of	 O2,	 and	 F	 is	 the	 Faraday	 constant	

(96485	C/mole).	

Figure	 2.17.	 shows	 the	 oxygen	 evolution	 measurements	 for	 30%	 BaCo9/CP,	

CsCo9/CP	and	Co3O4/CP	blends.	There	was	a	Faradaic	production	(>99%)	for	both	Co-

POM/CP	electrodes,	indicating	negligible	contribution	to	the	total	measured	currents	

from	any	other	redox	process.	Moreover,	the	oxygen	evolution	in	the	case	of	cobalt	
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oxide	 is	 not	 Faradaic	 (~60-70%),	 which	 is	 an	 additional	 evidence	 of	 a	 different	
electrochemical	mechanism.	Probably,	Co3O4	 is	partially	 catalysing	 the	oxidation	of	

the	CP	component.	

	

Figure	2.17.	Oxygen	evolution	(blue	trace)	and	maximum	Faradaic	oxygen	production	(red	

line)	during	water	electrolysis	in	H2SO4	(1	M)	with	a	30%	catalyst/CP	electrodes	at	a	constant	

current	 of	 1	 mA/cm2.	 The	 arrows	 indicate	 initial	 and	 final	 electrolysis	 times.	 The	 delay	

between	electrochemical	data	and	oxygen	detection	is	due	to	the	temporary	trapping	of	the	

evolving	gas	in	the	carbon	paste.	a)	CsCo9/CP;	b)	BaCo9/CP;	c)	Co3O4/CP.	
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2.2.6. Post-catalytic	Analysis	

After	two-hour	electrolysis	experiments	with	30%	Co-POM/CP	blends	at	a	constant	

current	density	of	1	mA/cm2	the	catalytic	materials	were	recovered	from	the	carbon	

paste.	 The	 Co-POM/CP	 blend	 (~40	 mg)	 was	 suspended	 in	 acetone	 (30	 mL)	 and	

sonicated	 during	 5	 minutes.	 Afterwards,	 the	 supernatant	 liquid,	 which	 contained	

principally	carbon	black	and	the	organic	oil	binder,	was	decanted	to	retain	the	catalyst	

material	in	the	beaker.	This	procedure	was	repeated	10	times	to	get	a	clean	catalyst	

sample.	

After	these	2	hours	electrolysis	tests	at	a	constant	current	density	of	1	mA/cm2	the	

system	had	reached	a	TON~10.	As	commented	before,	it	is	not	easy	to	determine	the	

active	layer	thickness	in	these	electrodes.	Therefore,	we	introduced	an	approximation	

to	calculate	the	corresponding	TON	in	our	systems.	The	amount	of	O2	generated	can	

be	calculated	using	the	following	equation,	considering	100%	Faradaic	efficiency	(true	

at	least	for	our	Co-POM	catalysts):	

n`a =
Q

n0oF
																																																	𝐸𝑞. 2.5.	

where	Q	 (C)	 is	 the	 charge	passed	 through	 the	 system,	n0o=	4	 is	 the	number	of	

electrons	needed	to	generate	one	molecule	of	O2	and	F	is	the	Faraday	constant	(96485	

C/mole).	

To	determine	the	moles	of	active	catalyst,	we	set	1/8	of	the	total	electrode	pocket	

volume	 as	 maximum	 limit	 really	 in	 contact	 with	 the	 solution.	 This	 implies	 a	

penetration	layer	of	0.5	mm	thickness,	which	seems	to	be	reasonable.	Therefore,	TON	

values	were	calculated	as	follows:	

TON =
moles	O#

moles	active	catalyst
																																				𝐸𝑞. 2.6.	

Even	if	this	TON	calculation	is	arbitrary	regarding	total	numbers,	the	results	are	still	

good	for	relative	comparisons	between	catalysts.	The	following	table	shows	the	data	

for	30%	Co-POM/CP	blends	TON	calculation.	
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	 BaCo9		 CsCo9	

Moles	catalyst	 1.13·10–6	 1.03·10–6	

(1/8)	moles	catalyst	 1.41·10–7	 1.29·10–7	

Q2h	(C)	 0.504	 0.504	

Moles	O2	 1.31·10–6	 1.31·10–6	

TON	 9.26	 10.16	

Table	2.4.	TON	calculation	after	two-hour	chronopotentiometry	at	1	mA/cm2.	

The	 recovered	 catalysts	 were	 analysed	 by	 Raman	 spectroscopy	 and	 X-ray	

photoelectron	 spectroscopy	 (XPS).	 These	 surface	 sensitive	 characterisation	

techniques	are	particularly	useful	to	detect	even	traces	of	possible	additional	species	

generated	 in	 situ	 on	 a	 catalyst	 surface.40	 Comparative	 analyses	 did	 not	 show	 any	

significant	differences	between	fresh	or	used	materials,	suggesting	no	change	in	the	

catalyst	 during	 oxygen	 production.	 The	 collected	 Raman	 spectra	 were	 also	

undistinguishable	 (Figure	2.18.).	and	there	was	no	evidence	of	 the	presence	of	 the	

cobalt	oxide	strong	Raman	peaks	between	400	and	700	cm–1,	neither	in	the	fresh	or	

used	Co-POMs.	
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Figure	2.18.	Raman	spectra	for	a)	CsCo9	and	b)	BaCo9	before	and	after	2	h	electrocatalytic	

water	oxidation	at	a	constant	current	density	of	1	mA/cm2	in	H2SO4	(1	M).	c)	Comparison	of	

Co-POM	after	the	electrochemical	experiments	with	the	corresponding	spectra	of	Co3O4.		

	The	XPS	spectra	(Figures	2.19.	and	2.20.)	were	also	identical	at	the	W,	P	and	Co	

edges	before	and	after	the	electrochemical	experiments.	Moreover,	Co	and	O	edges	

were	compared	with	the	corresponding	XPS	data	for	Co3O4.	In	all	cases,	there	are	no	

signals	that	could	be	assigned	to	the	adventitious	presence	of	cobalt	oxide	impurities,	

since	CoOx	typical	XPS	peaks	appear	at	779.7	eV	(Co	2p)	and	529.8	(O	1s).	The	CsCo9	

used	material	maintains	all	Co	2p	peaks	above	781	eV	and	all	O	1s	peaks	above	530	

eV,	missing	any	new	peak	that	could	be	assigned	to	lattice	oxygen	coming	from	cobalt	

oxide-type	structures	(529.	8	eV).	The	results	in	BaCo9	analysis	are	analogous	to	the	
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cesium	salt.	However,	in	this	case,	Co	2s	peaks	were	checked	instead	of	Co	2p	due	to	

the	strong	overlap	between	Ba	3d	and	Co	2p	XPS	absorptions.	In	general,	the	Co-POM	

recovered	 catalysts	 O1s	 edge	 spectra	 showed	 increased	 intensities	 for	 the	 higher	

energy	 peaks,	 which	 can	 be	 assigned	 to	 partial	 protonation	 of	 oxo	 sites.	 Thus,	

although	we	cannot	rule	out	the	possible	participation	of	other	species,	the	simplest	

explanation	 at	 present	 is	 that	 the	Co9	 structure	 should	 be	 close	 to	 the	 true	 active	

species	directly	participating	in	the	catalytic	cycle.	

	

Figure	2.19.	XPS	data	(Co,	O,	W	and	P	edges)	for	CsCo9	before	and	after	2	h	electrocatalytic	

water	oxidation	at	a	constant	current	density	of	1	mA/cm2	in	H2SO4	(1	M).	Co	and	O	edges	

are	compared	with	the	corresponding	XPS	data	for	Co3O4.		
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Figure	2.20.	XPS	data	(Co,	O,	W	and	P	edges)	for	BaCo9	before	and	after	2	h	electrocatalytic	

water	oxidation	at	a	constant	current	density	of	1	mA/cm2	in	H2SO4	(1	M).	Co	and	O	edges	

are	compared	with	the	corresponding	XPS	data	for	Co3O4.		

Additionally,	 IR	and	powder	X-ray	diffraction	spectra	of	 fresh	and	used	catalysts	

were	recorded.	There	is	no	significant	change	in	the	pattern,	result	that	supports	the	

Co-POMs	bulk	stability.			
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Figure	 2.21.	 IR	 spectra	 for	 KCo9	 (a),	 CsCo9	 (b)	 and	 BaCo9	 (c)	 before	 and	 after	 2	 h	

electrocatalytic	water	oxidation	at	a	constant	current	density	of	1	mA/cm2	in	H2SO4	(1	M).	

KCo9	is	soluble	in	water	(or	acid)	and	cannot	be	used	for	the	electrocatalytic	experiments.	

	

Figure	2.22.	Powder	X-ray	diffraction	pattern	for	CsCo9	(a)	and	BaCo9	(b)	before	and	after	2	h	

electrocatalytic	water	oxidation	at	a	constant	current	density	of	1	mA/cm2	in	H2SO4	(1	M).	
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Moreover,	no	leaching	of	the	active	species	during	working	conditions	was	found,	

as	 confirmed	 by	 ICP-OES	 data	 in	 the	H2SO4	 (1	M)	mother	 liquor	 solution	 after	 the	

corresponding	two-hour	electrolysis	(Table	2.5.).	Only	low	contents	of	countercations	

were	detected	for	CsCo9,	corresponding	to	a	total	loss	of	approximately	30%	of	the	

initial	cesium	and	potassium	content.	We	assigned	this	leaching	to	cation	exchange	by	

protons,	due	to	the	highly	acidic	media,	in	good	agreement	with	the	XPS	data.	In	the	

BaCo9	mother	 liquor	 solution,	 barium	 leaching	was	 not	 detected	 after	 electrolysis	

tests.		

mother	liquor	 Cs	 Ba	 K	 P	 Co	 W	

CsCo9		 37	ppm	 -	 7	ppm	 ≤1	ppm	 ≤1	ppm	 ≤1	ppm	

BaCo9	 -	 ≤1	ppm	 ≤1	ppm	 ≤1	ppm	 ≤1	ppm	 ≤1	ppm	

Co3O4	 -	 -	 -	 -	 ≤1	ppm	 -	

Table	 2.5.	 ICP-OES	 analyses	 of	 the	 liquid	 reaction	media	 after	 2	 h	 electrocatalytic	 water	

oxidation	at	a	constant	current	density	of	1	mA/cm2	in	H2SO4	(1	M).	

Moreover,	 we	 also	 carried	 out	 ICP-OES	 analysis	 of	 several	 fractions	 of	 the	

recovered	 materials	 (Table	 2.6.).	 The	 recovered	 catalysts	 show	 similar	 chemical	

composition	 as	 the	 “as	 prepared”	 compounds.	 Only	 the	 countercation	 content	

decreases	 slightly	 which	 is	 in	 agreement	 with	 previous	 commented	 ICP-OES	 data.	

Carbon	paste	supernatant	fractions	obtained	during	the	catalyst	recovery	were	also	

analysed.	The	ratio	of	the	identified	metals	is	in	agreement	with	the	presence	of	Co-

POM,	 since	 it	 is	 very	 difficult	 to	 achieve	 a	 complete	 separation	 of	 the	 CP	 and	 the	

catalyst	with	the	catalyst-recovery	method	employed.	Besides,	the	high	amount	of	P	

in	 these	 samples	 can	 only	 be	 attributed	 to	 a	 problem	with	 the	 analytical	method,	

probably	 due	 to	 the	 carbon/binder	 predominant	 content.	 Despite	 the	 difficulty	 to	

obtain	good	quality	data	due	to	the	carbon/binder	content	in	the	samples,	the	results	

yielded	 consistent	 P/Co/W	 ratios	 for	 the	 used	 catalysts	 and	 no	 evidences	 of	 CoOx	

formation	were	detected.	
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	 Cs	 Ba	 K	 P	 Co	 W	

CsCo9	theoretical	 15	 -	 1	 5	 9	 27	

CsCo9	as	prepared	 14.8	 -	 1.3	 4.5	 9.3	 27	

CsCo9	after	electrolysis	 13.9	 -	 1.5	 5.4	 9.3	 27	

CsCo9	carbon	paste	supernatant	 5.8	 -	 1.7	 16.2	 7.0	 27	

BaCo9	theoretical	 -	 8	 -	 5	 9	 27	

BaCo9	as	prepared	 -	 8.1	 -	 4.9	 8.7	 27	

BaCo9	after	electrolysis	 -	 6.8	 -	 5.3	 8.9	 27	

BaCo9	carbon	paste	supernatant	 -	 9.3	 -	 10.3	 7.9	 27	

Table	2.6.	Stoichiometry	for	the	fresh	catalyst,	the	recovered	catalyst	and	the	carbon	paste	

supernatant	fractions	as	extracted	from	ICP-OES	analyses.	The	data	has	been	normalised	to	

the	W	content	to	facilitate	the	lecture.		
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2.2.7. Long-term	Stability		

The	possibility	 to	work	at	 low	overpotentials	 is	 essential	 for	 an	energy-efficient	

power	 to	 fuels	 platform,	 since	 the	 extra	 potential	 needed	 to	 run	 the	 reaction	

represents	a	major	energy	loss.	The	excellent	energy	efficiency	offered	by	our	BaCo9	

catalyst	is	also	matched	with	good	long-term	catalytic	stability.	This	was	confirmed	by	

chronoamperometric	assays	at	h	=	250	mV	with	1600	rpm	as	constant	rotation	speed	

of	the	working	electrode	(Figure	2.23.).	For	these	experiments	the	electrodes	were	

covered	 with	 a	 Nafion	 layer,	 and	 with	 a	 frit,	 to	 avoid	 fragmentation	 of	 the	 CP	

electrodes	that	are	mechanically	unstable	and	tend	to	be	expelled	from	the	electrode	

pocket	 into	 the	 solution.	 BaCo9/CP	 electrodes	 showed	 a	 very	 high	 initial	 current	

density	over	4	mA/cm2.	This	current	slowly	decreased	for	the	first	hours	to	reach	a	

stable	 current	 of	 ~0.36	mA/cm2	 (t=4	 h),	 which	 was	maintained	 for	 over	 24	 hours	

without	further	significant	changes	(~0.35	mA/cm2	at	t=24	h),	except	those	due	to	gas	

bubbles	 formation	 and	 diffusion.	 The	 performance	 of	 CsCo9/CP	 showed	 a	 similar	

trend,	with	an	initial	decay	that	could	be	attributed	to	charge	localisation	processes.	

The	current	densities	offered	in	this	case	were	much	lower	(~0.05	mA/cm2	at	t=24	h),	

but	also	stable	over	a	long	period	of	time.	

	

Figure	 2.23.	 Chronoamperometry	 data	 in	 H2SO4	 (1	 M)	 solution	 at	 a	 constant	 anodic	

overpotential	of	250	mV	with	30%	BaCo9/CP	and	CsCo9/CP	blend.	
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We	 carried	 out	 an	 analogous	 experiment	 with	 the	 30%	 BaCo9/CP	 electrode	

including	periodic	20-minute	 stops	after	each	hour	of	electrolysis.	 In	 this	 case,	 the	

initial	current	density	curve	is	identical	in	successive	cycles	(Figure	2.24.).	The	results	

obtained	are	not	compatible	with	catalyst	deactivation.	Therefore,	the	most	plausible	

explanation	 is	 that	 an	 increase	 in	 the	 resistance	 of	 the	 blend	 due	 to	 charge	

localisation,	 reduces	 the	 overall	 current	 density.	 At	 open	 circuit	 potential,	 charges	

delocalise	 back	 to	 the	 initial	 state	 and	 that	 is	 the	 reason	 why	 successive	

chronoamperometry	experiments	have	identical	trend.	

	

Figure	2.24.	Intermittent	chronoamperometry	in	H2SO4	(1	M)	solution	at	a	constant	anodic	

overpotential	of	250	mV	with	30	%	BaCo9/CP	blend.	Anodic	potential	was	applied	for	1	hour,	

and	then	open	circuit	voltage	was	maintained	for	20	minutes.	This	cycle	was	repeated	seven	

times	showing	identical	response.	

The	 stable	 current	 density	 values	 promoted	 for	 over	 one	 day	 by	 the	BaCo9/CP	

electrodes	are	unique	when	compared	to	all	other	catalysts	in	the	same	conditions,	

for	the	same	catalyst	weight	(Figure	2.25.).	In	these	benchmarking	studies	we	included	

IrO2,	 Co3O4	 and	 also	 two	 of	 the	 most	 efficient	 catalyst	 in	 alkaline	 and	 neutral	

conditions:	 Ni0.9Fe0.1Ox	 (NiFe)3	 and	CoPi
12.	 Obviously,	 none	 of	 these	 catalysts	were	

optimised	for	our	working	conditions,	but	these	experiments	were	worthy	to	further	

assess	 the	distinct	behaviour	of	POMs.	Only	 the	CoPi/CP	showed	a	current	density	
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close	 to	 that	 of	 BaCo9/CP	 for	 the	 first	 hours,	 but	 continuous	 and	 irreversible	

deactivation	 brought	 its	 activity	 down	 to	 the	 level	 of	 NiFe/CP.	 After	 24	 hours,	

BaCo9/CP	promoted	current	densities	three	times	higher	than	NiFe/CP	and	CoPi/CP;	

four	 times	 higher	 than	 Co3O4/CP	 and	 ten	 times	 higher	 than	 IrO2/CP,	 even	 when	

containing	a	much	lower	total	number	of	active	sites,	as	discussed	above.		

	

Figure	 2.25.	 Chronoamperometry	 data	 in	 H2SO4	 (1	 M)	 solution	 at	 a	 constant	 anodic	

overpotential	of	250	mV	with	30%	catalyst/CP	blends.	Inset,	detail	of	the	steady	state	current	

densities	up	to	24	hours.	

If	 we	 normalize	 the	 corresponding	 activity	 to	 the	 total	 metal	 content,	 the	

electrocatalytic	activity	of	BaCo9/CP	is	six	times	better	than	CsCo9/CP,	and	thirty	times	

better	than	any	other	oxide	(Figure	2.26.),	indicating	a	much	faster	turnover	frequency	

per	active	site.	In	terms	of	oxygen	evolution,	BaCo9/CP	produces	a	total	of	47	TON,	

clearly	superior	to	the	other	catalysts:	8	(CsCo9),	0.3	(CoPi)	or	0.1	(IrO2).	The	data	for	

TON	calculation	is	presented	in	Table	2.7.	
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Figure	 2.26.	 Chronoamperometry	 data	 in	 H2SO4	 (1	 M)	 solution	 at	 a	 constant	 anodic	

overpotential	of	250	mV	with	30%	catalyst/CP	blends	normalised	according	to	the	total	active	

metal	content	(Co,	Ir	or	Ni/Fe).	

	 BaCo9		 CsCo9	 Co3O4	 IrO2	 CoPi	 NiFe	

Moles	catalyst	 1.13·10-6	 1.03·10-6	 4.81·10-5	 6.17·10-5	 1.04·10-4	 1.27·10-4	

(1/8)	 moles	

catalyst	

1.41·10-7	 1.29·10-7	 6.01·10-6	 7.71·10-6	 1.29·10-5	 1.58·10-5	

Q2h	(C)	 2.54	 0.37	 0.36	 0.27	 1.56	 0.78	

Moles	O2	 6.58·10-6	 9.71·10-7	 9.37·10-7	 6.93·10-7	 4.04·10-6	 2.03·10-6	

TON	 46.59	 7.54	 0.16	 0.09	 0.31	 0.13	

Table	2.7.	TON	calculation	after	24	h	chronoamperometry	at	250	mV	of	overpotential.	The	

same	considerations	as	in	Table	2.4.	have	been	taken	into	account	for	TON	calculation.	

Chronopotentiometry	 measurements	 at	 higher	 current	 densities	 (10	 mA/cm2)	

were	also	performed.	BaCo9/CP	is	still	offering	better	performance	compared	to	the	
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other	catalyst	blend	(Figure	2.27.).	However,	the	instability	of	the	CP	electrodes,	as	

mentioned	above,	did	not	allow	us	to	extend	these	studies	for	longer	times.	Indeed,	

CP	 is	 suitable	 for	 fundamental	 studies,	 but	 it	 is	 not	 stable	 under	 OER	 conditions.	

Before	the	CP	electrodes	break	down,	after	~10	min,	BaCo9/CP	are	still	competitive	

with	IrO2,	suggesting	the	viability	of	this	catalyst	also	at	relatively	high	currents.	

	

Figure	2.27.	Chronopotentiometry	data	in	H2SO4	(1	M)	solution	at	a	constant	anodic	current	

of	10	mA/cm2	with	30	%	catalyst/CP	blends.	
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2.3. Conclusions	

Oxygen	 evolution	 in	 strongly	 acidic	 conditions	with	 Earth	 abundant	 catalysts	 is	

currently	 a	major	 technological	 challenge.	 In	 this	 chapter,	 we	 have	 presented	 the	

excellent	and	unparalleled	performance	of	BaCo9	for	electrocatalytic	water	oxidation	

in	 these	 conditions	 through	 different	 electrochemical	 experiments	 yielding	 100%	

Faradaic	 efficiency.	Moreover,	 the	 stability	of	 the	 catalysts	has	been	 supported	by	

analyses	 of	 the	 fresh	 and	 used	 materials	 through	 different	 characterisation	

techniques,	without	observing	any	significant	change.	

	The	extreme	influence	of	barium	dications	in	the	activity	of	the	Co9	POM,	when	

compared	 with	 the	 Cs+	 derivative,	 suggests	 this	 strategy	 could	 also	 be	 useful	 to	

enhance	the	performance	of	other	water	oxidation	catalysts.	POMs	offer	an	intrinsic	

advantage	 in	 this	 regard,	 since	 their	 polyanionic	 nature	 makes	 really	 easy	 to	

selectively	incorporate	the	desired	ancillary	countercations	nearby	their	active	sites,	

without	structurally	or	chemically	affecting	their	appropriate	environment.		

We	also	need	to	highlight	the	non-innocent	role	of	the	CP	component.	Part	of	the	

better	performance	of	the	Co-POM/CP	electrodes	could	arise	from	a	better	matching	

between	the	CP	support	and	the	Co-POM	catalysts,	when	compared	with	IrO2.	Indeed,	

an	overall	 hydrophobic	 environment	 is	 known	 to	 enhance	POM	 redox	 activity	 and	

stability.41,42	According	to	our	data,	this	happens	to	be	true	also	for	oxides	since	the	

OER	activity	of	 the	Co3O4/CP,	CoPi/CP	and	NiFe/CP	electrodes	 is	clearly	superior	 to	

what	has	been	typically	reported	for	these	oxides	in	acid.	This	suggests	that	the	use	

of	an	 insulating	hydrocarbon	binder,	and	an	appropriate	conducting	support,	could	

extend	 the	 use	 of	 classic	metal	 oxides	 into	 acidic	media	 OER	 catalysis.	 Therefore,	

tuning	 the	 hydrophobic/hydrophilic	 character	 of	 composite	 electrodes	 may	 open	

fascinating	opportunities	for	low	cost	acid	water	electrolysis.	
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2.4. Experimental	

2.4.1. Synthesis	

All	 reagents	were	 commercially	 available	 and	used	without	 further	purification.	

Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]·43H2O	 (KCo9)	 was	 obtained	 following	 the	

literature	method,33	where	Na2WO4·2H2O	(33	g,	100	mmol)	and	Na2HPO4	(3.3	g,	22	

mmol)	were	dissolved	 in	100	mL	aqueous	solution.	Then,	acetic	acid	was	added	to	

adjust	 the	 pH	 of	 the	 solution	 at	 7.1.	 Afterwards,	 30	 mL	 of	 an	 aqueous	 solution	

containing	Co(OOC-CH3)2·4H2O	(9	g,	35	mmol)	were	added	and	the	violet	suspension	

obtained	was	refluxed	at	100ºC	for	2	hours.	After	reflux,	the	hot	solution	was	filtered	

and	an	excess	of	K(OOC-CH3)	(2g)	was	added.	Then,	the	solution	was	filtered	again,	

cooled	 down	 at	 room	 temperature	 and	 stored	 to	 allow	 crystallisation	 of	

[Co4(H2O)2(PW9O34)2]10–	and	[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16–.	The	desired	anion	

was	extracted	with	cold	water	and	then	recrystallised	into	large	pink	needles,	crystals	

of	KCo9	(yield	~40%).	

The	cesium	and	barium	POM	salts	were	obtained	by	simple	metathesis	reaction:	

after	addition	of	an	excess	of	CsCl	or	BaCl2	to	an	aqueous	solution	of	KCo9	(4	mM)	the	

desired	CsCo9	and	BaCo9	salts	precipitated	immediately.	Each	precipitate	was	filtered,	

washed	with	water	and	acetone	and	air-dried.	Typical	yield	~90%.	
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2.4.2. Physical	Methods	

§ Infrared	 spectroscopy	 (IR)	 spectra	 were	 collected	 with	 a	 FTIR	 Bruker	

spectrometer	model	Alpha	equipped	with	an	ATR	accessory.	

§ Inductively	coupled	plasma	optical	emission	spectrometry	(ICP-OES)	was	used	

to	carry	out	elemental	analysis	with	an	Agilent	725-ES	inductively	coupled	plasma	

optical	emission	spectrometer	at	University	of	Valladolid.	

§ Thermogravimetric	analysis	 (TGA)	was	performed	under	N2	 flow	with	powder	

samples	using	a	TGA/SDTA851	Mettler	Toledo	with	a	MT1	microbalance.	

§ Environmental	 Scanning	 Electron	 Microscope	 (ESEM)	 images	 were	 collected	

with	a	QUANTA600	equipment	from	FI	company	under	high	vacuum	conditions	

with	a	Large-Field	Detector	at	20	kV.	

§ Powder	X-ray	diffraction	 (powder	XRD)	data	were	collected	with	a	Bruker	D8	

Advance	Series	equipped	with	a	VANTEC-1	PSD	detector.	

§ Surface	area	measurements	were	done	in	a	two-station	autsorb	iQ	instrument	

with	Quantachrome	ASiQwin	 Software.	 Samples	were	 heated	 at	 120ºC	 for	 12	

hours	under	N2	prior	to	measurements.	

§ Raman	 spectroscopy	 measurements	 were	 acquired	 using	 a	 Renishaw	 inVia	

Reflex	 Raman	 confocal	 microscope	 (Gloucester-	 Shire,	 UK),	 equipped	 with	 a	

diode	 laser	emitting	at	785	nm	at	a	nominal	power	of	300	mW,	and	a	Peltier-

cooled	CCD	detector	(−70ºC)	coupled	to	a	Leica	DM-	2500	microscope.	Calibration	

was	carried	out	daily	by	recording	the	Raman	spectrum	of	an	internal	Si	standard.	

Rayleigh	 scattered	 light	was	 appropriately	 rejected	 by	 using	 edge-type	 filters.	

Laser	 power	was	 used	 at	 nominal	 1%	 to	 avoid	 sample	 damage.	 Spectra	were	

recorded	with	the	accumulation	of	at	 least	3	scans	with	a	30	s	scan	time	each	

one.	

§ X-ray	photoelectron	 spectroscopy	 (XPS)	 used	 to	 analyse	 samples	 surface	was	

performed	at	SSTTI	University	of	Alicante.	All	spectra	were	collected	using	Al-Kα	

radiation	 (1486.6	 eV),	 monochromatised	 by	 a	 twin	 crystal	 monochromator,	

yielding	a	focused	X-ray	spot	with	a	diameter	of	400	μm,	at	3	mA	×	12	kV.	The	

alpha	hemispherical	 analyser	was	operated	 in	 the	constant	energy	mode	with	
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survey	scan	pass	energies	of	200	eV	to	measure	the	whole	energy	band	and	50	

eV	 in	 a	 narrow	 scan	 to	 selectively	 measure	 the	 particular	 elements.	 Charge	

compensation	was	achieved	with	the	system	flood	gun	that	provides	low	energy	

electrons	and	low	energy	argon	ions	from	a	single	source.	
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2.4.3. Electrochemistry	

Electrochemical	experiments	were	performed	with	a	Biologic	SP-150	potentiostat.	

Ohmic	 drop	 was	 compensated	 using	 the	 positive	 feedback	 compensation	

implemented	 in	 the	 instrument.	 All	 experiments	 were	 performed	 with	 a	 three-

electrode	 configuration	 using	 H2SO4	 (1	 M)	 as	 electrolyte	 solution,	 employing	 a	

platinum	mesh	counter	electrode,	a	Ag/AgCl	 (KCl	3.5	M)	reference	electrode	and	a	

carbon	paste	working	electrode	(surface	area	=	0.07	cm2).	The	carbon	paste	mixtures	

were	prepared	in	a	mortar	by	mixing	amorphous	carbon	paste	(ALS,	CPO	Carbon	Paste	

Oil)	 and	 the	 desired	material	 in	 the	 corresponding	 ratio	 by	 weight.	 This	 modified	

carbon	 paste	 mixture	 was	 used	 to	 fill	 the	 carbon	 paste	 electrode.	 Bulk	 water	

electrolysis	and	linear	sweep	voltammetry	(LSV)	were	performed	with	an	ALS	RRDE-

3A	set-up,	using	a	Carbon	Paste	Rotating	Disk	Electrode	(surface	area	=	0.07	cm2)	at	

1600	rpm	and	500	rpm,	respectively.	All	LSV	experiments	were	carried	out	with	a	1	

mV/s	scan	rate.	Steady-state	current	data	for	Tafel	analyses	were	obtained	after	the	

needed	waiting	time	for	stabilisation	of	the	current	at	each	overpotential	(at	least	10	

minutes)	in	an	H-cell	with	stirring.	Capacitance	measurements	for	the	determination	

of	Cdl	were	done	without	 stirring	 at	 different	 scan	 rates.	 For	 long	 term	electrolysis	

(over	1	h)	the	carbon	paste	pocket	was	covered	with	a	Nafion	ink	(4	µL	at	5%)	and	

with	a	glass	frit	(P0;	1	mm	thick)	on	top	to	avoid	mechanical	losses	of	the	carbon	paste	

into	the	solution.		

Oxygen	 evolution	 was	 detected	 with	 an	 Ocean	 Optics	 NeoFOX	 oxygen	 sensing	

system	equipped	with	a	FOXY	probe	following	the	procedure	described	 in	previous	

section.	

pH	 was	 measured	 for	 each	 experiment	 using	 an	 877	 Titrino	 Plus	 pH-probe	

(Metrohm),	calibrated	weekly.	The	pH	value	was	used	to	calculate	the	thermodynamic	

water	oxidation	potential	(Ewa`/`a
1 )	by	employing	the	Nerst	equation:		

Ewa`/`a
1 = 1.229 − 0.059pH	 V 	vs	NHE	at	251C												𝐸𝑞. 2.7.	

The	 overpotential	 (η)	 was	 calculated	 by	 subtracting	 the	 thermodynamic	 water	

oxidation	potential	to	the	applied	potential	(E,TT).		
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η = E,TT − Ewa`/`a
1 																																										𝐸𝑞. 2.8.	

All	the	potentials	were	converted	to	the	NHE	reference	scale	using	ENHE	=	EAg/AgCl	+	

0.205	(V).	All	current	densities	were	calculated	based	on	the	geometrical	surface	area	

of	the	electrodes.		
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3.1. Introduction	

The	energy	from	the	sun	in	the	only	renewable	and	carbon-neutral	energy	source	

of	sufficient	scale	to	replace	fossil	fuels	and	meet	the	rising	global	energy	demand.1	

However,	 the	 intermittence	 of	 this	 energy	 source	 requires	 the	 development	 of	 a	

storage	system	for	its	large-scale	utilisation.	On	this	regard,	nature	offers	the	basis	for	

storing	 sunlight	 in	 the	 form	 of	 chemical	 fuels.1,2	 The	 process,	 known	 as	 natural	

photosynthesis,	 implies	 the	 absorption	of	 sunlight	 and	 its	 conversion	 into	 spatially	

separated	electron/hole	pairs.	Then,	the	oxygen	evolving	complex	(OEC)	captures	the	

generated	 holes	 to	 oxidise	 water	 to	 oxygen	 and	 the	 electrons	 are	 captured	 in	

photosystem	 I	 to	 reduce	 NADP+	 to	 NADPH,	 which	 is	 nature’s	 form	 of	 hydrogen.3	

Therefore,	the	overall	primary	steps	of	natural	photosynthesis	involve	the	storage	of	

solar	 energy	 in	 a	 fuel	by	 rearrangement	of	 the	water	 chemical	bonds	 into	H2	 (i.	 e.	

NADPH)	and	O2.	

An	approach	to	duplicate	photosynthesis	outside	the	photosynthetic	membrane	

implies	the	conversion	of	sunlight	into	spatially	separated	electron/hole	pairs	within	

a	photovoltaic	cell	and	 then,	capture	 the	charge	with	catalysts	 that	mediate	water	

splitting.1,4	Oxygen	is	produced	in	the	anode	side,	after	capture	of	four	holes	by	the	

catalyst;	whereas	hydrogen	 is	generated	by	a	separate	catalyst	 in	 the	cathode	side	

after	capture	of	four	electrons.	This	process	is	called	artificial	photosynthesis	and	the	

net	result	is	the	storage	of	solar	energy	in	the	chemical	bonds	of	H2	and	O2.	

One	of	the	key	points	in	the	development	of	artificial	photosynthesis	devices	is	the	

efficiency	of	the	water-splitting	catalysts.	Between	the	two	semireactions	(OER	and	

HER),	water	oxidation	is	considerably	more	complex,5	since	it	requires	a	four-electron	

oxidation	of	two	water	molecules	coupled	to	the	removal	of	four	protons	to	generate	

a	 relatively	weak	oxygen-oxygen	bond.	Additionally,	 the	 catalyst	 in	 the	 anode	 side	

must	tolerate	exposure	to	oxidising	conditions	during	long	periods	of	time.		

Nature’s	photosynthesis	system	is	equipped	with	Mn4O4Ca	cluster	which	efficiently	

oxidises	water	at	low	overpotential	and	neutral	conditions.6–8	However,	outside	these	

natural	conditions,	best	catalysts	need	basic9	or	acidic	media10	to	work	at	moderate	
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overpotentials.	 These	 extreme	 pH	 environments	may	 result	 in	 corrosion	 problems	

which	increase	the	device	cost	and	reduce	long-time	stability	of	the	system.	That	is	

the	reason	why	an	increasing	interest	in	the	development	of	efficient	heterogeneous	

OER	electrocatalyst	that	can	perform	well	in	neutral	aqueous	media	has	arisen	in	the	

scientific	community.		

There	are	different	examples	of	heterogeneous	OER	electrocatalysts	working	 in	

neutral	conditions,11–15	but	the	breakthrough	in	this	field	was	obtained	by	Nocera	et	

al.	 in	 2008.11	 They	 reported	 an	 oxygen-evolving	 catalyst	 that	 formed	 in	 situ	 upon	

anodic	 polarisation	 of	 an	 inert	 electrode	 in	 neutral	 aqueous	 phosphate	 solutions	

containing	 Co2+.	 The	 catalyst	 presented,	 named	 as	 CoPi,	 shows	 a	 self-repairing	

mechanism	at	neutral	pH	in	a	phosphate	electrolyte	and	can	generate	O2	in	benign	

conditions	 (pH	 7,	 1	 atm	 and	 room	 temperature).	 Some	 years	 later,	 in	 2011,	 the	

incorporation	of	this	catalyst	in	the	development	of	an	artificial	leaf	was	published.16	

This	 device,	 composed	 of	 Earth	 abundant	 materials,	 provided	 an	 inexpensive	 and	

highly	 distributed	 solar-to-fuels	 system	 employing	 a	 low-cost	 engineering	 and	

manufacturing	system.		

In	 the	 search	 for	 new	water	 oxidation	 catalyst	 (WOCs)	 based	on	 abundant	 raw	

materials,	polyoxometalates	(POMs)	are	promising	candidates.17	In	particular,	cobalt-

containing	polyoxometalates	(Co-POMs)	have	shown	interesting	homogeneous	OER	

activity	 in	 neutral	 pH.18–21	 Our	 group	 demonstrated	 that	 these	 Co-POMs,	 such	 as	

{Co9(H2O)6(OH)3(HPO4)2(PW9O34)3}16–	 (Co9),	 maintain	 their	 catalytic	 activity	 in	

heterogeneous	 conditions	 in	 neutral	 media,	 when	 obtained	 as	 insoluble	 salts	 and	

supported	 in	 carbon	 paste	 electrodes.22	 However,	 carbon	 paste	 is	 not	 the	 best	

electrode	support	for	water	splitting	due	to	its	poor	mechanical	and	redox	stability.	

Therefore,	 in	 the	 search	 for	 alternative	electrode	 supports	 for	 these	Co-POMs,	we	

turned	our	interest	to	conducting	organic	polymers.	

Since	their	discovery,	conducting	polymers	have	been	deeply	studied	due	to	their	

potential	technological	applications.23,24	Among	them,	polypyrrole	(ppy)	is	one	of	the	

most	 representative	 polymers.	 It	 was	 discovered	 in	 196825	 and	 presents	 high	

conductivity,	 low	 cost,	 easy	 and	 flexible	 preparation,	 good	 stability	 and	 excellent	
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mechanical	properties.26,27	 It	 can	be	obtained	via	oxidation	of	 the	monomer	 in	 the	

presence	 of	 a	 dopant	 anion,	 which	 preserves	 electroneutrality	 during	 the	

polymerisation	process.	The	nature	of	this	dopant	anion	has	deep	influence	in	the	film	

physical	 properties,	 such	 as	 conductivity.28	 Moreover,	 these	 anions	 may	 also	 be	

electroactive,	 bringing	 to	 the	 hybrid	material	multifunctional	 or	 synergic	 features.	

Hence,	 many	 compounds	 have	 been	 incorporated	 into	 the	 polypyrrole	 matrix	

resulting	in	interesting	applications,	such	as	supercapacitor	electrode	materials,29–31	

sensors,32,33	fuel	cell34	and	batteries.35		

POMs,	 being	 polyanions,	 have	 also	 been	 introduced	 as	 counteranions	 into	 ppy	

films.	 There	are	 two	main	 strategies	 to	obtain	POM/ppy	 composites:	non-covalent	

functionalisation	 (chemical	 or	 electrochemical	 polymerisation)	 and	 covalent	

functionalisation	 (side-chain	 incorporation	 or	 back-bone	 incorporation),	 being	 the	

first	 strategy	 the	 most	 widely	 used	 in	 this	 kind	 of	 chemistry.	 When	 comparing	

chemical	 polymerisation	 and	 electropolymerisation,	 it	 is	 found	 that	 chemical	

polymerisation	often	leads	to	bulk	materials,	whereas	electrochemical	polymerisation	

gives	 facile	 access	 to	 conducting	 polymer	 films	 on	 electrode	 surfaces.36,37	 The	

incorporation	 of	 POMs	 into	 conducting	 polymers	 has	 led	 to	 the	 formation	 of	

composites	with	different	applications,	such	as	energy	storage,	photoelectrochemical	

devices,	 substrate	 sensing	 systems,	nanoparticle	wiring	 in	 conductive	matrices	and	

electrochemical	catalysis.37	

A	recent	example	of	gas	sensing	POM/ppy	systems	was	based	on	the	preparation	

of	 ppy@WO3	 hybrids	with	 p-n	 heterojunction	 for	 sensing	 trimethylamine	 at	 room	

temperature.38	 The	 hybrid	 composite	 was	 obtained	 by	 in	 situ	 chemical	 oxidation	

polymerisation	and	loaded	on	a	flexible	substrate	to	structure	a	smart	trimethylamine	

sensor.	Compared	to	those	reported	in	literature,	this	sensor	not	only	exhibits	high	

sensitivity,	 good	 selectivity	 and	 wide	 linear	 response	 to	 triethylamine	 at	 room	

temperature	but	also	has	flexible,	structure	simple	and	portable	performance.		

Another	example	of	a	hybrid	POM	composite	active	towards	nitrite	reduction	was	

published	 in	 2015	 by	McCorman	et	 al.39	They	 anchored	 the	 organic	 functionalised	

POM	[Si-W10O36(PhPO)2]4–	employing	to	strategies:	the	layer-by-layer	(LBL)	assembly	
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technique	by	employing	a	pentaerythritol-based	ruthenium(II)	metallodendrimer	as	a	

cationic	moiety	 and	entrapment	of	 the	POM	 in	 a	 conducting	polypyrrole	 film.	 The	

redox	 behaviour	 of	 the	 constructed	 films	 was	 studied	 by	 cyclic	 voltammetry	 and	

electrochemical	 impedance	 spectroscopy.	 The	 surface	 morphologies	 of	 the	

constructed	multilayers	were	examined	by	scanning	electron	microscopy	(SEM)	and	

atomic	force	microscopy	(AFM).	Additionally,	X-ray	photoelectron	spectroscopy	(XPS)	

was	conducted	 to	confirm	 the	elements	present	within	 the	 fabricated	 films.	 In	 the	

end,	the	multilayer	assembly	was	also	investigated	for	its	catalytic	efficiency	towards	

the	reduction	of	nitrite,	being	the	first	known	report	of	such	activity	for	this	specific	

POM.	

In	 2017	 the	 fabrication	 of	 high-performance	 supercapacitors	 was	 explored	 by	

fabrication	POM/ppy	hybrid	materials.40	The	developed	composites	were	based	on	

open-end	porous	1D	polypyrrole	nanopipes	(ppy-npipes)	and	[PW12O40]3–	(PW12)	and	

[PMo12O40]3–	 (PMo12)	 polyoxometalates.	 The	 synthesised	 electrodes	 exhibited	

outstanding	 areal	 capacitances	 that	 are	 almost	 1.5	 to	 2-fold	 higher	 than	 that	 of	

pristine	 ppy-npipes.	 In	 addition,	 symmetric	 cells	 based	 on	 these	 hybrid	 electrodes	

were	fabricated	and	showed	significant	improvement	in	cell	performance	with	very	

high	capacitances,	exceeding	those	of	more	complex	asymmetric	systems.	

In	 the	 sense	 of	 electrochemical	 catalysis,	 there	 are	 not	 so	 many	 examples	 of	

immbolised	POMs	suitable	for	electrocatalytic	water	oxidation.	In	2014	McCormac	et	

al.	 published	 the	 immobilisation	 of	 the	 tetra	 ruthenium	 substituted	 POM	

Na10[Ru4O4(OH)2(H2O)4(g-SiW10O36)2]	 (Ru4)	 onto	GC	 and	 ITO	 electrodes	 through	 the	

employment	of	a	conducting	polypyrrole	matrix	and	the	LBL	technique	using	a	Ru(II)-

metallodendrimer	 as	 the	 cationic	 moiety.41	 The	 resulting	 Ru4-composites	 showed	

redox	behaviour	associated	with	the	Ru	centres	in	the	POM	and	pH	dependent	redox	

behaviour	 within	 the	 pH	 range	 2-5.	 The	 Ru4-LBL	 assemblies	 exhibited	 enhanced	

electrocatalytic	activity	towards	water	oxidation	in	pH	7,	in	comparison	to	Ru4/Carbon	

paste	electrodes	and	LBL	assemblies	composed	of	the	Dawson	parent	POM	moiety	

K8[P2W18O62].	 The	 incorporation	 of	 POM	 into	 conducting	 polymers	 represents	 an	

attractive	 approach	 since	 it	 gives	 access	 to	 heterogeneous	 catalyst	 with	 activities	
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approaching	 those	 of	 homogeneous	 systems.	 However,	 up	 to	 know,	 successful	

incorporation	 of	 POMs	 based	 on	 Earth	 abundant	 metals	 into	 organic	 anodes	 for	

heterogeneous	water	oxidation	has	not	been	published.			

In	 this	 chapter,	 the	 successful	 incorporation	of	 the	Co9	WOC	 into	 a	 polypyrrole	

matrix	 to	 obtain	 organic-inorganic	 hybrid	 anodes	 is	 presented.	 These	 electrodes	

sustain	 robust	 heterogeneous	 electrocatalytic	 water	 oxidation	 in	 neutral	 media,	

offering	 very	 good	 processability.	 Additionally,	 the	 influence	 of	 key	 processing	

parameters	to	obtain	optimum	Co9/ppy	films	will	be	also	discussed.	The	results	shown	

in	 this	 chapter	 present	 an	 interesting	 processing	 approach	 that	 yields	 versatile	

electrodes	for	electrocatalytic	water	oxidation	obtained	from	low	cost	and	available	

raw	materials.		
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3.2. Results	and	Discussion	

3.2.1. Electrode	Preparation	

Electrochemical	 polymerisation	 is	 one	 of	 the	most	 extended	methodologies	 to	

obtain	ppy	 films	presenting	different	advantages:	 the	electroactive	film	obtained	 is	

attached	to	the	electrode	surface	with	high	conductivity,	the	mass	and	thickness	of	

the	 film	 can	be	 controlled	 and	 the	properties	 of	 the	 film	 can	be	 tuned	directly	 by	

varying	 the	 electrodeposition	 conditions	 (electrolyte,	 applied	 polymerisation	

potential,	 charge	 passed,	 or	 solvent,	 among	 others).	 During	 the	 electrochemical	

synthesis,	 the	 polymer	 structure	 presents	 a	 delocalised	 positive	 charge	 on	 the	 π	

electron	system	and	the	doping	anions	present	in	the	electrolyte	solution	are	trapped	

into	the	polymer	matrix	in	order	to	assure	electroneutrality.26	

The	high	charge	of	POMs,	{Co9}16–	in	this	case,	has	shown	to	promote	strong	charge	

localisation	 when	 POMs	 act	 as	 dopants	 in	 polypyrrole	 films.42	 This	 fact	 severely	

increases	 the	 intrinsic	 resistance	 of	 the	 conducting	 film.	 Therefore,	 since	 good	

transport	properties	are	essential	for	an	efficient	electrocatalysis,19		we	decided	to	use	

a	mixture	of	dopant	anions,	Co9	and	p-toluenesulfonic	acid	(TsOH),	in	the	preparation	

of	 the	 organic-inorganic	 anodes.	 The	 Co-POM	 dopant	 anion	 is	 expected	 to	 be	

responsible	for	the	catalytic	activity	of	the	film,19	while	TsO–	is	a	preferred	dopant	that	

has	 yielded	 some	 of	 the	 most	 conducting	 ppy	 films.43	 Thus,	 both	 anions	 will	 be	

compensating	the	positive	charges	in	the	ppy	network.	

We	 successfully	 obtained	 homogeneous	 and	 self-standing	 hybrid	 Co9/TsO/ppy	

films	by	electropolimerisation	of	the	monomer	at	constant	potential	(0.991	V	vs	NHE)	

on	a	fluorine	doped	tin	oxide	(FTO)	coated	glass	from	a	slightly	acidic	(pH	5)	aqueous	

solution	of	Co9.	The	acidic	conditions	are	preferred	during	the	polymerisation	process	

to	obtain	 long	ordered	polymer	chains,	which	 result	 in	a	more	conductive	 film.44,45	

However,	the	POM	species	decompose	when	the	pH	is	too	low.	Therefore,	the	pH	of	

the	solution	was	acidified	up	to	pH	5,	where	Co9	POM	is	still	stable.46	

The	 incorporation	of	Co9	 anions	 into	 the	ppy	 films	was	 confirmed	by	elemental	

analysis	 (Table	 3.1.)	 and	 X-ray	 photoelectron	 spectroscopy	 (XPS)	 (Figure	 3.1.).	 The	
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molar	Co/W	ratio	obtained	by	ICP-OES	is	 in	agreement	with	the	theoretical	ratio	 in	

Co9	POM	 (Co/W=0.3).	Besides,	 the	XPS	data	 from	 the	 film	was	 compared	with	 the	

spectra	 for	 the	bulk	Co9	sample.	The	Co,	W	and	P	edges	 in	 the	 film	and	bulk	POM	

present	the	same	trend.		

	 Co	(µg/L)	 W	(µg/L)	 Molar	Co/W	

Co9/TsOH/ppy	fresh	film	 200±4	 2388±54	 0.26±1	

Table	 3.1.	 Stoichiometry	 of	 Co9/TsO/ppy	 500	 mC	 fresh	 film	 extracted	 from	 the	 ICP-OES	

analyses.	

	

	

Figure	3.1.	XPS	data	(Co,	W	and	P	edges)	for	the	as	prepared	Co9/TsO/ppy	film	compared	with	

the	corresponding	XPS	data	for	KCo9	bulk	material	

From	the	ICP-OES	data,	the	total	amount	of	Co9	incorporated	into	the	ppy	film	was	

calculated.	As	prepared,	the	total	Co9	content	was	~62	mg/g	(6	%).	The	amount	of	

TsO–	 could	 not	 be	 extracted	 directly	 from	 the	 ICP-OES	 data,	 since	 the	 film	 was	

dissolved	 in	 H2SO4	 (50	 mL)	 and	 the	 S	 content	 was	 masked.	 However,	 during	 the	

Co	2p

Fresh film

Bulk Co9

co
un

ts

Fresh film

Bulk Co9

W	4f

co
un

ts

P	2p

Fresh film

Bulk Co9
co
un

ts



Chapter	3	 	

	

162	

	

polymerisation	process,	a	positive	charge	is	commonly	generated	per	each	four	joined	

pyrrole	units.	Therefore,	the	amount	of	TsO–	was	calculated	by	difference,	taking	into	

account	the	preservation	of	electroneutrality	in	the	film.	Using	this	methodology,	the	

calculated	Co9/TsO	anionic	ratio	was	4·10–3	(4	Co9	anions	per	every	1000	TsO–).	This	

content	was	consistent	for	all	films,	although	only	the	calculus	for	a	500	mC	film	are	

shown	for	clarification.	

50	mL ·
200	µg	Co
1000	mL

·
1	µmole	Co
58.93	µg	Co

= 0.170	µmole	Co	

0.170	µmole	Co ·
1	µmole	𝐂𝐨𝟗
9	µmole	Co

= 1.886 · 10;<	moles	𝐂𝐨𝟗 = 1.519 · 10;>	g	𝐂𝐨𝟗	

Q𝐂𝐨𝟗 = n𝐂𝐨𝟗 · nAB · F = 1.886 · 10;< · 16 · 96485 = 0.0291	C	

QEFG = QHIJK − Q𝐂𝐨𝟗 = 0.5 − 0.0291 = 0.4709	C	

nEFG =
QEFG
nAB · F

=
0.4709
1 · 96485

= 4.880 · 10;M	moles	TsO = 9.280 · 10;>	g	TsO		

nPQRRSJA =
QHIJK
nAB · F

=
0.5

0.25 · 96485
= 2.073 · 10;T	moles	Pyrrole =	

	= 1.390 · 10;X	g	Pyrrole	

mHIJK = mPQRRSJA + m𝐂𝐨𝟗 + mEFG

= 1.390 · 10;X + 9.280 · 10;> + 1.519 · 10;> =	

	= 2.470 · 10;X	g	

m𝐂𝐨𝟗
mHIJK

=
0.1519	mg	𝐂𝐨𝟗

2.470 · 10;X	g	Film
= 62	mg	𝐂𝐨𝟗 g	Film = 6	mg	𝐂𝐨𝟗 100	mg	Film	

n𝐂𝐨𝟗
nEFG

=
1.886 · 10;<	mole	𝐂𝐨𝟗
4.880 · 10;M	moles	TsO

= 4 · 10;X	mole	𝐂𝐨𝟗 mole	TsO	

Before	electrocatalytic	essays,	 the	 films	were	conditioned	at	a	 constant	applied	

potential	of	1.541	V	vs	NHE	during	5	min	in	a	pH	5	p-toluensulfonic	solution,	where	

Co9	is	still	stable.46	When	the	films	are	brought	to	a	higher	oxidation	state,	a	colour	

change	 from	 blue	 to	 brown	 is	 observed	 (Figure	 3.2.).	 This	 conditioning	 process	 is	
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important,	since	ppy	films	are	reversibly	oxidised,	with	anion	uptake	from	solution.	

This	conditioning	avoids	major	contributions	from	this	process	to	the	total	current	in	

water	oxidation	conditions.	

	

Figure	3.2.	Hybrid	Co9/TsO/ppy	50	mC	films	as	deposited	onto	FTO	glass	electrodes:	a)	film	

before	conditioning;	b)	film	after	conditioning.		
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3.2.2. Film	Optimisation	

In	 this	 section,	 the	 influence	 of	 key	 processing	 parameters	 to	 obtain	 optimum	

Co9/ppy	films	active	towards	heterogeneous	water	oxidation	in	neutral	media	will	be	

discussed:	film	thickness,	nature	of	the	dopant	anion	and	catalyst	concentration.	

Film	Thickness	

Co9/TsO/ppy	films	with	different	thickness	(2	C,	1	C,	500	mC,	50	mC,	20	mC,	10	mC	

and	5	mC)	were	electrodeposited	and	conditioned	following	the	procedure	describe	

in	previous	section.		

	

Figure	3.3.	Deposited	and	conditioned	Co9/TsO/ppy	films	with	different	thickness.	

The	film	thickness	was	measured	with	an	Ambios	XP-1	Profilometer	and	a	linear	

dependence	was	observed	with	the	electrodeposited	total	charge	(Figure	3.4.).47	All	

films	are	slightly	concave,	with	a	significant	thickness	increase	at	the	side	ends.	For	

example,	50	mC	films	had	an	average	thickness	of	12	μm	and	a	maximum	of	20	μm	at	

the	 edges.	 However,	 we	 did	 not	 observe	 any	 significant	 effect	 upon	 performance	

related	to	this	anisotropy.	

5	mC 10	mC 20	mC 50	mC 500	mC 1	C 2 C
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Figure	3.4.	Lineal	relationship	between	experimental	average	film	thickness	and	deposited	

charge	in	hybrid	Co9/TsO/ppy	films.	

The	 Co9/TsO/ppy	 films	 with	 different	 thickness	 were	 tested	 towards	

electrocatalytic	water	oxidation	in	0.05	M	KPi	buffer	(pH	7).	The	bulk	electrolysis	at	

constant	applied	potential	of	1.400	V	vs	NHE	showed	a	current	density	increase	with	

the	increase	of	film	thickness	(Figure	3.5.	a).	This	is	expected	due	to	higher	available	

active	 surface	 and	 higher	 film	 conductivity.48	 However,	 Tafel	 slope	 also	 increases	

(Figure	3.5.	b),	indicating	significant	contribution	of	mass	transport	limitations	at	high	

currents.	 This	 also	 comes	 with	 poorer	mechanical	 stability,	 since	 thicker	 films	 are	

brittle	and	strong	gas	bubbling	affects	their	integrity	(Figure	3.6.).	Taking	all	aspects	

into	consideration,	50	mC	films	were	selected	as	optimum,	due	to	their	acceptable	

Tafel	 slope	 (analogous	 to	 that	 of	Co9	 in	 other	 supports)22	 and	 their	 higher	 current	

densities	when	compared	with	thinner	ones.	
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Figure	 3.5.	 Electrochemical	 measurements	 in	 KPi	 solution	 (pH	 7)	 of	 Co9/TsO/ppy	 films	

prepared	 passing	 a	 total	 charge	 of	 2	 C,	 1	 C,	 500	mC,	 50	mC,	 20	mC,	 10	mC	 or	 5	mC:	a)	

Chronoamperometry	 at	 1.400	V	 vs	NHE;	 b)	 Tafel	 plot	 obtained	 from	chronoamperometry	

data	at	different	applied	voltages.	The	Tafel	slope	values	are	85	mV/dec	(5	mC),	96	mV/dec	

(10	mC),	93	mV/dec	(20	mC),	124	mV/dec	(50	mC),	344	mV/dec	(500	mC),	215	mV/dec	(1	C)	

and	259	mV/dec	(2	C).	

t (h)

j(
m
A/
cm

2 )

2	C

1 C
500	mC

50	mC

20	mC10	mC 5 mC

log	j (A/cm2)

!(
V)

2	C

1 C

500	mC
50	mC

20	mC

10	mC

5 mC

a)

b)



	 Co9/ppy	Electrodes	in	Neutral	Media	

	

167	

	

	

Figure	3.6.	Picture	of	Co9/TsO/ppy	1	C	film	during	bulk	electrolysis	measurement	at	1.400	V	

vs	NHE.	Strong	gas	bubbling	affects	the	physical	integrity	of	the	film,	detaching	it	from	the	

FTO	conducting	surface.		
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Nature	of	the	Dopant	Anion	

Ppy	films	with	different	dopant	anions	were	deposited	and	conditioned.	On	one	

hand,	 the	 influence	 of	 the	 electrocatalytic	 anion	 was	 studied	 by	 comparing	

Co9/TsO/ppy	film	performance	with	a	ppy	film	without	POM	(TsO/ppy)	and	a	ppy	film	

containing	 the	 commercial	 POM	 [PW12O40]3–	 (PW12/TsO/ppy).	 The	 latter,	 used	 to	

assess	the	need	for	Co	as	active	site.	On	the	other	hand,	the	effect	of	co-dopant	anion	

was	analysed	by	substituting	TsOH	by	HClO4,	HCl	or	H3PO4.	

Comparison	of	Co9/TsO/ppy	50	mC	film	with	a	blank	TsO/ppy,	obtained	in	the	same	

conditions	 in	 the	 absence	 of	 Co9,	 confirmed	 the	 enhanced	 electrocatalytic	

performance	of	 the	first	 film	due	to	the	presence	of	Co9.	Co9/TsO/ppy	50	mC	films	

(Figure	3.7.	a)	showed	over	30	times	higher	current	densities	in	bulk	electrolysis	tests.	

Moreover,	the	Tafel	plot	and	LSV	measurements	(Figure	3.7.	b	and	c)	displayed	lower	

onset-potential	for	the	Co-POM	films	(0.400	vs	0.600	V).	This	positive	electrocatalytic	

effect	 of	Co9	 needs	 to	 be	 related	 to	 a	 good	 connectivity	with	 the	 ppy	 conducting	

network,	since	both	films	show	comparable	in-plane	conductivity	(~6	x	10–6	S	cm–1	for	

both	 films).	The	 resistance	of	 the	 film	 is	very	high	 if	 compared	with	optimised	ppy	

films.43	However,	we	have	not	optimised	the	films	to	maximise	transport,	but	as	proof	

of	concept	to	confirm	the	POM/ppy	synergy.	This	demonstrates	that	the	Co9	content	

is	low	enough	not	to	severely	affect	transport	and	that	the	poor	conductivity	of	our	

ppy	 films	 is	due	 to	 the	processing	method.	The	corresponding	PW12/TsO/ppy	 films	

exhibited	no	electrocatalytic	activity,	even	lower	than	the	TsO/ppy	blank,	due	to	an	

intrinsic	lower	conductivity.	
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Figure	3.7.	Comparison	of	the	electrocatalytic	activity	in	KPi	solution	pH	7	for	a	Co9/TsO/ppy	

50	mC	film	compared	with	a	TsO/ppy	50	mC	film	(Blank)	and	a	PW12/TsO/ppy	50	mC	film:	a)	

bulk	electrolysis	at	1.400	V	vs	NHE;	b)	Tafel	plot	obtained	from	chronoamperometry	data	at	

different	applied	voltages.	Tafel	slope	values	are	124	mV/dec	(Co9),	143	mV/dec	(Blank)	and	

70	mV/dec	(PW12)	;	c)	LSV	data	at	10	mV/s	scan	rate.	

Additionally,	we	also	extracted	the	double	layer	capacitance	(Cdl)	from	the	CV	data	

in	 the	 capacitive	 potential	 region	 (0.75	 V	 vs	 Ag/AgCl	 3.5	 M	 KCl).	 Cdl	 value	 is	

proportional	to	the	total	active	surface	area	of	each	film.	The	results	showed	that	both	

blank	films	had	identical	active	surface	area	(7.1·10–6	F/cm2	for	TsO/ppy	and	7.0·10–6	

F/cm2	for	PW12/TsO/ppy),	while	the	Co9	films	exhibited	about	2.5	times	larger	surface	

(17.2·10–6	 F/cm2	 for	Co9/TsO/ppy).	 This	may	be	due	 to	 the	better	hydration	of	 the	

films,	 associated	 to	 the	 higher	 charge	 (and	 hydration	 sphere)	 of	 the	Co9.	 Still,	 this	
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difference	 cannot	 account	 for	 the	 30	 times	 (or	 higher)	 electrocatalytic	 effect	

observed.	 Therefore,	 all	 these	 experimental	 evidences	 associate	 the	 origin	 of	 the	

electrocatalytic	water	oxidation	enhancement	to	the	presence	of	Co-active	sites.	

	

Figure	3.8.	a)	Successive	CV	data	at	10	mV/s	in	KPi	pH	7	to	show	the	capacitive	current	region	

between	0.70-0.80	V	vs	Ag/AgCl	(3.5	M	KCl)	and	the	catalytic	wave	above	1.2	V	vs	Ag/AgCl	

(3.5	M	KCl)	for	Co9/TsO/ppy	film.	b)	Difference	in	current	density	(Dj=ja-jc)	at	0.75	V	vs	Ag/AgCl	

(3.5	M	KCl)	plotted	against	scan	rate	fitted	to	a	linear	regression	allows	the	estimation	of	Cdl.	

The	study	of	possible	co-dopant	effects,	during	deposition	and/or	conditioning	was	

also	analysed.	To	do	so,	we	substituted	TsOH	by	alternative	inert	acids,	such	as	HClO4,	

HCl	or	H3PO4.	In	the	same	synthetic	conditions	(pH	5),	the	films	obtained	with	TsOH	

presented	the	best	activity,	compared	to	all	other	acid	species	(Figure	3.9.).	Therefore,	
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despite	the	inorganic	nature	of	the	Co-POMS,	organic	co-dopants	are	preferred.	This	

may	be	due	to	better	intrinsic	conductivity	of	the	ppy	films.43	

 

Figure	3.9.	Electrochemical	measurements	in	KPi	solution	(pH	7)	of	Co9/acid/ppy	50mC	films	

obtained	with	different	acid	species.	Acid	=	TsO–,	ClO4
–,	Cl–,	PO4

3–.	a)	Chronoamperometry	at	

1.400	V	vs	NHE;	b)	Tafel	plot.	The	Tafel	 slope	values	are	124	mV/dec	 (TsO–),	102	mV/dec	

(ClO4
–),	145	mV/dec	(Cl–)	and	116	mV/dec	(PO4

3–). 
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Catalyst	Concentration	

The	effect	of	Co9	concentration	during	film	deposition	was	analysed	by	preparing	

Co9/TsO/ppy	 50	mC	 films	with	 different	Co9	 concentrations	 in	 the	 2-6	mM	 range.	

Solutions	with	higher	Co9	concentration	are	not	suitable	for	electrodeposition,	since	

a	precipitate	is	formed	(Figure	3.10.).		

	

Figure	3.10.	Aqueous	solutions	(pH	5)	containing	p-toluensulfonic	acid,	pyrrole	and	different	

Co9	 concentrations:	2	mM,	4	mM,	6	mM,	8	mM	and	10	mM.	Precipiation	of	 the	catalysts	

occurs	above	6	mM.	

The	bulk	electrolysis	experiment	at	1.400	V	vs	NHE	showed	that	all	 films	exhibit	

comparable	activity,	except	the	6	mM-film.	However,	this	film	with	high	concentration	

is	at	the	threshold	of	Co9	solubility.	Therefore,	we	do	not	assign	this	result	exclusively	

to	a	genuine	effect	of	homogeneous	Co9,	since	some	heterogeneous	particles	might	

be	 collaborating	 in	 the	 catalytic	 process.	 That	 is	 the	 reason	 why,	 the	 best	 Co9	

concentration	was	set	to	2	mM	for	the	optimum	film.	

2	mM 4	mM 6 mM 8	mM 10	mM
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Figure	 3.11.	 Electrochemical	 measurements	 in	 KPi	 solution	 (pH	 7)	 of	 Co9/TsO/ppy	 films	

prepared	with	different	Co9	concentration:	6	mM,	5	mM,	4	mM,	2	mM	and	0	mM	(blank)	a)	

Chronoamperometry	 at	 1.400	V	 vs	NHE;	b)	 Tafel	 plot	 obtained	 from	chronoamperometry	

data	at	different	applied	voltages.	The	Tafel	slope	values	are	91	mV/dec	(6	mM),	116	mV/dec	

(5	mM),	121	mV/dec	(4	mM),	124	mV/dec	(2	mM)	and	148	mV/dec	(blank). 
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3.2.3. Oxygen	Evolution	

To	determine	the	efficiency	of	Co9	films	towards	electrocatalytic	water	oxidation,	

the	oxygen	production	of	optimum	Co9/TsO/ppy	50	mC	films	was	monitored	during	a	

chropotentiometry	experiment	at	0.2	mA/cm2.	The	oxygen	gas	space	concentration	

was	detected	with	an	Ocean	Optics	NeoFOX	oxygen	sensing	system	equipped	with	a	

FOXY	probe.	The	three-electrode	configuration	experiment	was	performed	in	a	50	mL	

vessel	filled	with	40	mL	KPi	pH	7	buffer	solution.	Then,	the	system	was	purged	with	a	

N2	 flow	 for	 1	 hour	 under	 constant	 stirring	 before	 starting	 the	 electrochemical	

experiment.	 After	 removing	 the	 N2	 flow,	 a	 base	 line	 of	 10	minutes	 was	 recorded	

before	starting	the	chronopotentiometry	measurement.		

	

Figure	3.12.	Picture	of	the	electrochemical	system	during	oxygen	measurement.	The	labels	

stand	for	WE	(working	electrode),	RE	(reference	electrode),	CE	(counter	electrode)	and	FOXY	

(fluorescence	probe).	

To	 calculate	 the	 moles	 of	 O2	 generated	 the	 following	 equation	 was	 used,	

considering	an	ideal	gas	behaviour.	

nG[ =
%O] · PEGE^_ · Va^b	bP^cd

R · T
																																				𝐸𝑞. 3.1.	

FOXY

RE

CE WE
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Where	%	O2	is	given	by	a	fluorescent	probe	(Ocean	Optics	FOXY),	PTOTAL	is	1	atm,	

VGAS	SPACE	(L)	is	measured	for	each	experiment,	R	is	0.082	(atm·L/K·mole)	and	T	is	298	

K.	

The	 Faradaic	 oxygen	 production	 curve	 was	 calculated	 taking	 into	 account	 the	

charge	passed	 through	 the	 system	during	 the	 chronopotentiometry	 experiment	 as	

described	in	the	following	equation:	

nG[ =
Q

nA · F
																																																				𝐸𝑞. 3.2.	

Where	Q	 (C)	 is	 the	charge	passed	through	the	system,	𝑛i = 4	 is	 the	number	of	

electrons	needed	to	generate	one	molecule	of	O2	and	F	is	the	Faraday	constant	(96485	

C/mole).	

Figure	3.13.		shows	the	oxygen	evolution	measurements	for	Co9/TsO/ppy	50	mC	

film.	The	efficiency	of	the	film	during	the	oxygen	evolution	is	below	70%,	with	respect	

to	 the	 Faradaic	 efficiency.	 This	 indicates	 that	 part	 of	 the	 current	 is	 probably	

overoxidising	the	polymer,	at	least	during	the	first	2	hours.	

	

Figure	3.13.	Oxygen	evolution	(blue	trace)	and	maximum	Faradaic	oxygen	production	(red	

line)	during	water	electrolysis	in	KPi	buffer	(pH	7)	with	optimum	Co9/TsO/ppy	50	mC	film	at	a	

constant	current	of	0.2	mA/cm2.	The	arrows	indicate	initial	and	final	electrolysis	times.		
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3.2.4. Post-catalytic	Analysis	

In	water	oxidation	electrocatalysis,	it	is	fundamental	to	determine	if	there	is	any	

evolution	 of	 the	 catalyst	 during	 turnover	 conditions.20,21,46,49–52	 Depending	 on	 the	

reaction	conditions,	the	catalysts,	including	POMs,	may	evolve	into	the	corresponding	

oxides,	which	are	also	competent	catalysts.	In	order	to	gather	experimental	evidence	

about	the	genuine	activity	of	the	Co9	species	in	these	films,	we	characterised	the	films	

before	 and	 after	 water	 oxidation	 in	 neutral	 media	 (KPi	 buffer	 pH	 7).	 For	 these	

experiments,	we	used	500	mC	films	(thickness~130	µm)	as	representative	sample,	to	

maximise	the	sample	size.	Post-electrolysis	analyses	were	carried	out	after	using	the	

films	as	water	splitting	anodes	for	10	hours	at	1.400	V	vs	NHE.	

Initially,	 in	 the	 chronoamperometry	 experiment	 at	 1.400	V	 vs	NHE,	 the	 current	

density	increased.	This	enhancement	in	activity	could	be	related	to	better	hydration	

of	the	film	or	an	increase	in	the	surface	area	due	to	porosity.	After	the	first	hour,	the	

current	 remains	 constant	 over	 time	 with	 a	 slight	 negative	 derive.	 This	 could	 be	

attributed	to	the	presence	of	trapped	O2	bubbles	that	reduce	the	active	area	of	the	

film	or	to	the	detachment	of	the	film	from	the	FTO	surface	due	to	O2	evolution.	

	

Figure	3.14.	Chronoamperometry	measurement	of	Co9/TsO/ppy	500	mC	film	in	KPi	solution	

(pH	7)	at	1.400	V	vs	NHE.	

t (h)

j(
m
A/
cm

2 )



	 Co9/ppy	Electrodes	in	Neutral	Media	

	

177	

	

The	morphology	of	the	films	was	studied	by	ESEM	and	the	images	showed	a	rugged	

homogeneous	 surface,	 with	 no	 significant	 change	 after	 use	 (Figure	 3.15.).	 The	

presence	of	Co	and	W,	as	detected	by	EDX	mapping,	is	equally	distributed	through	the	

film	before	and	after	bulk	electrolysis.		

	

Figure	 3.15.	 ESEM	 images	 of	 Co9/TsO/ppy	 500	 mC	 film	 morphology	 and	 EDX	 element-

sensitive	mapping	of	Co	(red	dots)	and	W	(green	dots).	a)	Morphology	of	the	fresh	film;	b)	

EDX	mapping	of	the	fresh	film;	c)	Cross-section	image	of	the	fresh	film;	d)	Morphology	of	the	

film	after	10	hours	bulk	electrolysis	at	1.400	V	vs	NHE;	e)	EDX	mapping	of	the	film	after	10	

hours	bulk	electrolysis	at	1.400	V	vs	NHE.	

Additionally,	the	mother	liquor	solution	after	10	hours	bulk	electrolysis	at	1.400	V	

vs	NHE	was	analysed	by	ICP-OES.	The	results	(Table	3.2.)	indicate	that	there	is	POM	

leaching	to	the	electrolyte,	since	the	Co/W	molar	ratio	found	is	in	agreement	with	the	

presence	of	Co9	in	solution	(Co/W=0.3).		

	

	

	

a) b) c)

d) e)
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	 Co	(µg/L)	 W	(µg/L)	 Molar	Co/W	

Co9/TsOH/ppy	fresh	film	 200±4	 2388±54	 0.26±1	

Mother	liquor	solution	 86±2	 868±90	 0.31±3	

Table	3.2.	ICP-OES	data	of	Co9/TsO/ppy	500	mC	fresh	film	and	mother	liquor	solution	after	

10	hours	eletrocatalytic	water	oxidation	at	1.400	V	vs	NHE	in	KPi	buffer	(pH	7).	

The	ICP-OES	data	suggest	that	40%	of	the	initial	POM	content	in	the	film	is	lost	into	

the	electrolyte	solution	after	10	hours	of	chronoamperometry	test.	However,	looking	

at	 the	 electrocatalytic	 activity,	 this	 apparently	 large	 loss	 is	 not	 affecting	 the	 film	

performance.	On	the	contrary,	performance	is	robust	and	even	increases	for	the	first	

hours	 (Figure	 3.14.).	 The	 most	 plausible	 explanation	 is	 that	 only	 superficial	 Co9	

moieties,	most	of	them	not	involved	in	the	electrocatalytic	process,	are	those	leaching	

out	the	film.	

Fresh	and	used	films	(after	10	hours	electrolysis	at	1.400	V	vs	NHE	at	pH	7)	were	

also	analysed	by	IR	and	Raman	(Figure	3.16	and	3.17.).	Spectroscopic	data	indicates	

that	 no	 significant	 changes	 in	 local	 structure	 occur	 upon	 electrochemical	 water	

oxidation.	The	characteristic	vibrational	bands	of	Co9	are	maintained,	although	their	

intensity	is	low	due	to	the	scarce	amount	of	POM	in	the	film.	Especially	relevant	are	

the	 Raman	 spectra,	 since	 the	 high	 surface	 sensitivity	 of	 this	 technique	 allows	 the	

detection	of	even	minor	traces	of	adventitious	CoOx.	Successfully,	no	bands	that	could	

be	assigned	to	cobalt	oxide	were	found	(Figure	3.17.).		
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Figure	 3.16.	 IR	 spectra	 for	 TsO/ppy	 500	 mC	 fresh	 film;	 Co9/TsO/ppy	 500	 mC	 fresh	 film;	

Co9/TsO/pp	500	mC	film	after	10	hours	bulk	electrolysis	at	1.400	V	vs	NHE	in	pH	7	KPi	buffer	

and	bulk	KCo9	(Co9).	

	

	

Figure	3.17.	Raman	spectra	for	TsO/ppy	500	mC	fresh	film;	Co9/TsO/ppy	500	mC	fresh	film;	

Co9/TsO/ppy	500	mC	film	after	10	hours	bulk	electrolysis	at	1.400	V	vs	NHE	in	pH	7	KPi	buffer;	

bulk	KCo9	(Co9)	and	bulk	Co3O4.	
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Fresh	and	used	films	were	also	analysed	by	XPS	(Figure	3.18.).	These	results	also	

support	the	absence	of	changes	in	the	chemical	environment	of	Co,	W	and	P.	In	the	

fresh	 film,	 the	 binding	 energies	 of	 all	 these	 elements	 are	 consistent	 with	 those	

expected	for	Co9.	After	bulk	electrolysis,	no	significant	changes	in	position	and	band	

structure	are	observed.	All	these	experimental	evidences	support	the	robustness	of	

the	Co9	molecular	structure	through	the	water	oxidation	process	in	neutral	conditions.	

	

Figure	 3.18.	 XPS	 data	 (Co,	 W	 and	 P	 edges)	 for	 the	 Co9/TsO/ppy	 500	 mC	 fresh	 film	 and	

Co9/TsO/ppy	500	mC	after	10	hours	chronoamperometry	at	1.400	V	vs	NHE,	compared	with	

the	corresponding	XPS	data	for	KCo9	(Co9)	bulk	material.	
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3.2.5. Alternative	Supports	

Taking	advantage	of	 the	easy	processing	of	ppy,	we	used	our	electrodeposition	

method	to	decorate	large	surface	area	electrodes	made	from	carbon	fibres.	A	carbon	

fibre	 bundle	 of	 one	 geometrical	 cm2	 was	 used	 as	 electrode	 support,	 for	 the	

electrodeposition	 of	Co9/TsO/ppy	 (total	 current	 2	 C).	 This	 process	 achieved	 a	 thin	

coverage	for	each	single	fibre,	maximising	surface	area	in	the	minimum	volume.	This	

allowed	 us	 to	 reach	 very	 high	 geometric	 currents,	 over	 30	 mA/cm2,	 orders	 of	

magnitude	higher	than	when	the	same	bundle	is	covered	only	with	TsO/ppy.	Although	

this	 is	 a	 preliminar	 test,	 it	 is	 a	 definitive	 proof	 of	 the	 benefits	 of	 this	 processing	

strategy.	

	

Figure	3.19.	(left)	Picture	of	the	carbon	fibre	bundle	electrode	covered	by	Co9/TsO/ppy	film	

during	the	bulk	electrolysis	measurement	at	1.400	V	vs	NHE.	(right)	Chronoamperometry	at	

1.400	V	vs	NHE	for	a	carbon	fibre	bundle	electrode	covered	by	Co9/TsO/ppy	films	and	TsO/ppy	

films	in	KPi	buffer	(pH	7).	Current	density	is	plotted	per	geometric	2D	area.	 
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3.3. Conclusions	

In	this	chapter,	we	have	presented	the	processing	of	hybrid	electrocatalytic	anodes	

from	 the	 incorporation	 of	 anionic	 Co-containing	 POMs	 as	 dopants	 in	 an	 organic	

conducting	 polymer	 matrix.	 The	 OER	 catalytic	 activity	 of	 the	 POM	 is	 preserved,	

resulting	 in	 a	 unique	 combination	 of	 OER	 electroactivity	 with	 the	 mechanical	

resistance	and	elasticity	of	polypyrrole	 films.	 These	polymer	electrodes	also	better	

exploit	the	activity	of	Co9,	since	only	a	6%	Co9	content	improves	the	results	obtained	

with	 carbon	 solid	 supports,	where	 a	 44%	 content	was	 needed	 to	match	 the	 same	

results	 in	 neutral	 media.22	 This	 represents	 10	 times	 less	 catalysts,	 in	 a	 flexible	

electrode	 that	 can	 be	 adapted	 to	 any	 shape	 or	 geometry	 and	 readily	 scalable	 to	

industrial	 scale	 fabrication.	 Indeed,	 we	 could	 decorate	 very	 large	 surface	 area	

electrodes	 with	 this	 POM/ppy	 films,	 to	 reach	 technologically	 relevant	 current	

densities.	

During	these	experiments,	roughly	65%	efficiency	towards	oxygen	evolution	was	

found,	 suggesting	 the	 occurrence	 of	 competing	 oxidations.	 Therefore,	 further	

optimisation	 is	needed,	such	as	 the	use	of	alternative	organic	polymers.	Albeit	 this	

drawback,	the	very	low	cost	of	raw	materials,	in	addition	to	the	unparalleled	versatility	

of	 these	 electrodes,	 opens	 interesting	 possibilities	 to	 further	 improve	 the	

technological	performance	of	water	electrolysers	operating	in	neutral	conditions.		
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3.4. Experimental	

3.4.1. Synthesis	

All	 reagents	were	 commercially	 available	 and	used	without	 further	purification.	

FTO	coated	glass	type	NSG	TECTM	15	(Pilkington)	and	Carbon	fibre,	Tex	number	795,	

filament	diameter	0.007	mm,	number	of	filaments	12000	(Goodfellow).	

Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]·43H2O	 (K16Co9)	 was	 obtained	 following	

literature	methods.19,53	Hybrid	Co9/TsO/ppy	films	were	prepared	by	electrodeposition	

on	FTO	coated	glass	previously	treated	following	standard	methods	and	with	a	fixed	

area	 of	 1	 cm2	 (delimited	 by	 Capton	 tape).	 The	 aqueous	 electrolyte	 for	

electrodeposition	experiments	was	prepared	following	this	procedure:	356	mg	(0.041	

mmole)	of	Co9 were	dissolved	in	20	mL	of	a	p-toluensulphonic	acid	solution	(0.1	M,	pH	

5	adjusted	with	KOH).	After	addition	of	Co9,	the	pH	was	readjusted	to	pH	5	with	0.1	M	

p-toluensulphonic	acid	solution.	Then,	the	pink	solution	was	filtered	through	Nylon	

(0.22mm	pore	size)	and	699	μL	of	pyrrole	(0.010	mole)	were	added	under	stirring.	The	

mixture	 was	 stirred	 during	 30	 minutes	 and	 once	 the	 solution	 was	 homogeneous,	

Co9/TsO/ppy	films	were	obtained	by	electrodeposition	on	FTO	coated	glass	under	a	

constant	potential	of	0.991	V	vs	NHE.	The	thickness	of	the	film	was	controlled	by	the	

charge	flowed	through	the	circuit.	The	counter	electrode	was	a	platinum	mesh	and	

the	 reference	 electrode	 a	 Saturated	 Calomel	 Electrode	 (SCE).	 Afterwards,	 the	

deposited	films	were	conditioned	to	fully	oxidise	the	polypyrrole	matrix	by	applying	a	

constant	potential	of	1.541	V	vs	NHE	during	5	minutes	in	a	0.1	M	acid	solution	(pH	5)	

(generally	p-toluensulfonic	acid)	using	Ag/AgCl	(3.5	M	KCl)	as	reference	electrode	and	

a	platinum	mesh	as	counter	electrode.	
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3.4.2. Physical	Methods	

§ Inductively	coupled	plasma	optical	emission	spectrometry	(ICP-OES)	was	used	

to	carry	out	elemental	analysis	with	an	Agilent	725-ES	inductively	coupled	plasma	

optical	emission	spectrometer	at	University	of	Valladolid.	Films	were	dissolved	in	

3	mL	H2SO4	98%	and	diluted	to	a	final	volume	of	50	mL	with	water,	20	mL	of	this	

acidic	solution	was	analysed	by	ICP-OES.	

§ X-ray	photoelectron	 spectroscopy	 (XPS)	 used	 to	 analyse	 samples	 surface	was	

performed	at	SSTTI	University	of	Alicante.	All	spectra	were	collected	using	Al-Kα	

radiation	 (1486.6	 eV),	 monochromatized	 by	 a	 twin	 crystal	 monochromator,	

yielding	a	focused	X-ray	spot	with	a	diameter	of	400	μm,	at	3	mA	×	12	kV.	The	

alpha	hemispherical	 analyser	was	operated	 in	 the	constant	energy	mode	with	

survey	scan	pass	energies	of	200	eV	to	measure	the	whole	energy	band	and	50	

eV	 in	 a	 narrow	 scan	 to	 selectively	 measure	 the	 particular	 elements.	 Charge	

compensation	was	achieved	with	the	system	flood	gun	that	provides	low	energy	

electrons	and	low	energy	argon	ions	from	a	single	source.	

§ Film	thickness	measurements	were	done	with	an	Ambios	XP-1	Profilometer	with	

a	minimum	nominal	step	of	10	Å	and	a	tip/sample	interaction	of	2	mg.		

§ Environmental	 Scanning	 Electron	 Microscope	 (ESEM)	 images	 were	 collected	

with	a	QUANTA600	equipment	from	FI	company	under	high	vacuum	conditions	

with	a	Large-Field	Detector	at	20	kV.	

§ Energy-dispersive	X-ray	spectroscopy	(EDX)	was	collected	with	a	JEOL-	JMS6400	

environmental	 scanning	 electron	 microscope	 equipped	 with	 an	 Oxford	

Instruments	X-ray	elemental	analyser.	

§ Infrared	 spectroscopy	 (IR)	 spectra	 were	 collected	 with	 a	 FTIR	 Bruker	

spectrometer	model	Alpha	equipped	with	an	ATR	accessory.	

§ Raman	 spectroscopy	 measurements	 were	 acquired	 using	 a	 Renishaw	 inVia	

Reflex	 Raman	 confocal	 microscope	 (Gloucester-	 Shire,	 UK),	 equipped	 with	 a	

diode	 laser	emitting	at	785	nm	at	a	nominal	power	of	300	mW,	and	a	Peltier-

cooled	CCD	detector	(−70ºC)	coupled	to	a	Leica	DM-	2500	microscope.	Calibration	

was	carried	out	daily	by	recording	the	Raman	spectrum	of	an	internal	Si	standard.	
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Rayleigh	 scattered	 light	was	 appropriately	 rejected	 by	 using	 edge-type	 filters.	

Laser	 power	was	 used	 at	 nominal	 1%	 to	 avoid	 sample	 damage.	 Spectra	were	

recorded	with	the	accumulation	of	at	 least	3	scans	with	a	30	s	scan	time	each	

one.	
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3.4.3. Electrochemistry	

Electrochemical	experiments	were	performed	with	a	Biologic	SP-150	potentiostat.	

A	 three-electrode	 configuration	 was	 used	 in	 all	 the	 experiments	 with	 a	

KH2PO4/K2HPO4	buffer	solution	0.05	M	(pH	7).	A	platinum	mesh	was	used	as	counter	

electrode,	the	reference	electrode	was	Ag/AgCl	(3.5	M	KCl)	and	the	working	electrode	

was	the	film	previously	deposited	and	conditioned	on	FTO	coated	glass.	

All	the	experiments	were	performed	in	an	H-cell	where	the	anode	and	the	cathode	

compartments	were	separated	by	a	porous	frit	and	both	compartments	were	stirred	

during	the	measurement.	Ohmic	drop	was	compensated	using	the	positive	feedback	

compensation	 implemented	 in	 the	 instrument.	 Bulk	 water	 electrolysis	 was	 done	

under	a	constant	potential	of	1.400	V	vs	NHE	for,	at	 least,	2	hours.	The	intense	gas	

bubbling	 made	 the	 films	 to	 detach	 from	 the	 FTO	 surface,	 limiting	 longer	 time	

experiments.	For	Tafel	plots,	the	steady-state	current	data	were	obtained	when	the	

current	was	stabilized	for	each	potential	(at	least	10	minutes).	

Oxygen	 evolution	 was	 detected	 with	 an	 Ocean	 Optics	 NeoFOX	 oxygen	 sensing	

system	equipped	with	a	FOXY	probe	following	the	procedure	described	 in	previous	

section.	

A	877	Titrino	Plus	pH-probe	(Metrohm)	was	used	to	measure	the	experimental	pH	

for	each	measurement.	The	pH	value	was	used	to	calculate	the	thermodynamic	water	

oxidation	potential	(El[G/G[
n )	by	employing	the	Nerst	equation:	

El[G/G[
n = 1.229 − 0.059pH	 V vs	NHE	at	25ºC												𝐸𝑞. 3.3.	

The	 overpotential	 (η)	was	 calculated	 by	 substracting	 the	 thermodynamic	water	

oxidation	potential	to	the	applied	experimental	potential	(Eapp).	

η = Ewxx − El[G/G[
n 																																												𝐸𝑞. 3.4.	

All	 the	 potentials	 were	 converted	 to	 NHE	 reference	 scale	 using	 Eyld =
E^z/^zcJ(X.T	|	}cJ) + 0.205	(V).	 Current	 densities	 were	 calculated	 based	 on	 the	

geometrical	surface	area	of	the	electrodes	(~1cm2).	
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4.1. Introduction	

Water	electrolysis	to	produce	hydrogen	and	oxygen	was	discovered	two	centuries	

ago.	Since	then,	huge	progress	has	been	made	towards	its	technological	application.	

In	a	basic	water	electrolysis	device,	potassium	hydroxide	is	the	most	commonly	used	

electrolyte1	and	nickel	is	a	popular	electrode	material.2	This	high	conductive	electrode	

is	commercially	available	in	high	surface	area,	high	porosity	and	free	standing	form	

(mesh,	foam	and	foil).	Additionally,	nickel	electrodes	can	be	coated	with	different	OER	

catalytic	materials	deposited	on	its	surface	to	increase	the	catalytic	efficiency.	During	

alkaline	water	electrolysis	performance,	a	direct	 current	 is	applied	 to	maintain	 the	

electricity	balance	and	electrons	are	consumed	in	the	cathode	to	generate	H2.	Then,	

to	keep	system’s	electroneutrality,	hydroxide	anions	transfer	through	the	electrolyte	

solution	to	the	anode,	where	they	are	oxidised	to	form	O2.		

4OH$ ⇌ O& + 2H&O + 4e$								E+,-./
0 = 1.23 − 0.059 · pH	(	V	vs	NHE)		Eq.	4.1.	

4H&O + 4e$ ⇌ 2H& + 4OH$						EB+CD-./
0 = 0.00 − 0.059 · pH	(	V	vs	NHE)		Eq.	4.2.	

To	make	this	electrochemical	reaction	proceed,	a	number	of	barriers	have	to	be	

overcome.	 These	 barriers	 include	 electrical	 resistance	 of	 the	 circuit,	 activation	

energies	of	the	electrochemical	reactions	occurring	on	the	surfaces	of	the	electrodes,	

availability	of	electrode	surface	due	to	partial	coverage	by	gas	bubbles	formed	and	

the	resistances	due	to	the	ionic	transfer	within	the	electrolyte	solution.3	Among	them,	

finding	 a	 cheap	 and	 stable	 water	 oxidation	 catalyst	 that	 efficiently	 oxidises	 water	

under	basic	conditions	is	the	most	challenging.		

Many	electrocatalytic	systems	for	OER	have	been	reported	up	to	date.	They	have	

been	prepared	in	a	variety	of	ways	that	have	yielded	different	elemental	compositions	

and	microstructures.4–7	 Among	 them,	mixed	metal	 oxides	 have	 been	 identified	 as	

potential	 OER	 catalysts	 capable	 of	 replacing	 expensive	 noble	 metal-based	

compounds;	specifically,	AB2O4	spinel,8–15	organic	compounds16	and	perovskites.17–19		

Jaramillo	et	al.	published	in	2015	a	benchmarking	protocol	to	measure	the	activity,	

stability	and	Faradaic	efficiency	of	a	series	of	representative	OER	catalysts	 in	acidic	
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and	alkaline	solutions.20,21	Notably,	under	alkaline	conditions,	most	non-noble	metal	

catalysts	operated	with	roughly	equivalent	activity	for	OER	(overpotentials	of	0.35	V	-	

0.50	V	to	reach	10	mA/cm2).		This	could	be	explained	by	a	common	water	oxidation	

mechanism	for	all	oxide	catalysts.	This	postulated	mechanism	includes	the	formation	

of	 a	 surface	 hydroxide	 OH*	 intermediate	 which	 is	 oxidised	 by	 two	 electrons	 to	 a	

surface	 hydroperoxy	 OOH*	 intermediate.22–25	 DFT	 calculations	 suggested	 that	 the	

binding	energies	of	these	two	intermediates	are	similar	regardless	of	the	metal	oxide	

surface	to	which	the	intermediates	are	coordinated.25	These	results	imply	that	there	

is	a	minimum	“thermodynamic	overpotiental”	of	~0.40	V	 for	OER	at	planar	metal-

oxide	 surfaces	 calculated	 assuming	 only	 thermodynamic	 considerations.22,25	 This	

hypothesis	is	consistent	with	the	activity	measurements	reported	by	Jaramillo	and	co-

workers:	 all	 non-noble	metal	 catalysts	 evaluated	 needed	 >0.30	 V	 overpotential	 to	

operate	at	10	mA/cm2	in	1	M	NaOH.21	If	the	activity	is	analysed	more	in	detail,	some	

catalyst	presented	relatively	high	activity	and	stability	compared	to	 the	others.	For	

example,	NiFe26	and	NiZn,27	obtained	by	electrodeposition	on	glassy	carbon	electrode,	

showed	excellent	long-term	stability	with	a	constant	overpotential	of	<0.39	V	at	10	

mA/cm2	during	24	hours	in	1	M	NaOH.		

Metal	 oxide	 catalysts	 have	 traditionally	 been	 prepared	 by	 electrodeposition.	

However,	 this	 makes	 it	 difficult	 to	 obtain	 and	 study	 desirable	 mixed-metal	

compositions	 that	 can	 improve	 catalytic	 features.	 Boettcher	 et	 al.	 presented	 an	

alternative	approach,	by	simple	solution	casting,	to	obtain	a	variety	of	nanostructured	

mixed	metal	oxides.28	Following	this	strategy,	the	best	performance	was	achieved	by	

Ni0.9Fe0.1Ox	films,	with	a	30	mV/dec	Tafel	slope	and	1	mA/cm2	reached	at	just	300	mV	

overpotential	at	pH	14.	One	of	the	advantages	of	these	films,	combining	Ni	and	Fe,	is	

their	compatibility	with	photoanodes.29,30		

Some	years	later,	in	2014,	Stahl	et	al.	reported	a	combinatorial	screening	of	nearly	

3500	trimetallic	AxByCzOq	mixed	metal	oxide	compositions	that	led	to	the	discovery	of	

electrocatalysts	with	 enhanced	 activity.31	 The	 results	 showed	 that	Ni-based	 oxides	

were	significantly	more	active	than	Co-based	oxides,	being	Ni-Fe	80:20	and	60:40	the	

most	 active	 binary	 oxides.	Moreover,	 the	 presence	 of	 a	 third	metal	 increased	 the	
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catalytic	activity	of	the	material.	The	best	results	were	obtained	when	doping	Ni-Fe	

compounds	with	AlIII,	CrIII	and	GaIII	to	obtain	Ni-Fe-Al	(40:40:20),	Ni-Fe-Cr	(40:20:40)	

and	Ni-Fe-Ga	(20:20:60)	as	optimum	metallic	compositions.		

Nanoparticulate	electrocatalysts	for	water	oxidation	are	of	considerable	interest	

due	to	different	features.	Firstly,	their	active	surface	area	can	be	tuned	by	controlling	

the	 nanoparticle	 size.	 Therefore,	 this	 nanostructuration	 may	 allow	 for	 very	 high	

surface	 area	 systems	 at	 relatively	 small	 catalyst	 loading	 per	 geometric	 area.32,33	

Secondly,	the	synthetic	procedure	and	characterisation	of	the	new	materials	is	easier	

compared	 to	 traditionally	 deposited	 film	 synthesis.34	 However,	 despite	 the	 huge	

number	of	reports	on	particulate	OER	electrocatalysts,	there	was	no	standard	method	

to	evaluate	their	performances	until	the	report	published	in	2016	by	Jaramillo	and	co-

workers.35	

Jaramillo	et	 al.	 presented	 a	 standard	procedure	 to	 evaluate	particulate	 catalyst	

performances	 using	 consistent	 deposition	 methods	 and	 electrochemical	 test	

conditions.35	 They	 studied	 the	 OER	 performance	 of	 16	 crystalline	 metal	 oxides	

selected	 due	 to	 their	 frequent	 use	 as	 OER	 electrocatalysts,	 such	 as	 g-Fe2O3	 and	

NiFe2O4.	 The	nanoparticulated	 catalysts	were	attached	onto	glassy	 carbon	working	

electrode	substrates	by	simple	drop-cast	method	using	a	thin	Nafion	binder.36	All	the	

OER	materials	investigated	operated	with	similar	activity,	needing	0.35	V	–	0.60	V	of	

overpotential	to	reach	10	mA/cm2.		

Regarding	 to	 the	 binding	 compound,	 Nafion	 is	 one	 of	 the	 most	 used	 proton	

exchange	membranes	in	electrochemical	energy	systems.	However,	when	working	in	

alkaline	conditions	the	use	of	a	hydroxide	exchange	membrane	is	more	interesting.37	

These	 polymer	 electrolytes	 conduct	 anions	 since	 they	 contain	 positively	 charged	

groups	bound	covalently	to	a	polymer	backbone.	The	most	commonly	used	material	

is	a	quaternary	ammonium	hydroxide	containing	polymer.38–40	This	structure	provides	

OH–

 

mobility	by	the	positively	charged	nitrogen	which	is	stabilised	by	the	four	linked	

organic	 groups.	 The	 nature	 and	 size	 of	 the	 organic	 groups	 also	 define	 the	 charge	

intensity	on	the	nitrogen	atom,	the	pathway	for	the	hydroxide	ions,	the	stability	of	

the	membrane	against	chemical	 reactions	and	other	membrane	properties	such	as	
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dimensional	 swelling,	 ion	 selectivity	 and	 fuel	 crossover.	 Presently,	 Tokuyama,	Acta	

SpA,	and	FuMA-Tech	GmbH	are	among	the	companies	that	commercially	produce	this	

kind	 of	 materials.	 FuMa-Tech	 GmbH	 recently	 presented	 the	 FAA-3	 ionomer	 and	

membrane	 with	 high	 chemical	 stability,	 low	 dimensionality	 swelling	 and	 high	

selectivity.41	This	hydroxide	exchange	polymer	has	been	used	in	alkaline	fuel	cells	with	

successful	results37,41	and	also	in	alkaline	water	electrolysis.42		

Regarding	this	 last	example,	Ravichandran	et	al.	presented	a	highly	durable	and	

low-cost	anion	exchange	membrane	electrolysis	cell	with	active	spinel	ferrite	catalysts	

for	 hydrogen	 production.42	 CexMnFe(2-x)O4	 spinel,	 synthesised	 by	 a	 combustion	

method,	 had	 enhanced	 conductivity	 due	 to	 Ce	 doping.	 This	 increased	 conductivity	

resulted	 in	 a	 decrease	 of	 the	 OER	 onset-potential.	 At	 25ºC,	 the	 single	 cell	 with	

Ce0.2MnFe1.8O4	 exhibited	 a	 current	 density	 of	 300	 mA/cm2	 at	 1.8	 V.	 Notably,	 the	

durability	 of	 the	 cell	 was	more	 than	 100	 hours	 in	 continuous	 electrolysis	 working	

conditions.	

In	this	chapter,	we	present	the	synthesis	and	characterisation	of	particulate	binary	

and	 ternary	 mixed	 metal	 oxides	 with	 cubic	 and	 hexagonal	 crystal	 structure.	

Determination	of	 the	most	 efficient	 chemical	 composition	 towards	 electrocatalytic	

water	 oxidation	 is	 stablished	 by	 immobilisation	 of	 the	 catalytic	material	 on	 nickel	

support	 with	 an	 anion	 exchange	 ionomer	 (F-AA3).	 Binary	 ZnFe	 cubic	 spinels	 with	

composition	33:66	and	10:90,	as	well	as,	the	ternary	NiZnFe	(33:33:33)	showed	the	

best	 performance	 in	 alkaline	 media.	 These	 compounds	 present	 a	 well-known	

structure,	but	 their	activity	 towards	basic	water	oxidation	had	not	been	previously	

reported,	to	the	best	of	our	knowledge.	Additionally,	hexagonal	iron	oxide,	identified	

as	a-Fe2O3	 (hematite),	presented	surprisingly	enhanced	activity	compared	with	the	

traditionally	reported	in	literature.		
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4.2. Results	and	Discussion	

Ni-Zn	and	Ni-Fe	spinel	ferrites	are	a	wide	family	of	mixed	metal	oxides	with	varied	

and	 interesting	 properties.43–46	 The	 latter,	 have	 shown	 very	 efficient	 performance	

towards	electrocatalytic	water	oxidation	in	alkaline	media.31,47	Additionally,	it	has	also	

been	reported	that	the	incorporation	of	a	3rd	metal	(i.	e.	Cr,	Al,	Ga)	in	the	Ni-Fe	mixed	

oxide	structure	enhances	the	catalytic	performance	of	the	material.31	With	the	aim	of	

further	 improving	 the	performance	of	 these	materials,	we	decided	 to	 synthesise	4	

mixed	metal	oxide	families	with	formula	NixFeyOz	(NiFe),	ZnxFeyOz	(ZnFe),	NixCryFezOk	

(NiCrFe)	 and	 NixZnyFezOk	 (NiZnFe)	 to	 be	 tested	 in	 electrocatalytic	 alkaline	 water	

oxidation	reaction.	The	exactly	same	synthetic	procedure	was	applied	to	all	materials,	

as	to	isolate	the	effect	of	composition	and	structure,	while	equalising	any	processing	

related	parameters.	
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4.2.1. Synthesis	

Properties	 of	 ferrite	 materials	 strongly	 depend	 on	 the	 preparation	 conditions.	

Many	 methods	 have	 been	 used	 to	 prepare	 this	 kind	 of	 materials,48–53	 being	 the	

combustion	method	a	highly	promising	alternative.54	The	advantages	of	this	method	

are	the	simple	preparation	procedure,	formation	of	products	with	virtually	any	size	or	

shape	and	formation	of	high-purity	homogeneous	products.	In	combustion	synthesis,	

the	morphology,	phase	and	final	product	properties	can	be	tuned	by	controlling	the	

nature	of	fuel	and	the	fuel/metal	nitrates	ratio.55	Glycine	is	a	preferred	fuel	because	

it	is	readily	available,	economic	and	highly	soluble	in	water.55		

To	prepare	the	4	mixed	oxide	families,	we	started	with	an	aqueous	solution	(50	

mL)	of	the	metallic	nitrate	precursors	in	the	appropriate	ratio.	The	iron	concentration	

was	 fixed	to	0.0125	M	and,	 then,	 the	amount	of	 the	other	metallic	precursors	was	

calculated	according	to	the	desired	composition.	Glycine	was	added	into	the	aqueous	

solution	 in	 a	 glycine/metal	 molar	 ratio	 of	 1.20	 and	 stirred	 until	 total	 dissolution.	

Afterwards,	 the	 solution	 was	 heated	 up	 to	 200ºC	 until	 the	 solvent	 was	 totally	

evaporated	and	glycine	combusted.	This	flamy	combustion	process	was	accompanied	

with	vigorous	emission	of	gasses	 (CO2,	N2	and	water	vapour).	The	 resulting	porous	

dark	solid	was	recovered	and	calcined	at	1100ºC	in	a	tubular	oven	for	1	hour.	Finally,	

the	calcined	material	was	mechanically	milled	in	an	Agatha	ball	milling.	
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Figure	4.1.	Picture	of	different	steps	during	mixed	metal	oxide	synthesis:	a)	Starting	aqueous	

solution	of	metallic	precursors;	b)	Combustion	reaction	of	glycine;	c)	Resulting	porous	dark	

solid	from	the	combustion	reaction;	d)	Final	oxide	materials	after	calcination	at	1100ºC	and	

ball	milling.	

a)

c)

b)

d)
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4.2.2. Mixed	Metal	Oxides	Structural	Characterisation	

All	 compounds	 were	 characterised	 to	 determine	 their	 exact	 composition	 and	

structure.	Firstly,	energy	dispersive	X-ray	spectroscopy	(EDX)	was	used	to	estimate	the	

metal	 ratio	 of	 each	 material.	 Then,	 powder	 X-ray	 diffraction	 (XRD)	 allowed	 the	

identification	 of	 crystal	 phases	 in	 each	 compound.	 Finally,	 Raman	 spectroscopy	

supported	the	conclusions	obtained	with	powder	XRD	analysis.		

NiFe	Mixed	Oxides	

Four	 NiFe	 compounds	 were	 synthesised	 with	 different	 metallic	 ratio	 and	 their	

chemical	composition	was	estimated	by	EDX.	Within	experimental	error,	the	results	

are	 in	 good	 agreement	 with	 the	metallic	 ratios	 in	 the	 starting	 aqueous	 precursor	

solution.	 The	 samples	 were	 labelled	 according	 to	 the	 metallic	 ratio	 in	 the	 initial	

solutions.	

	 Experimental	 Precursor	solution	

Sample	 Ni	(%	atomic)	 Fe	(%	atomic)	 Ni	(%	atomic)	 Fe	(%	atomic)	

NiFe	10:90	 10	 90	 10	 90	

NiFe	33:66	 35	 65	 33	 66	

NiFe	80:20	 81	 19	 80	 20	

NiFe	90:10	 90	 10	 90	 10	

Table	4.1.	Stoichiometry	of	the	NiFe	compounds	extracted	from	the	EDX	analyses.	

The	XRD	powder	patterns	recorded	for	NiFe	samples	are	shown	in	Figure	4.2.,	as	

well	as,	the	corresponding	NiO	and	Fe2O3	simple	oxides	obtained	following	the	same	

synthetic	procedure.	The	diffractogram	for	NiFe	33:66	is	consistent	with	the	standard	

pattern	 cubic	 spinel	 structure	 of	 bulk	 NiFe2O4	 (ICSD	 code	 52387).	 Increasing	 the	

amount	of	iron	in	the	starting	composition	yields	the	formation	of	a-Fe2O3	hematite	
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crystal	structure	(ICSD	code	15840)	with	traces	of	secondary	NiFe2O4	spinel.	On	the	

contrary,	 if	the	nickel	content	is	 increased,	the	resulting	compound’s	structure	is	 in	

agreement	with	the	presence	of	bulk	NiO	(ICSD	code	92127)	with	traces	of	secondary	

NiFe2O4	spinel.	Representations	of	the	standard	crystal	structures	are	shown	in	Figure	

4.3..	

	

Figure	4.2.	Powder	XRD	patterns	of	NiFe	compounds.	The	numeric	labels	on	diffractogram	

peaks	stand	for	(hkl)	values	in	the	standard	pattern	compound.	Coloured	circles	are	used	for	

clarification	to	indicate	the	presence	of	standard	crystalline	phases.		
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Figure	4.3.	Crystal	structure	representations:	a)	NiFe2O4	cubic	spinel	(ICSD	code	52387);		b)	

a-Fe2O3	hexagonal	hematite	(ICSD	code	15840);	c)	NiO	hexagonal	(ICSD	code	92127).	Cations	

are	represented	in	polyhedral	form	to	clarify	their	coordination	environment.	

From	the	XRD	powder	patterns	we	extracted	the	structural	features	(Annex	II).	The	

lattice	parameters	are	summarised	in	Table	4.2..	Cubic	spinel	phases	have	a	similar	

lattice	parameter	as	the	standard	NiFe2O4	compound,	except	NiFe	10:90.	Its	smaller	a	

value,	may	be	an	experimental	artefact,	due	to	the	complex	analysis	of	the	weak	peaks	

in	powder	XRD	pattern.	Hexagonal	phases	(a-Fe2O3	and	NiO)	present	the	same	lattice	

parameters	as	the	standards.	
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	 Cubic	Spinel	 Hexagonal	Fe2O3	 Hexagonal	NiO	

Sample	 a	(Å)	 a	(Å)	 c	(Å)	 a	(Å)	 c	(Å)	

NiFe	10:90	 8.302	 5.033	 13.753	 -	 -	

NiFe	33:66	 8.325	 -	 -	 -	 -	

NiFe	80:20	 8.345	 -	 -	 2.949	 7.238	

NiFe	90:10	 8.336	 -	 -	 2.953	 7.222	

Fe2O3	 -	 5.034	 13.750	 -	 -	

NiO	 -	 -	 -	 2.954	 7.216	

NiFe2O4	(ICSD	52387)	 8.356	 -	 -	 -	 -	

a-Fe2O3	(ICSD	15840)	 -	 5.038	 13.770	 -	 -	

NiO	(ICSD	92127)	 -	 -	 -	 2.951	 7.220	

Table	4.2.	Lattice	constant	parameters	(a	and	c)	for	synthesised	NiFe	compounds,	synthesised	

simple	oxides	(Fe2O3	and	NiO)	and	standard	crystalline	phases.	

Room	temperature	Raman	spectra	of	as-synthesised	materials	were	recorded	in	

the	160-800	 cm–1	 range	 (Figure	4.4.).	 According	 to	 the	 space	 group	 symmetry	 and	

factor	 group	 analysis	 in	 NiFe2O4	 spinel,	 five	 Raman	 active	 internal	 modes	 are	

predicted:	A1g,	Eg	and	3F2g.56	 In	the	case	of	NiFe	33:66	only	the	three	more	 intense	

bands	 are	 observed.	 As	 deducted	 from	 powder	 XRD	 analysis,	 the	 samples	 with	

increased	iron	content	have	the	characteristic	Raman	bands	from	a-Fe2O3	and	NiFe2O4	

spinel.	In	those	samples	with	higher	nickel	content,	NiFe2O4	spinel	Raman	bands	are	

broadened	and	masked	by	the	presence	of	the	NiO	phase.		
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Figure	4.4.	Raman	spectra	of	synthesised	NiFe	compounds	and	simple	oxides	(Fe2O3	and	NiO).	

Vibrational	modes	are	assigned	by	comparison	with	reported	data	for	NiFe2O4,
56	a-Fe2O3

57
	

and	NiO.58	
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ZnFe	Mixed	Oxides	

Different	Zn/Fe	molar	ratio	were	used	to	obtain	five	powder	samples.	The	chemical	

composition,	 determined	 by	 EDX,	 coincides	 with	 the	 starting	 metallic	 ratio	 in	 the	

precursor	 solution.	 Only	 ZnFe	 20:80	 experimental	 composition	 differs	 from	 the	

expected	one.	

	 Experimental	 Precursor	solution	

Sample	 Zn	(%	atomic)	 Fe	(%	atomic)	 Zn	(%	atomic)	 Fe	(%	atomic)	

ZnFe	5:95	 5	 95	 5	 95	

ZnFe	10:90	 9	 91	 10	 90	

ZnFe	20:80	 15	 85	 20	 80	

ZnFe	33:66	 32	 68	 33	 66	

ZnFe	66:33	 68	 32	 66	 33	

Table	4.3.	Stoichiometry	of	the	ZnFe	compounds	extracted	from	the	EDX	analyses.	

Powder	XRD	analysis	allowed	the	identification	of	compounds’	crystalline	structure	

(Figure	4.5.).	The	diffractogram	for	ZnFe	33:66	has	the	same	pattern	as	the	standard	

(Zn0.664Fe0.336)[Zn0.066Fe1.934]O4	 (ICSD	 code	 81206),	 where	 Zn2+	 cations	 occupy	

preferably	the	tetrahedral	sites,	while	Fe3+	ions	occupy	octahedral	spaces.	Compounds	

with	higher	concentrations	of	iron	content	present	a	mixture	of	crystalline	phases	in	

their	 structure:	a-Fe2O3	 is	 the	main	phase	 (ICSD	 code	15840),	with	 some	 traces	of	

secondary	Zn0.73Fe2.27O4	spinel.	On	the	contrary,	increasing	the	zinc	amount	yields	a	

mixture	 of	 Zn0.73Fe2.27O4	 spinel	 and	 traces	 of	 secondary	 hexagonal	 ZnO	 (ICSD	 code	

185829).	
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Figure	4.5.	Powder	XRD	patterns	of	ZnFe	compounds.	The	numeric	labels	on	diffractogram	

peaks	stand	for	(hkl)	values	in	the	standard	pattern	compound.	Coloured	circles	are	used	for	

clarification	to	indicate	the	presence	of	standard	crystalline	phases.		
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Figure	4.6.	Crystal	 structure	 representations:	a)	 (Zn0.664Fe0.336)[Zn0.066Fe1.934]O4	cubic	spinel	

(ICSD	code	81206);	b)	a-Fe2O3	hexagonal	hematite	(ICSD	code	15840);	c)	ZnO	hexagonal	(ICSD	

code	 185829).	 Cations	 are	 represented	 in	 polyhedral	 form	 to	 clarify	 their	 coordination	

environment.	

Lattice	constant	parameters	extracted	from	the	powder	XRD	data	are	in	agreement	

with	 the	values	calculated	 for	 the	standard	structures	 (Table	4.3.).	Lattice	constant	

values	for	cubic	spinel	structures	are	very	similar	to	the	standard	Zn0.73Fe2.27O4	spinel.	

Only	 ZnFe	 10:90	 differs	 a	 little	 bit,	 following	 the	 same	 trend	 observed	 for	 NiFe.	

Hexagonal	crystal	phases	have	the	same	lattice	parameters	as	the	standard	structures.	
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	 Cubic	Spinel	 Hexagonal	Fe2O3	 Hexagonal	ZnO	

Sample	 a	(Å)	 a	(Å)	 c	(Å)	 a	(Å)	 c	(Å)	

ZnFe	5:95	 -	 5.031	 13.742	 -	 -	

ZnFe	10:90	 8.458	 5.034	 13.731	 -	 -	

ZnFe	20:80	 8.447	 5.035	 13.742	 -	 -	

ZnFe	33:66	 8.443	 -	 -	 -	 -	

ZnFe	66:33	 8.450	 -	 -	 3.246	 5.213	

Fe2O3	 -	 5.034	 13.750	 -	 -	

ZnO	 -	 -	 -	 3.249	 5.203	

Zn0.73Fe2.27O4	(ICSD	81206)	 8.437	 -	 -	 -	 -	

a-Fe2O3	(ICSD	15840)	 -	 5.038	 13.770	 -	 -	

ZnO	(ICSD	185829)	 -	 -	 -	 3.250	 5.204	

Table	4.4.	Lattice	constant	parameters	for	synthesised	ZnFe	compounds,	synthesised	simple	

oxides	(Fe2O3	and	ZnO)	and	standard	crystalline	phases.	

Raman	spectra	showed	the	same	features	predicted	from	the	powder	XRD.	ZnFe	

33:66	presents	the	3	main	characteristic	Raman	peaks	for	a	cubic	spinel	structure	(Eg,	

F2g	and	A1g).	When	the	iron	content	increases,	the	observed	Raman	peaks	correspond	

to	 the	a-Fe2O3	hematite	 structure.	 In	 the	case	of	ZnFe	66:33,	 the	presence	of	ZnO	

bands	are	not	detected,	being	a	minor	component.	
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Figure	 4.7.	Raman	 spectra	 of	 synthesised	 ZnFe	 compounds	 and	 simple	 oxides	 (Fe2O3	 and	

ZnO).	Vibrational	modes	are	assigned	by	 comparison	with	 reported	data	 for	Zn0.73Fe2.27O4	

cubic	spinel,56	a-Fe2O3
57

	and	ZnO.
59
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NiCrFe	Mixed	Oxides	

The	first	family	of	ternary	mixed	oxides	was	obtained	by	incorporation	of	Cr3+	into	

Ni-Fe	compounds.	Six	NiCrFe	materials	with	different	metallic	ratio	were	synthesised.	

Their	metallic	composition	is	 in	agreement	with	the	starting	precursors	ratio	(Table	

4.4.).	

	 Experimental	 Precursor	solution	

Sample	 Ni		

(%	at.)	

Cr	

	(%	at.)	

Fe		

(%	at.)	

Ni		

(%	at.)	

Cr	

(%	at.)	

Fe		

(%	at.)	

NiCrFe	88:8:4	 87	 9	 4	 88	 8	 4	

NiCrFe	72:8:20	 71	 10	 19	 72	 8	 20	

NiCrFe	56:40:4	 54	 42	 4	 56	 40	 4	

NiCrFe	50:40:10	 48	 43	 9	 50	 40	 10	

NiCrFe	50:30:20	 49	 31	 20	 50	 30	 20	

NiCrFe	40:40:20	 40	 40	 20	 40	 40	 20	

Table	4.5.	Stoichiometry	of	the	NiCrFe	compounds	extracted	from	the	EDX	analyses.	

Identification	 of	 the	 compounds’	 crystal	 structure	 was	 done	 by	 powder	 XRD	

analysis.	 NiCrFe	 40:40:20	 has	 the	 same	 pattern	 as	 the	 standard	 spinel	

(Fe)[NiFe0.80Cr0.20]O4	 (ICSD	code	165449),	with	all	 tetrahedral	 sites	occupied	by	Fe3+	

ions	and	octahedral	positions	occupied	by	Ni2+,	Fe3+	and	Cr3+	ions.	In	this	compound,	

there	 are	 also	 some	 traces	 of	 secondary	NiO	 hexagonal	 phase	 (ICSD	 code	 92127).	

When	the	nickel	content	is	increased	in	the	starting	precursors	ratio,	the	hexagonal	

NiO	structure	is	a	predominant	phase.	Thus,	the	resulting	materials	have	a	mixture	of	

phases:	cubic	(Fe)[NiFe0.80Cr0.20]O4	spinel	and	hexagonal	NiO.	The	simple	CrOx	and	FeOx	
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synthesised	oxides	are	identified	as	hexagonal	Cr2O3	(ICSD	code	75577)	and	a-Fe2O3	

(ICSD	code	15840).	Their	presence	was	not	detected	in	the	NiCrFe	ternary	oxides.	

	

Figure	4.8.	Powder	XRD	patterns	of	NiCrFe	compounds.	The	numeric	labels	on	diffractogram	

peaks	stand	for	(hkl)	values	in	the	standard	pattern	compound.	Coloured	circles	are	used	for	

clarification	to	indicate	the	presence	of	standard	crystalline	phases.		
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Figure	4.9.	Crystal	structure	representations:	a)	(Fe)[NiFe0.80Cr0.20]O4	cubic	spinel	(ICSD	code	

165449);	b)	a-Fe2O3	hexagonal	 hematite	 (ICSD	 code	15840);	c)	NiO	hexagonal	 (ICSD	 code	

92127);	d)	Cr2O3	hexagonal	(ICSD	code	75577).	Cations	are	represented	in	polyhedral	form	to	

clarify	their	coordination	environment.	

Lattice	parameter	calculation	shows	that	the	phases	present	in	NiCrFe	compounds	

have	the	same	values	as	the	standard	structures	(Table	4.5.).	The	presence	of	other	

phases	does	not	affect	the	lattice	parameter	of	individual	crystal	structures.	
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	 Cubic	Spinel	 Hexagonal	NiO	

Lattice	constant	 a	(Å)	 a	(Å)	 c	(Å)	

NiCrFe	88:8:4	 8.300	 2.954	 7.228	

NiCrFe	72:8:20	 8.306	 2.953	 7.222	

NiCrFe	56:40:4	 8.308	 2.952	 7.221	

NiCrFe	50:40:10	 8.308	 2.952	 7.221	

NiCrFe	50:30:20	 8.297	 2.951	 7.233	

NiCrFe	40:40:20	 8.307	 2.953	 7.222	

NiO	 -	 2.954	 7.218	

NiCr0.20Fe1.80O4	(ICSD	code	165449)	 8.311	 -	 -	

NiO	(ICSD	92127)	 -	 2.951	 7.220	

Table	 4.6.	 Lattice	 constant	 parameters	 for	 synthesised	 NiCrFe	 compounds,	 synthesised	

simple	NiO	oxide	and	standard	crystalline	phases.	

Raman	 spectra	 show	 the	 same	 trend	 as	 the	 powder	 XRD	 spectra.	 NiCrFe	

compounds	with	high	chromium	content	show	only	one	intense	Raman	peak	at	700	

cm–1,	typical	for	complexes	with	formula	NiCr1.50Fe0.50O4.60	However,	NiCrFe	72:8:20,	

with	 lower	 amount	 of	 chromium,	 shows	 the	 three	 characteristic	 intense	 bands	 of	

NiFe2O4.55	These	results	 indicate	that,	despite	the	same	cubic	spinel	structure	 in	all	

compounds,	the	metallic	distribution	is	not	the	same.	NiCr1.50Fe0.50O4	compound	has	

a	normal	spinel	structure,	where	Ni2+	occupy	the	tetrahedral	sites	and	Cr3+	and	Fe3+	

are	located	in	octahedral	positions.	On	the	contrary,	NiFe2O4	exhibits	an	inverse	spinel	

structure	 where	 half	 of	 the	 Fe3+	 occupy	 the	 tetrahedral	 sites	 and	 the	 octahedral	

positions	are	filled	with	Ni2+	and	the	other	half	of	Fe3+.60	Therefore,	the	occupation	of	
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tetrahedral	and	octahedral	sites	is	different,	generating	a	variety	of	vibrational	modes	

in	Raman	spectroscopy.		

	

Figure	4.10.	Raman	spectra	of	synthesised	NiCrFe	compounds	and	simple	oxides	(Fe2O3,	NiO	

and	 Cr2O3).	 Vibrational	 modes	 are	 assigned	 by	 comparison	 with	 reported	 data	 for	

NiCr0.20Fe1.80O4,
60	NiFe2O4,

56	a-Fe2O3,
57	NiO58	and	Cr2O3.
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NiZnFe	Mixed	Oxides	

Ni-Fe	was	doped	with	Zn2+	 to	obtain	 the	 second	 family	of	 ternary	mixed	oxides	

NiZnFe.	The	chemical	formulas	were	estimated	by	EDX,	as	shown	in	Table	4.6..	

	 Experimental	 Precursor	solution	

Sample	 Ni		

(%	at.)	

Zn	

	(%	at.)	

Fe		

(%	at.)	

Ni		

(%	at.)	

Zn	

(%	at.)	

Fe		

(%	at.)	

NiZnFe	16.5:16.5:67	 16.5	 15.7	 68	 16.5	 16.5	 67	

NiZnFe	50:17:33	 49	 18	 33	 50	 17	 33	

NiZnFe	17:50:33	 18	 49	 32	 17	 50	 33	

NiZnFe	33:33:33	 26	 37	 38	 33	 33	 33	

NiZnFe	30:60:10	 30	 59	 11	 30	 60	 10	

NiZnFe	40:50:10	 39	 51	 10	 40	 50	 10	

NiZnFe	44.5:44.5:10	 47	 44.3	 9	 44.5	 44.5	 10	

NiZnFe	48:48:4	 47	 50	 3	 48	 48	 4	

Table	4.7.	Stoichiometry	of	the	NiZnFe	compounds	extracted	from	the	EDX	analyses.	

Powder	XRD	was	used	to	determine	the	crystal	structure	of	the	NiZnFe	synthesised	

compounds.	NiZnFe	 16.5:16.5:67	 and	NiZnFe	 33:33:33	 show	 the	 same	 diffraction	

pattern	as	 the	standard	 (Zn0.60Fe0.40)[Ni0.40Fe1.60]O4	cubic	spinel	 (ICSD	code	195391).	

However,	the	intensities	are	not	identical:	NiZnFe	16.5:16.5:67	has	the	same	relative	

intensities	as	the	standard	cubic	spinel,	but	NiZnFe	33:33:33	shows	increased	intensity	

in	 the	 (004)	 diffraction	 plane.	 The	 rest	 of	 synthesised	 compounds	 have	 peaks	

associated	with	the	presence	of	cubic	spinel	and	hexagonal	ZnO	(ICSD	code	185829).	
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Fe2O3	and	NiO	simple	oxide	phases	are	not	detected	 in	 the	crystal	structure	of	 the	

NiZnFe	synthesised	compounds.	

	

Figure	4.11.	Powder	XRD	patterns	of	NiZnFe	compounds.	The	numeric	labels	on	diffractogram	

peaks	stand	for	(hkl)	values	in	the	standard	pattern	compound.	Coloured	circles	are	used	for	

clarification	to	indicate	the	presence	of	standard	crystalline	phases.	
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Figure	 4.12.	 Crystal	 structure	 representations:	 a)	 (Zn0.60Fe0.40)[Ni0.40Fe1.60]O4	 cubic	 spinel	

(ICSD	 code	195391);	b)	a-Fe2O3	hexagonal	 hematite	 (ICSD	 code	15840);	c)	NiO	hexagonal	

(ICSD	 code	 92127);	 d)	 ZnO	 hexagonal	 (ICSD	 code	 185829).	 Cations	 are	 represented	 in	

polyhedral	form	to	clarify	their	coordination	environment.	

The	increased	intensity	for	(004)	crystallographic	plane	in	some	NiZnFe	compounds	

indicates	that	there	is	a	preferential	growth	in	this	direction.	The	texture	coefficient	

(TC)	 represents	 the	 texture	 of	 a	 particular	 plane,	 whose	 deviation	 from	 the	 unity	

implies	the	preferred	growth	(Annex	II).62	As	shown	in	Figure	4.13.,	TC	(004)	increases	

when	the	amount	of	nickel	and	zinc	 in	the	chemical	composition	 increases	and	the	

iron	 content	 decreases.	One	explanation	of	 this	 behaviour	 could	be	 related	 to	 the	

presence	of	ZnO	in	the	compound’s	structure.	The	(002)	plane	in	ZnO	could	serve	as	

seed	for	the	epitaxial	growth	of	the	(004)	plane	in	the	NiZnFe	spinel.	
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Figure	 4.13.	 Texture	 coefficient	 data	 for	 crystallographic	 plane	 (004)	 calculated	 for	

synthesised	NiZnFe	compounds.	

	

Figure	4.14.	Crystal	structure	representation	of	(Zn0.60Fe0.40)[Ni0.40Fe1.60]O4	cubic	spinel	(ICSD	

code	 195391)	 depicting	 (004)	 plane	 in	 blue.	 In	 each	 unit	 cell,	 (004)	 plane	 contains	 1.5	

octahedral	 metallic	 sites	 and	 4	 oxygen	 atoms.	 Tetrahedral	 sites	 have	 been	 removed	 for	

clarification,	since	they	are	not	present	in	(004)	plane.	

The	lattice	constant	parameters	calculated	for	the	crystal	structures	identified	in	

powder	 XRD	NiZnFe	 data	 are	 shown	 in	 Table	 4.7..	 Lattice	 constants	 for	 cubic	 and	

hexagonal	phases	are	consistent	with	the	standard	values.	
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	 Cubic	Spinel	 Hexagonal	ZnO	

Sample	 a	(Å)	 a	(Å)	 c	(Å)	

NiZnFe	16.5:16.5:67	 8.397	 -	 -	

NiZnFe	50:17:33	 8.387	 -	 -	

NiZnFe	17:50:33	 8.416	 3.243	 5.223	

NiZnFe	33:33:33	 8.387	 -	 -	

NiZnFe	30:60:10	 8.401	 3.249	 5.203	

NiZnFe	40:50:10	 8.419	 3.249	 5.197	

NiZnFe	44.5:44.5:10	 8.414	 3.251	 5.192	

NiZnFe	48:48:4	 8.483	 3.247	 5.201	

ZnO	 -	 3.249	 5.203	

Ni0.4Zn0.6Fe2O4	(ICSD	195391)	 8.400	 -	 -	

ZnO	(ICSD	185829)	 -	 3.250	 5.204	

Table	 4.8.	 Lattice	 constant	 parameters	 for	 synthesised	 NiZnFe	 compounds,	 synthesised	

simple	oxide	ZnO	and	standard	crystalline	phases.	

Raman	 spectra	 present	 the	 same	 trend	 as	 the	 powder	 XRD	 data.	 All	 NiZnFe	

compounds	 show	 the	 most	 characteristic	 peaks	 for	 cubic	 spinel	 structure	

Ni0.40Zn0.60Fe2O4.55	 When	 the	 amount	 of	 zinc	 increases,	 the	 most	 intense	 band	 of	

hexagonal	ZnO	appears,	masking	the	weak	F2g	vibrational	band	in	cubic	spinel.	
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Figure	4.15.	Raman	spectra	of	synthesised	NiZnFe	compounds	and	simple	oxides	(Fe2O3,	NiO	

and	 ZnO).	 Vibrational	 modes	 are	 assigned	 by	 comparison	 with	 reported	 data	 for	

Ni0.40Zn0.60Fe2O4,
55	a-Fe2O3,

57	NiO58	and	ZnO.59		
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4.2.3. Electrochemistry	of	Mixed	Metal	Oxides	

To	test	the	electrocatalytic	activity	of	synthesised	oxides	towards	water	oxidation	

in	alkaline	media	we	prepared	1	mL	EtOH:H2O	inks,	containing	10	mg	catalyst	and	10%	

of	 ionomer	in	weight.	Then,	6	µL	of	 ink	were	drop-casted	on	the	clean	surface	of	a	

nickel	Rotating	Disk	Electrode	(Ni-RDE)	and	dried	at	60ºC	to	obtain	a	total	loading	of	

0.84	mg	catalyst/cm2.		

	

Figure	4.16.	Picture	of	different	steps	during	electrode	preparation:	a)	Starting	particulated	

catalysts;	b)	Catalyst	inks;	c)	Cleaned	Ni-RDE	electrode	surface;	d)	Drop-casted	catalyst	ink	on	

Ni-RDE	surface;	e)	Catalyst/ionomer	deposition	on	Ni-RDE	electrode	after	dryness	at	60ºC.	

The	 electrocatalytic	 activity	 of	 each	 compound	 was	 studied	 by	 linear	 sweep	

voltammetry	 (LSV)	 in	 0.1	 M	 KOH	 solution	 (pH	 13).	 Figure	 4.17.	 shows	 the	

electrochemical	response	of	NiFe	compounds,	compared	with	the	activity	of	simple	

oxides	 (Fe2O3	 and	NiO)	 and	 the	 ink	without	 any	 catalyst	 (Blank	 ionomer).	a-Fe2O3	

(hematite)	 shows	 the	 lowest	 onset-potential	 (<0.35	 V),	 similar	 to	 when	

nanostructured	hematite	is	deposited	on	a	carbon	support.63	As	oxidation	potential	

increases,	NiFe	33:66,	with	pure	cubic	spinel	crystal	structure,	rapidly	becomes	the	

best	electrocatalyst	among	the	NiFe	family.	

a) b)

c) d) e)
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Figure	4.17.	Linear	sweep	voltammetry	in	0.1	M	KOH	(pH	13)	solution	with	ionomer	inks	for	

different	NiFe	compounds	and	simple	oxides.	Blank	ionomer	corresponds	to	the	catalyst-free	

ink.	

The	electrocatalytic	behaviour	in	ZnFe	series	is	quite	similar	in	all	compounds,	with	

almost	identical	onset-overpotential.	ZnFe	33:66	and	ZnFe	10:90	exhibit	the	overall	

best	performances	(Figure	4.18.).	

	

Figure	4.18.	Linear	sweep	voltammetry	in	0.1	M	KOH	(pH	13)	solution	with	ionomer	inks	for	

different	ZnFe	compounds	and	simple	oxides.	Blank	ionomer	corresponds	to	the	catalyst-free	

ink.	
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Surprisingly,	all	ternary	NiCrFe	oxides	showed	worse	electrocatalytic	features	than	

the	Fe2O3,	independently	of	the	chemical	composition	and	contrary	to	what	has	been	

reported.		

	

Figure	4.19.	Linear	sweep	voltammetry	in	0.1	M	KOH	(pH	13)	solution	with	ionomer	inks	for	

different	NiCrFe	compounds	and	simple	oxides.	Blank	ionomer	corresponds	to	the	catalyst-

free	ink.	

Substitution	of	Cr	by	Zn	results	in	significantly	enhanced	electrocatalytic	activity.	

Remarkably	the	best	activity	was	reached	by	NiZnFe	33:33:33,	which	has	a	cubic	spinel	

crystal	 structure	 with	 preferential	 growth	 in	 (004)	 crystallopraphic	 plane.	 The	

composition	with	no	preferential	growth	(NiZnFe	16.5:16.5:67)	showed	lower	current	

densities	than	their	NiZnFe	counterparts.	Therefore,	the	preferential	growth	in	one	

crystallographic	 direction	 can	 enhance	 the	 OER	 catalytic	 activity,	 as	 previously	

reported	for	the	cubic	phase	CuCo2S4.64	
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Figure	4.20.	Linear	sweep	voltammetry	in	0.1	M	KOH	(pH	13)	solution	with	ionomer	inks	for	

different	NiZnFe	compounds	and	simple	oxides.	Blank	ionomer	corresponds	to	the	catalyst-

free	ink.	

LSV	data	indicates	that	those	compounds	with	pure	crystal	structure	show	better	

performance	 than	 those	 chemical	 compositions	 with	 a	 mixture	 of	 phases	 in	 their	

crystal	structure.	Figure	4.21.	shows	the	best	results	observed	in	each	family	of	mixed	

oxides.	The	Tafel	representation	of	LSV	data	(Figure	4.21.	b)	shows	how	ZnFe	binary	

oxides	(ZnFe	33:66	and	ZnFe	10:90)	and	NiZnFe	ternary	oxide	(NiZnFe	33:33:33)	have	

lower	onset-potentials	and	lower	Tafel	slopes	than	NiFe	and	NiCrFe	compounds.	The	

values	of	NiFe	and	NiCrFe	are	in	agreement	with	the	recent	literature.31	This	positive	

effect	of	 Zn2+	 in	 the	chemical	 catalyst	 structure	has	not	been	previously	 studied	 in	

electrocatalytic	water	oxidation.	Additionally,	a-Fe2O3	(hematite)	exhibits	very	good	

electrocatalytic	performance,	a	fact	that	has	been	missed	in	the	past.	Therefore,	we	

selected	these	four	best	catalysts	for	further	studies:	Fe2O3,	ZnFe	10:90,	ZnFe	33:66	

and	NiZnFe	33:33:33.	
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Figure	4.21.	Electrochemical	data	in	0.1	M	KOH	(pH	13)	solution	with	ionomer	inks	for	best	

catalysts	in	each	family	and	catalyst-free	ink	(Blank	ionomer).	a)	Linear	sweep	voltammetry;	

b)	Tafel	representation	extracted	from	LSV	data.	
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4.2.4. Most	Active	Mixed	Metal	Oxides	

We	studied	the	influence	of	two	synthetic	parameters	regarding	temperature	and	

calcination	 sequence.	On	one	hand,	 following	 the	 same	overall	 sequence,	we	used	

different	final	calcination	temperatures	 in	the	tubular	oven	at	600ºC,	900ºC,	1100ºC	

and	1200ºC	(1	h).	Finally,	the	resulting	solid	was	milled	with	an	Agatha	ball	milling.	We	

labelled	 this	 procedure	 as	 calcination_ball.	 On	 the	 other	 hand,	 we	 modified	 the	

synthetic	sequence,	starting	with	the	combustion	of	the	aqueous	metallic	solution	and	

glycine,	 to	 proceed	with	 ball	milling	 before	 final	 calcination	 in	 the	 tubular	 oven	 at	

450ºC,	 600ºC,	 800ºC,	 900ºC,	 1100ºC	 and	 1200ºC.	 	 We	 named	 this	 procedure	 as	

ball_calcination.	

The	 calcination	 temperature	 was	 fixed	 according	 to	 thermogravimetric	 analysis	

(TGA)	in	air	(Figure	4.22.).	All	compounds	show	a	mass	loss	around	450ºC,	attributed	

to	 the	 total	 combustion	 of	 organic	 residues	 from	 glycine.	 Then,	 above	 600ºC	mass	

remains	constant	up	to	1100ºC,	which	is	the	highest	temperature	measurable	with	the	

equipment.	Therefore,	we	selected	intermediate	values	to	see	how	the	structure	of	

the	 compounds	 changes	 with	 temperature.	 Additionally,	 electrochemical	 tests	 in	

alkaline	media	(0.1	M	KOH,	pH	13)	were	done	using	the	same	procedure	described	in	

the	previous	section.		

	

Figure	4.22.	Thermogravimetric	analysis	in	air	for	a)	Fe2O3;	b)	ZnFe	10:90;	c)	ZnFe	33:66;	d)	

NiZnFe	33:33:33.	
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FeOx	Oxide	

The	structural	 features	were	studied	by	powder	XRD.	Samples	obtained	through	

ball_calcination	 methodology	 exhibited	 sharp	 lines	 compared	 to	 calcination_ball	

procedure,	 which	 indicates	 higher	 crystallinity	 in	 the	 former.	 After	 combustion	

reaction	at	200ºC,	the	main	crystallographic	phase	 in	compound’s	structure	 is	cubic	

Fe3O4	(magnetite).	Then,	while	temperature	increases,	hexagonal	a-Fe2O3	(hematite)	

grows	and	Fe3O4	disappears.	At	 temperatures	above	800ºC	only	a-Fe2O3	 (hematite)	

pattern	 is	 detected	 in	 powder	 XRD.	 The	 same	 crystallographic	 change	 is	 observed	

following	calcination_ball	methodology.	



Chapter	4	 	

	

230	

	

	

Figure	4.23.	Powder	XRD	data	of	FeOx	samples.	Side	labels	indicate	calcination	temperature	

and	the	numeric	labels	on	diffractogram	peaks	stand	for	(hkl)	values	in	the	standard	pattern	

compound.	Coloured	circles	are	used	 for	clarification	 to	 indicate	 the	presence	of	 standard	

crystalline	phases.	a)	Samples	synthesised	through	ball_calcination	methodology;	b)	Samples	

synthesised	through	calcination_ball	procedure.	

2! (degrees)

Fe2O3 hematite
Fe3O4 magnetite

1200ºC

200ºC

600ºC

1100ºC

900ºC

(01-4)
(110)

(113) (024) (116)
(018)

(022)

(113)

(222) (004) (224) (115)

2! (degrees)

1200ºC

200ºC

450ºC

800ºC

600ºC

1100ºC

900ºC

(01-4) (110)
(113) (024) (116) (018)

Fe2O3 hematite
Fe3O4 magnetite

(022)
(113)

(222) (004) (224) (115)

a)

b)



Mixed	Metal	Oxides	in	Alkaline	Media	

	

231	

	

Using	Scherrer’s	formula	(Annex	II),	the	crystallite	size	was	calculated	from	powder	

XRD	 data.	 As	 shown	 in	 Figure	 4.24.,	 there	 is	 a	 different	 trend	 depending	 on	 the	

synthetic	 methodology	 employed.	 Crystallite	 size	 of	 samples	 synthesised	 through	

ball_calcination	 method	 increases	 with	 higher	 calcination	 temperature.	 However,	

samples	 obtained	 through	 calcination_ball	 procedure	 have	 smaller	 crystallite	 size	

(~250	 Å)	 which	 remains	 essentially	 constant	 independently	 of	 calcination	

temperature.	

	

Figure	4.24.	 Calculated	 crystallite	 size	 for	FeOx	 samples	obtained	 through	ball_calcination	

method	(blue)	and	calcination_ball	procedure	(green).	

In	ball_calcination	methodology,	the	milling	step	homogenises	the	samples	before	

final	calcination.	Thus,	nucleation	points	are	homogeneously	distributed	through	the	

sample	 and	 crystallites	 start	 to	 grow.	 Thanks	 to	 the	 initial	 homogenisation,	 the	

crystallite	 growth	 is	 more	 ordered	 and	 crystallites	 can	 reach	 larger	 sizes.	 When	

calcination	 temperature	 is	 increased,	 more	 energy	 is	 supplied	 to	 the	 system	 and	

crystallites	can	grow	more.	On	the	contrary,	 in	calcination_ball	procedure,	samples	

are	 directly	 calcined	 after	 combustion,	 without	 previous	 homogenisation.	 Thus,	

crystallites	start	to	grow	in	a	disordered	fashion	with	many	imperfections	(i.	e.	grain	

boundaries,	 dislocations…).	 This	 limits	 crystallite	 growth	 and	 temperature	 cannot	

overcome	 it.	 That	 is	 the	 reason	 why,	 samples	 obtained	 through	 calcination_ball	

Cr
ys
ta
lli
te
	si
ze
	(

)

Calcination	Temperature

ball_calcination

calcination_ball



Chapter	4	 	

	

232	

	

method	 have	 analogous	 (and	 smaller)	 sizes,	 independent	 from	 the	 calcination	

temperature.	

	

Figure	 4.25.	 Schematic	 representation	 of	 crystallite	 growth	 in	 a)	 ball_calcination	

methodology;	b)	calcination_ball	procedure.	

The	electrocatalytic	performance	towards	water	oxidation	 in	alkaline	media	was	

studied	 through	 LSV	measurements.	 Samples	 obtained	 by	 calcination_ball	method	

showed	higher	 current	densities	and	 lower	onset-potentials.	This	behaviour	 can	be	

related	to	the	presence	of	more	defects	in	the	structure(i.	e.	dangling	bonds,	oxygen	

vacancies,	etc.),	which	have	been	reported	to	be	more	active	in	catalytic	processes.65,66	

Among	 all	 samples,	 a-Fe2O3	 (hematite)	 obtained	 by	 calcination_ball	 procedure	

calcined	at	1100ºC	showed	the	best	performance.	
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Figure	4.26.	Linear	sweep	voltammetry	in	0.1	M	KOH	(pH	13)	solution	with	ionomer	inks	for	

different	FeOx	compounds.	a)	Samples	obtained	through	ball_calcination	method;	b)	Samples	

prepared	by	calcination_ball	procedure.	

a-Fe2O3	(hematite)	obtained	by	calcination_ball	procedure	calcined	at	1100ºC	was	

analysed	through	scanning	transmission	electron	microscopy	(STEM),	electron	energy	

loss	 spectroscopy	 (EELS)	 and	 high-resolution	 transmission	 electron	 microscopy	

(HRTEM).	 The	 sample	 is	 nanoparticulate	 (particle	 size	~300	nm).	Additionally,	 EELS	

analysis	 showed	 a	 homogenous	 distribution	 of	 Fe	 and	O	 elements	 throughout	 the	

nanoparticles.	 HRTEM	 studies	 identified	 a-Fe2O3	 (hematite)	 as	 the	 main	

crystallographic	 phase	 in	 the	 sample,	 supporting	 the	 conclusions	 extracted	 from	

powder	XRD.		
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Figure	4.27.	FeOx	sample	characterisation	obtained	through	calcination_ball	methodology	at	

1100ºC.	a)	EELS	chemical	composition	maps	obtained	from	the	blue	rectangle	area	in	the	STEM	

micrograph:	Fe	(red)	and	O	(green);	b)	HRTEM	analysis	(left),	magnified	bulk	region	of	red	square	

(top-right)	and	temperature	coloured	fast	Fourier	transform	(FFT)	spectrum	of	crystallite	phase	

(bottom-right).	
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ZnFe	10:90	Binary	Oxide	

Powder	XRD	diffractograms	of	samples	obtained	through	ball_calcination	method	

showed	sharper	lines	than	those	for	calcination_ball	procedure.	The	crystallographic	

phase	 identification	 of	 the	 latter	 samples	 was	 done	 by	 comparison	 with	

ball_calcination	 results.	 After	 combustion,	 cubic	 magnetite	 is	 the	 main	

crystallographic	phase.	When	temperature	increases,	a-Fe2O3	hexagonal	phase	starts	

to	 grow,	 as	 well	 as,	 cubic	 Zn0.73Fe2.23O4	 spinel.	 Above	 800ºC,	 these	 last	 two	

crystallographic	phases	are	predominant	in	compound’s	structure.		
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Figure	 4.28.	 Powder	 XRD	 data	 of	 ZnFe	 10:90	 samples.	 Side	 labels	 indicate	 calcination	

temperature	 and	 the	 numeric	 labels	 on	 diffractogram	 peaks	 stand	 for	 (hkl)	 values	 in	 the	

standard	 pattern	 compound.	 Coloured	 circles	 are	 used	 for	 clarification	 to	 indicate	 the	

presence	 of	 standard	 crystalline	 phases.	 a)	 Samples	 synthesised	 through	ball_calcination	

methodology;	b)	Samples	synthesised	through	calcination_ball	procedure.	
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Crystallite	size	was	calculated	from	powder	XRD	data.	The	results	show	the	same	

trend	 as	 previously	 commented	 FeOx	 oxide.	 Ball_calcination	 methodology	 yields	

larger	 crystallite	 size	 that	 increases	 with	 increasing	 temperature,	 whereas	

calcination_ball	samples	present	smaller	and	constant	crystallite	size	~250	Å.	

	

Figure	 4.29.	 Calculated	 crystallite	 size	 for	 ZnFe	 10:90	 samples	 obtained	 through	

ball_calcination	method	(blue)	and	calcination_ball	procedure	(green).	

LSV	electrochemical	measurements	 showed	higher	 catalytic	activity	 for	 samples	

obtained	through	calcination_ball	methodology,	as	FeOx	results.	Among	the	different	

synthesised	 compounds,	 ZnFe	 10:90	 calcined	 at	 1100ºC	 and	 obtained	 by	

calcination_ball	procedure,	presented	the	best	electrocatalytic	activity	towards	water	

oxidation	in	alkaline	media.	
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Figure	4.30.	Linear	sweep	voltammetry	in	0.1	M	KOH	(pH	13)	solution	with	ionomer	inks	for	

different	ZnFe	10:90	compounds.	a)	Samples	obtained	through	ball_calcination	method;	b)	

Samples	prepared	by	calcination_ball	procedure.	

STEM	analysis	of	best	ZnFe	10:90	 sample	presented	a	particle	size	of	~200	nm.	

EELS	 chemical	 composition	maps	 showed	 a	 homogeneous	 dispersion	 of	 Fe	 and	 O	

elements.	However,	Zn	was	not	homogeneously	distributed	in	the	sample,	suggesting	

that	it	conforms	a	separate	phase	rather	than	being	a	doping	source.	HRTEM	analysis	

concluded	that	a-Fe2O3	(hematite)	is	the	dominant	phase	in	the	nanoparticle,	while	in	

some	regions	cubic	ZnFe2O4	can	be	identified.	These	results	are	in	agreement	with	the	

powder	XRD	analysis.	
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Figure	 4.31.	 ZnFe	 10:90	 sample	 characterisation	 obtained	 through	 calcination_ball	

methodology	at	1100ºC.	a)	EELS	chemical	composition	maps	obtained	from	the	blue	rectangle	

area	 in	 the	 STEM	micrograph:	 Fe	 (red),	 O	 (green)	 and	 Zn	 (blue);	 b)	 HRTEM	 analysis	 (left),	

magnified	bulk	region	of	red	and	blue	squares	(centre)	and	temperature	coloured	FFT	spectrum	

of	each	crystallite	phase	(right).	
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ZnFe	33:66	Binary	Oxide	

Powder	XRD	data	of	ZnFe	33:66	samples	obtained	through	both	synthetic	methods	

show	the	same	crystal	structure	change.	The	crystallinity	of	ball_calcination	sample	is	

higher,	since	diffractogram	peaks	are	sharper.	After	combustion	at	200ºC,	cubic	Fe3O4	

(magnetite)	 and	hexagona	 ZnO	are	 the	main	 phases.	However,	when	 temperature	

increases,	cubic	Zn0.73Fe2.27O4	spinel	starts	to	grow.	At	temperatures	above	only	600ºC	

cubic	spinel	pattern	can	be	identified	in	powder	XRD	data.	
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Figure	 4.32.	 Powder	 XRD	 data	 of	 ZnFe	 33:66	 samples.	 Side	 labels	 indicate	 calcination	

temperature	 and	 the	 numeric	 labels	 on	 diffractogram	 peaks	 stand	 for	 (hkl)	 values	 in	 the	

standard	 pattern	 compound.	 Coloured	 circles	 are	 used	 for	 clarification	 to	 indicate	 the	

presence	 of	 standard	 crystalline	 phases.	 a)	 Samples	 synthesised	 through	ball_calcination	

methodology;	b)	Samples	synthesised	through	calcination_ball	procedure.	
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Crystallite	size	was	calculated	using	Scherrer’s	equation	 from	powder	XRD	data.	

The	same	trend	as	previous	commented	samples	is	observed.	The	crystallite	size	of	

samples	 obtained	 through	ball_calcination	 methodology	 increases	 with	 increasing	

calcination	temperature.	On	the	contrary,	crystallite	size	of	calcination_ball	samples	

remains	constant	independently	of	the	calcination	temperature.	The	crystallite	size	of	

ZnFe	33:66	calcination_ball	 samples	 (~200	Å)	 is	 slightly	smaller	 than	FeOx	or	ZnFe	

10:90.	

	

Figure	 4.33.	 Calculated	 crystallite	 size	 for	 ZnFe	 33:66	 samples	 obtained	 through	

ball_calcination	method	(blue)	and	calcination_ball	procedure	(green).	

Electrochemical	 tests	 showed	 the	 same	 trend	 as	 previous	 studied	 oxides.	

Calcination_ball	 samples	 had	 lower	 onset-potentials	 and	 reached	 higher	 current	

densities.	Again,	the	best	results	were	obtained	with	ZnFe	33:66	sample	synthesised	

through	calcination_ball	method	at	1100ºC.	
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Figure	4.34.	Linear	sweep	voltammetry	in	0.1	M	KOH	(pH	13)	solution	with	ionomer	inks	for	

different	ZnFe	33:66	compounds.	a)	Samples	obtained	through	ball_calcination	method;	b)	

Samples	prepared	by	calcination_ball	procedure.	

The	 particle	 size	 observed	 by	 STEM	 for	 ZnFe	 33:66	 sample	 obtained	 through	

calcination_ball	 procedure	 at	 1100ºC	 was	 ~100	 nm.	 EELS	 analysis	 showed	 a	

homogeneous	distribution	of	 Fe,	O	 and	 Zn	 elements	 through	 the	nanoparticles.	 In	

addition,	HRTEM	suggested	that	the	sample	crystallises	in	the	cubic	ZnFe2O4	phase.	
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Figure	 4.35.	 ZnFe	 33:66	 sample	 characterisation	 obtained	 through	 calcination_ball	

methodology	at	1100ºC.	a)	EELS	chemical	composition	maps	obtained	from	the	blue	rectangle	

area	 in	 the	 STEM	micrograph:	 Fe	 (red),	 O	 (green)	 and	 Zn	 (blue);	 b)	 HRTEM	 analysis	 (left),	

magnified	bulk	 region	of	blue	square	 (top-right)	and	temperature	coloured	FFT	spectrum	of	

crystallite	phase	(bottom-right).	
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NiZnFe	33:33:33	Ternary	Oxide	

NiZnFe	 33:33:33	 samples	 synthesised	 through	ball_calcination	method	 showed	

sharper	 lines	 in	 powder	 XRD	 than	 compounds	 prepared	 through	 calcination_ball	

procedure.	 After	 combustion	 reaction,	 hexagonal	 NiO	 is	 the	main	 crystallographic	

phase.	 However,	 at	 calcination	 temperatures	 above	 600ºC	 cubic	 Ni0.40Zn0.60Fe2O4	

spinel	is	the	predominant	structure.	
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Figure	4.36.	Powder	XRD	data	of	NiZnFe	33:33:33	samples.	Side	labels	 indicate	calcination	

temperature	 and	 the	 numeric	 labels	 on	 diffractogram	 peaks	 stand	 for	 (hkl)	 values	 in	 the	

standard	 pattern	 compound.	 Coloured	 circles	 are	 used	 for	 clarification	 to	 indicate	 the	

presence	 of	 standard	 crystalline	 phases.	 a)	 Samples	 synthesised	 through	ball_calcination	

methodology;	b)	Samples	synthesised	through	calcination_ball	procedure.	
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Crystallite	 size	 calculated	 from	 powder	 XRD	 data	 presents	 the	 same	 trend	 as	

previous	analysed	samples.	Ball_calcination	samples	have	higher	crystallite	size	when	

the	 calcination	 temperature	 is	 increased,	 whereas	 calcination_ball	 method	 gives	

constant	crystallite	size.	The	crystallite	size	of	calcination_ball	samples	 is	similar	to	

ZnFe	33:66	binary	oxide	(~200	Å).	

	

Figure	 4.37.	 Calculated	 crystallite	 size	 for	 NiZnFe	 33:33:33	 samples	 obtained	 through	

ball_calcination	method	(blue)	and	calcination_ball	procedure	(green).	

The	catalytic	activity	of	synthesised	samples	was	analysed	by	LSV	measurements.	

All	 samples	 showed	 similar	 catalytic	 performance.	 However,	 we	 selected	 NiZnFe	

33:33:33	 catalyst	prepared	at	1100ºC	 through	calcination_ball	method	as	 the	best	

one,	for	comparison	with	the	other	mixed	oxides	prepared	previously.	
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Figure	4.38.	Linear	sweep	voltammetry	in	0.1	M	KOH	(pH	13)	solution	with	ionomer	inks	for	

different	NinFe	33:33:33	compounds.	a)	Samples	obtained	through	ball_calcination	method;	

b)	Samples	prepared	by	calcination_ball	procedure.	

STEM	 image	shows	a	nanoparticle	size	of	~200	nm	for	NiZnFe	33:33:33	 sample	

obtained	 through	 calcination_ball	 methodology	 at	 1100ºC.	 EELS	 showed	 a	

homogeneous	 distribution	 of	 Ni,	 Zn,	 Fe	 and	 O	 elements.	 HRTEM	 identified	 cubic	

ZnFe2O4,	 Ni0.50Zn0.50Fe2O4	 and	 NiFe2O4	 as	 possible	 crystalline	 phases	 in	 the	

nanoparticles	 (labelled	 as	M3O4).	 Their	 similar	 crystallographic	 parameters	made	 it	

impossible	to	distinguish	among	them	from	HRTEM	images.		
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Figure	 4.39.	 NiZnFe	 33:33:33	 sample	 characterisation	 obtained	 through	 calcination_ball	

methodology	at	1100ºC.	a)	EELS	chemical	composition	maps	obtained	from	the	blue	rectangle	

area	in	the	STEM	micrograph:	Fe	(red),	O	(light-blue),	Ni	(green)	and	Zn	(dark-blue);	b)	HRTEM	

analysis	(left),	magnified	bulk	region	of	blue	square	(top-right)	and	temperature	coloured	FFT	

spectrum	of	crystallite	phase	(bottom-right).	
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4.2.5. Long-term	 Stability	 and	 Post-catalytic	 Analysis	 of	 Most	
Active	Mixed	Metal	Oxides	

The	 good	 activity	 identified	 for	 a-Fe2O3,	 ZnFe	 10:90,	 ZnFe	 33:66	 and	 NiZnFe	

33:33:33	was	also	matched	with	good	long-term	stability.	The	four	catalysts,	prepared	

by	calcination_ball	methodology	and	calcined	at	1100ºC,	were	immobilised	on	Ni-foil	

electrode	 (1	cm2)	with	FAA-3	anion	exchange	 ionomer.	The	 long-term	stability	was	

confirmed	by	bulk	electrolysis	at	1	mA/cm2	constant	current	density.		

	

Figure	4.40.	(Top)	Picture	of	the	deposited	catalyst	inks	on	Ni-foil	electrode.	(Bottom)	Picture	

of	 the	electrochemical	system	during	ZnFe	33:66	 long-term	tests.	The	 labels	stand	for	WE	

(working	electrode),	RE	(reference	electrode)	and	CE	(counter	electrode).	

The	four	catalysts	showed	a	constant	overpotential	<0.40	V	for	8	hours	during	the	

chronopotentiometry	assays,	with	only	~5	mV	difference	compared	to	initial	values.	

The	enhanced	activity	of	the	electrodes	is	remarked	when	compared	with	the	catalyst-
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free	test	(Blank	ionomer).	The	ink	without	catalyst	needs	~0.50	V	of	overpotential	to	

reach	1	mA/cm2.		

	

Figure	4.41.	Chronopotentiometry	data	in	KOH	0.1	M	(pH	13)	solution	at	a	constant	current	

density	 of	 1	 mA/cm2	 with	 ionomer	 inks	 for	 best	 catalysts	 and	 catalyst-free	 ink	 (Blank	

ionomer).		

After	the	bulk	electrolysis	measurements,	catalysts	were	recovered	and	analysed	

by	two	surface-sensitive	characterisation	techniques:	X-ray	reflectivity	 (XRR)	and	X-

ray	 photoelectron	 spectroscopy	 (XPS).	 Fresh	 and	 used	 catalyst-coated	 Ni-foil	

electrodes	were	directly	analysed	by	XRR.	Two	intense	peaks	at	44.43 2q	and	51.79	

2q	 were	 identified	 as	 metallic	 nickel	 from	 the	 electrode	 support.	 Additionally,	

characteristic	 peaks	 of	 each	 catalyst	 were	 also	 detected	 with	 lower	 intensity.	 No	

difference	 was	 observed	 between	 fresh	 and	 used	 electrodes,	 indicating	 that	 the	

catalyst	crystal	structure	remains	constant	after	8	hours	chronopotentiometry	test	at	

1	mA/cm2.		
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Figure	4.42.	 X-ray	 reflectivity	pattern	of	most	active	 catalysts	deposited	on	Ni-foil,	before	

(red)	 and	 after	 electrolysis	 tests	 (blue).	 Powder	 X-ray	 diffraction	 of	 bulk	 catalyst	material	

(green).	a)	a-Fe2O3;	b)	ZnFe	33:66;	c)	NiZnFe	33:33:33;	d)	ZnFe	10:90.	

XPS	spectra	were	identical	at	all	metallic	edges	(Ni,	Zn	or	Fe)	before	and	after	the	

electrochemical	experiments.	Recorded	binding	energy	values	are	in	agreement	with	

the	presence	of	Ni	 (II),28	 Zn	 (II)67	 and	 Fe	 (III)68	 surrounded	by	 oxygen	 atoms	 in	 the	

catalysts	structures.	O	1s	edge	spectra	of	fresh	catalysts	shows	an	intense	band	at	532	

eV	associated	to	the	presence	of	hydroxo	bridges	(M(OH)x).28	After	electrolysis	tests,	

enhanced	bands	at	 lower	binding	energies	appear	 in	O	1s	edge	 spectra,	which	are	

related	to	the	presence	of	O-M	bonds.28	Therefore,	catalyst	surface	is	oxidised	after	

the	 electrocatalytic	 water	 oxidation	 process	 without	 affecting	 its	 catalytic	

performance.	
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Figure	 4.43.	 XPS	 data	 (Fe	 and	 O	 edges)	 for	 a-Fe2O3	 (hematite)	 before	 and	 after	 8	 h	

electrocatalytic	water	oxidation	at	a	constant	current	density	of	1	mA/cm2	in	0.1	M	KOH	(pH	

13).		

	

Figure	4.44.	XPS	data	(Zn,	Fe	and	O	edges)	for	ZnFe	10:90	before	and	after	8	h	electrocatalytic	

water	oxidation	at	a	constant	current	density	of	1	mA/cm2	in	0.1	M	KOH	(pH	13).		
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Figure	4.45.	XPS	data	(Zn,	Fe	and	O	edges)	for	ZnFe	33:66	before	and	after	8	h	electrocatalytic	

water	oxidation	at	a	constant	current	density	of	1	mA/cm2	in	0.1	M	KOH	(pH	13).		
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Figure	 4.46.	XPS	 data	 (Ni,	 Zn,	 Fe	 and	O	 edges)	 for	NiZnFe	 33:33:33	 before	 and	 after	 8	 h	

electrocatalytic	water	oxidation	at	a	constant	current	density	of	1	mA/cm2	in	0.1	M	KOH	(pH	

13).		
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4.3. Conclusions	

Alkaline	water	electrolysis	is	a	mature	technology	that	has	been	used	for	hydrogen	

production	over	decades.	However,	some	drawbacks	still	need	to	be	overcome,	such	

as	 efficiency,	 durability	 and	 safety.	 In	 this	 chapter,	we	 have	 presented	 particulate	

binary	and	ternary	mixed	oxides	based	on	Earth	abundant	metals	(Ni,	Zn,	Fe	and	Cr)	

suitable	for	water	oxidation	in	alkaline	media.	Cubic	spinel	phases,	as	well	as,	a-Fe2O3	

hematite	have	shown	best	efficiency	combined	with	good	long-term	stability	under	

working	conditions.	

The	 presence	 of	 Zn2+	 in	 the	 spinel	 structure	 has	 positive	 effect	 on	 catalyst	

performance.	Its	specific	role	is	not	clear,	but	it	could	be	related	to	an	increase	in	the	

material’s	 conductivity.	 It	 has	 been	 reported	 that	 Zn	 doping	 increases	 electrical	

conductivity	of	Fe2O3	and	NiFe2O4	due	to	the	formation	of	ZnFe2O4	and	Ni1-xZnxFe2O4	

spinel	phases.	In	Ni-Zn	system,	Ni2+	ions	strongly	prefer	the	occupation	of	octahedral	

sites,	whereas	Zn2+	prefers	to	go	to	tetrahedral	ones.	Therefore,	Fe	ions	which	exist	in	

2+	and	3+	 states,	 occupy	both	 tetrahedral	 and	octahedral	 sites.	As	 Zn	 substitution	

increases,	replacing	Ni	ions,	some	Fe	ions	are	forced	to	migrate	from	tetrahedral	to	

octahedral	 positions.	 As	 a	 result,	 the	 number	 of	 Fe2+	 and	 Fe3+	 ions	 at	 octahedral	

positions	increases.	Thus,	our	hypothesis	is	that	the	incorporation	of	Zn	has	a	two-fold	

effect	 enhancing	 both,	 the	 number	 of	 Fe	 active	 sites	 (octahedral)	 and	 the	 electric	

conductivity	of	the	spinel	material.69,70			

Nevertheless,	further	optimisation	should	be	done	for	the	incorporation	of	these	

oxides	 in	 a	 real	 alkaline	 electrolyser.	 Catalysts	 performance	 should	 be	 studied	 for	

longer	periods	of	 time	and	at	higher	current	densities	 (10	mA/cm2).	Moreover,	 the	

stability	of	 catalytic	materials	 at	higher	operation	 temperatures	 (~60ºC)	 should	be	

carried	 out	 to	 mimic	 working	 conditions	 in	 a	 real	 electrolysis	 device.	 Despite	 this	

required	 future	 work,	 the	 compounds	 presented	 in	 this	 chapter	 have	 shown	 very	

promising	results	for	future	improvements	in	alkaline	water	electrolysis	field.	
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4.4. Experimental	

4.4.1. Synthesis	

All	reagents	were	commercially	available	and	used	as	received.	Mixed	metal	oxides	

were	 prepared	 by	 modifying	 literature	 methods.28,55,71	 Metal	 nitrates,	 in	 the	

appropriate	ratio,	were	dissolved	in	50	mL	distilled	water	with	constant	stirring	until	

a	clear	solution	was	obtained.	The	iron	concentration	was	fixed	to	0.0125	M	and,	then,	

the	corresponding	amount	of	each	metallic	precursor	was	calculated	according	to	the	

desired	 composition.	 Glycine	 was	 added	 into	 the	 aqueous	 solution	 (glycine/metal	

molar	 ratio	=	1.20)	and	 stirred	until	 total	dissolution.	Afterwards,	 the	 solution	was	

heated	 up	 to	 200ºC	 until	 total	 solvent	 evaporation	 and	 glycine	 combustion.	 The	

resulting	 porous	 dark	 solid	 was	 recovered	 and	 calcined	 at	 desired	 temperature	

(T>450ºC)	 in	a	 tubular	oven	 for	1	hour.	 Finally,	 calcined	material	was	mechanically	

milled	in	an	Agatha	ball	milling	(2	balls)	at	25	Hz	for	15	minutes.		

Working	electrodes	were	prepared	by	drop-casting	catalyst-containing	inks	on	the	

surface	of	nickel	supports.	Ni-RDE	electrodes	(0.07	cm2	surface	area)	were	previously	

polished	with	diamond	abrasive	slurries	(DIAPAT-M,	39-321-M,	Netkon)	in	an	order	of	

3	µm	and	1	µm	diameter	particle	based	slurries	(2	minutes	in	each)	to	obtain	mirror	

surfaces.	 Synthetic	 nap	 based	 polishing	 pads	 (METAPO-B,	 polishing	 cloth,	 self-

adhesive	back,	diamond	3-1	µm,	Netkon)	were	used	for	diamond	polishing.	To	clean	

the	 polished	 surface,	 it	 was	 sonicated	 in	 ethanol	 2	 minutes	 and	 air-dried.	 Ni-foil	

supports	 used	 for	 long-term	 electrochemical	 tests	 were	 cut	 with	 the	 desired	

dimensions	and	sonicated	in	acetone	for	20	minutes.	The	desired	deposition	available	

area	(~1	cm2)	was	delimited	by	Capton	tape.	Catalysts-containing	inks	were	prepared	

using	10	mg	catalyst,	25.4	µL	of	5%	(w/w)	ionomer	solution	in	EtOH,	244	µL	water	and	

732	µL	 ethanol.	 The	 inks	were	 sonicated	 for	 30	minutes	 and	 then	 the	appropriate	

volume	 of	 ink	 was	 drop-casted	 onto	 Ni	 support	 surfaces	 to	 obtain	 0.84	 mg	

catalyst/cm2	catalyst	loading.		The	deposited	inks	were	dried	in	an	oven	at	60ºC	for	5	

minutes.		
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4.4.2. Physical	Methods	

§ Energy-dispersive	X-ray	spectroscopy	(EDX)	was	collected	with	a	JEOL-	JMS6400	

environmental	 scanning	 electron	 microscope	 equipped	 with	 an	 Oxford	

Instruments	X-ray	elemental	analyser.	

§ Powder	X-ray	diffraction	 (powder	XRD)	data	were	collected	with	a	Bruker	D8	

Advance	Series	equipped	with	a	VANTEC-1	PSD	detector.	

§ Raman	 spectroscopy	 measurements	 were	 acquired	 using	 a	 Renishaw	 inVia	

Reflex	 Raman	 confocal	 microscope	 (Gloucester-	 Shire,	 UK),	 equipped	 with	 a	

diode	 laser	emitting	at	514	nm	at	a	nominal	power	of	300	mW,	and	a	Peltier-

cooled	CCD	detector	(−70ºC)	coupled	to	a	Leica	DM-	2500	microscope.	Calibration	

was	carried	out	daily	by	recording	the	Raman	spectrum	of	an	internal	Si	standard.	

Rayleigh	 scattered	 light	was	 appropriately	 rejected	 by	 using	 edge-type	 filters.	

Laser	power	was	used	at	nominal	10%	to	avoid	sample	damage.	Spectra	were	

recorded	with	the	accumulation	of	at	 least	3	scans	with	a	30	s	scan	time	each	

one.	

§ Thermogravimetric	analysis	 (TGA)	was	performed	under	air	 flow	with	powder	

samples	using	a	TGA/SDTA851	Mettler	Toledo	with	a	MT1	microbalance.	

§ Scanning	transmission	electron	microscopy	(STEM)	was	conducted	by	the	Group	

of	 Advanced	 Electron	 Microscopy	 in	 the	 Institut	 Català	 de	 Nanociència	 I	

Nanotecnologia	 (ICN2)	 in	Barcelona,	using	a	 FEI	 Tecnai	 F20	 field	emission	gun	

microscope	operated	at	200	kV	with	a	point-to-point	resolution	of	0.19	nm.	The	

samples	were	dispersed	in	cyclohexane	and	collected	on	TEM	copper	grids.		

§ Electron	energy	loss	spectroscopy	(EELS)	were	done	with	a	FEI	Tecnai	F20	field	

emission	gun	microscope	operated	at	200	kV	with	a	point-to-point	resolution	of	

0.19	nm,	equipped	with	electron	energy	loss	spectroscopy	detectors,	at	ICN2	in	

Barcelona.	

§ High-resolution	 transmission	 electron	microscopy	 (HRTEM)	was	 done	 by	 the	

Group	of	Advanced	Electron	Microscopy	in	the	Institut	Català	de	Nanociència	I	

Nanotecnologia	(ICN2)	in	Barcelona,	using	an	FEI	Tecnai	F20	field	emission	gun	
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microscope	operated	at	200	kV	with	a	point-to-point	resolution	of	0.19	nm.	The	

samples	were	dispersed	in	cyclohexane	and	collected	on	TEM	copper	grids.		

§ X-ray	reflectivity	(XRR)	data	were	collected	with	a	Bruker	D8	Discover	Siemens	

EM-10110BU	model	D5000.		

§ X-ray	photoelectron	 spectroscopy	 (XPS)	 used	 to	 analyse	 samples	 surface	was	

performed	at	SSTTI	University	of	Alicante.	All	spectra	were	collected	using	Al-Kα	

radiation	 (1486.6	 eV),	 monochromatized	 by	 a	 twin	 crystal	 monochromator,	

yielding	a	focused	X-ray	spot	with	a	diameter	of	400	μm,	at	3	mA	×	12	kV.	The	

alpha	hemispherical	 analyser	was	operated	 in	 the	constant	energy	mode	with	

survey	scan	pass	energies	of	200	eV	to	measure	the	whole	energy	band	and	50	

eV	 in	 a	 narrow	 scan	 to	 selectively	 measure	 the	 particular	 elements.	 Charge	

compensation	was	achieved	with	the	system	flood	gun	that	provides	low	energy	

electrons	and	low	energy	argon	ions	from	a	single	source.	
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4.4.3. Electrochemistry	

Electrochemical	experiments	were	performed	with	a	Biologic	SP-150	potentiostat.	

Ohmic	 drop	 was	 compensated	 using	 the	 positive	 feedback	 compensation	

implemented	 in	 the	 instrument.	 All	 experiments	 were	 performed	 with	 a	 three-

electrode	configuration	using	0.1	M	KOH	(pH	13)	as	electrolyte	solution,	employing	a	

platinum	mesh	 counter	 electrode,	 a	 Ag/AgCl	 (KCl	 3.5	M)	 reference	 electrode	 and	

catalyst-ink	deposited	on	nickel	support	as	working	electrode.	

Linear	sweep	voltammetry	(LSV)	was	performed	with	an	ALS	RRDE-3A	set-up,	using	

a	Nickel	Rotating	Disk	Electrode	(0.07	cm2	surface	area)	at	1600	rpm.	LSV	experiments	

were	carried	out	with	a	10	mV/s	scan	rate.	Long-term	electrochemical	measurements	

were	 done	 in	 an	 H-cell	 where	 the	 anode	 and	 the	 cathode	 compartments	 were	

separated	 by	 a	 porous	 frit	 and	 stirred.	 Bulk	 measurements	 were	 done	 under	 a	

constant	current	density	of	1	mA/cm2.		

A	877	Titrino	Plus	pH-probe	(Metrohm)	was	used	to	measure	the	experimental	pH	

for	each	measurement.	The	pH	value	was	used	to	calculate	the	thermodynamic	water	

oxidation	potential	(EGHI/IH
0 )	by	employing	the	Nerst	equation:	

EGHI/IH
0 = 1.229 − 0.059pH	 V vs	NHE	at	25ºC															𝐸𝑞. 4.3.	

The	 overpotential	 (η)	was	 calculated	 by	 substracting	 the	 thermodynamic	water	

oxidation	potential	to	the	applied	experimental	potential	(Eapp).	

η = E+RR − EGHI/IH
0 																																														𝐸𝑞. 4.4.	

All	 the	 potentials	 were	 converted	 to	 NHE	 reference	 scale	 using	 ESGT =
EUV/UVWX(Y.Z	[	\WX) + 0.205	(V).	 Current	 densities	 were	 calculated	 based	 on	 the	

geometrical	surface	area	of	the	electrodes	(~1cm2).	
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In	this	Doctoral	Thesis,	different	approaches	to	develop	suitable	working	anodes	

based	on	Earth	abundant	metals	for	the	electrocatalytic	water	oxidation	reaction	in	

different	media	have	been	presented.		

v In	Chapter	2,	we	have	precipitated	Co9	POM	with	Ba2+	and	Cs+	to	obtain	water-

insoluble	 salts	 that	 can	 be	 blended	 with	 a	 solid-state	 matrix	 (i.	 e.	 carbon	

paste).	BaCo9/CP	blends	presented	excellent	and	unparalleled	performance	

for	electrocatalytic	water	oxidation	 in	acidic	media,	 yielding	100%	Faradaic	

efficiency	matched	with	good	long-term	stability.		

v In	Chapter	3,	we	have	presented	the	incorporation	of	homogeneous	Co9	POM	

into	 a	 conducting	 polymer	 matrix	 (i.	 e.	 polypyrrole)	 to	 obtain	 organic-

inorganic	anodes	active	in	electrocatalytic	water	oxidation	reaction	in	neutral	

conditions.	 This	 unique	 combination	 preserves	 the	 OER	 electrocatalytic	

activity	 of	 the	 POM	 species,	 joined	 with	 the	 mechanical	 resistance	 and	

elasticity	 of	 the	 polymer	 films.	 This	 interesting	 processing	 approach	 yields	

versatile	electrodes	obtained	from	low	cost	and	available	raw	materials.	

v In	Chapter	4,	we	have	screened	binary	and	ternary	mixed	oxide	compositions	

based	 on	Ni,	 Zn,	 Fe	 and	 Cr,	 for	 the	 enhancement	 of	 electrocatalytic	water	

oxidation	in	alkaline	media.	Cubic	spinel	phases,	as	well	as,	a-Fe2O3	hematite	

have	 shown	 best	 efficiency	 combined	 with	 good	 long-term	 stability	 under	

working	conditions.	
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Electrocatalysis	can	be	broadly	defined	as	the	ability	of	an	electrode	material	or	

surface	to	accelerate	the	rate	of	an	electrochemical	process.1	 In	an	electrochemical	

reaction,	the	fundamental	observables	are	the	current	(𝑖)	and	the	potential	(E).	For	a	
given	interfacial	process,	the	current	is	a	manifestation	of	the	rate	of	the	interfacial	

reaction	and	can	be	 shown	 to	be	dependent	on	 the	applied	potential.2	 In	essence,	

varying	 the	 potential	 is	 equivalent	 of	 changing	 the	 driving	 force	 of	 the	 electrode	

process.	To	study	an	electrochemical	system,	different	techniques	and	parameters	can	

be	 used	 to	 elucidate	 the	 kinetics	 of	 a	 reaction	 and	 describe	 the	 electron-transfer	

reactions	at	the	electrode	interface.		

The	Tafel	Plot	

Steady-state	Tafel	plot	analysis	is	the	most	widely	applied	technique	in	the	study	

of	 electrocatalytic	 reactions.	 The	 electrochemical	 measurements	 are	 done	 by	

sequential	 chronoamperometry	 experiments	 at	 different	 applied	 potentials.	 The	

duration	of	each	step	has	to	be	long	enough	for	stabilisation	of	the	measured	current	

at	each	potential.	

For	a	multistep	reaction,	such	as	OER,	the	relationship	between	the	steady-state	

anodic	 current	 (𝑖)	 and	 the	 applied	 potential	 (η),	 in	 the	 absence	 of	mass	 transport	

limitations,	can	be	represented	in	the	following	form:	

𝑖 = 𝑖$	𝑒xp
α*Fη
RT

																																															𝐸𝑞. 5.1.	

where	𝑖$	is	the	exchange	current	that	represents	the	rate	of	the	forward	and	the	

reverse	 reactions	at	 the	equilibrium	potential,	α*	 is	 the	 transfer	 coefficient	 for	 the	

																																																													

1	Doyle,	R.	L.	&	Lyons,	M.	E.	G.	The	Oxygen	Evolution	Reaction:	Mechanistic	Concepts	and	
Catalyst	 Design.	 in	 Photoelectrochemical	 Solar	 Fuel	 Production	 (eds.	 Giménez,	 S.	 &	
Bisquert,	J.)	41	(2016).	

2	Bard,	A.	J.	&	Faulkner,	L.	R.	Electrochemical	methods:	fundamentals	and	applications,	2nd	
edn.	Wiley,	New	York,	87	(2000).		
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anodic	reaction,	η	is	the	overpotential,	F	is	Faraday’s	constant,	R	is	the	gas	constant	
and	T	is	the	temperature.		

If	Eq	5.1.	is	expressed	in	logarithmic	form,	the	Tafel	relationship	is	obtained:	

log 𝑖 = log 𝑖$ +
𝜂
𝑏
																																													𝐸𝑞. 5.2.	

Eq	5.2.	can	be	also	expressed	as	a	linear	dependence,	which	was	the	original	format	

proposed	by	Tafel	in	1904.		

η = 𝑎 + 𝑏 · log 𝑖 																																																				𝐸𝑞. 5.3.	

In	Eq	5.3.	𝑎	is	a	constant	and	𝑏	is	the	Tafel	slope	given	by	Eq	5.4..	The	Tafel	slope	is	
typically	expressed	in	units	of	millivolts	per	decade	of	current	(mV/dec).	

𝑏 =
𝜕η

𝜕 log(𝑖)
=
2.303RT
α*F

																																											𝐸𝑞. 5.4.	

Taking	a	more	theoretical	perspective,	the	Tafel	slope	is	a	composite	parameter,	

that	 gives	 information	 about	 the	 stoichiometry	 and	 the	 succession	 of	 steps	 in	 the	

overall	reaction	taking	place	on	the	electrode	surface.	Thus,	elucidation	of	Tafel	slopes	

can	 be	 useful	 in	 differentiating	 between	 possible	 reaction	mechanisms.	 If	 the	 first	

electron	 transfer	 step	 in	 a	 sequential	 reaction	 is	 the	 rate-determining	 step,	 the	

calculated	Tafel	slope	would	be	~120	mV/dec.	When	the	rate-determining	step	is	the	

second	electron	transfer	step,	 the	Tafel	slope	would	be	~40	mV/dec.	On	the	other	

hand,	 if	 the	 rate-determining	 step	 involves	a	 chemical	 step	 subsequent	 to	 the	 first	

electron	transfer,	the	predicted	Tafel	slope	would	be	~60	mV/dec.		
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Figure	5.1.	Tafel	plot	representation.	

Linear	Sweep	Voltammetry	

Linear	sweep	voltammetry	(LSV)	 is	a	voltammetric	method	where	the	current	at	

a	working	electrode	is	measured	while	the	potential	between	the	working	electrode	

and	a	reference	electrode	is	swept	linearly	in	time.	Oxidation	or	reduction	of	species	

are	registered	as	a	change	in	the	current	signal.	

	

Figure	 5.2.	 (Left)	 Potential	 increase	 during	 the	 LSV	 measurement.	 (Right)	 Typical	 LSV	

voltammogram	for	a	water	oxidation	process.	Exponential	current	density	increase	is	related	

to	the	presence	of	a	catalytic	process.	
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The	 characteristics	 of	 the	 linear	 sweep	 voltammogram	 recorded	 depend	 on	 a	

number	of	factors	including	the	rate	of	the	electron	transfer	reactions,	the	chemical	

reactivity	of	the	electroactive	species	and	the	voltage	scan	rate.	The	electrochemical	

experiments	are	performed	under	constant	stirring.	

Cyclic	Voltammetry	

Cyclic	 voltammetry	 (CV)	 is	 a	 type	

of	potentiodynamic	electrochemical	measurement	done	without	stirring	the	solution.	

In	a	cyclic	voltammetry	experiment,	the	working	electrode	potential	is	ramped	linearly	

versus	time.	Unlike	in	linear	sweep	voltammetry,	after	the	set	potential	is	reached	in	a	

CV	experiment,	the	working	electrode's	potential	is	ramped	in	the	opposite	direction	

to	return	to	the	initial	potential.	These	cycles	of	ramps	in	potential	may	be	repeated	

as	many	times	as	needed.	The	current	at	the	working	electrode	is	plotted	versus	the	

applied	voltage	to	give	the	cyclic	voltammogram	trace.	Cyclic	voltammetry	is	generally	

used	to	study	the	electrochemical	properties	of	an	analyte	in	solution.	

	

Figure	 5.3.	 (Left)	 Potential	 increase	 during	 the	 CV	 measurement.	 (Right)	 Typical	 CV	

voltammogram	for	a	reversible	redox	process.	
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Bulk	electrolysis	

Bulk	electrolysis	is	an	electrochemical	technique	used	to	typically	study	the	stability	

of	a	system	under	working	conditions.	Two	different	strategies	can	be	used	to	measure	

it:	 chronopotentiometry	 (potential	 is	 measured	 while	 current	 is	 set	 at	 a	 constant	

value)	and	chronoamperometry	 (current	 is	monitored	when	a	 constant	potential	 is	

applied).		

	

Figure	5.4.	(Left)	Chronopotentiometry;	(right)	Chronoamperometry.	
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When	radiation	interacts	with	a	crystalline	solid,	it	is	scattered	in	a	specular	fashion	

by	the	 lattice	planes	separated	by	the	 interplanar	distance	 (d).	When	the	scattered	

waves	interfere	constructively,	they	remain	in	phase	since	the	difference	between	the	

path	 lengths	 of	 the	 two	 waves	 is	 equal	 to	 an	 integer	 multiple	 of	 the	 incident	

wavelength.	The	path	difference	between	two	waves	undergoing	interference	is	given	

by	 2dsinq,	 where	 q	 is	 the	 scattering	 angle	 between	 incident	 radiation	 and	

crystallographic	planes	(hkl).	The	effect	of	the	constructive	or	destructive	interference	

intensifies	because	of	the	cumulative	effect	of	reflection	in	successive	crystallographic	

planes	of	the	crystalline	lattice.	This	leads	to	Bragg’s	law,	which	describes	the	condition	

on	q	for	the	constructive	interference	to	be	at	its	strongest.	

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆			 	 	 	 Eq.	6.1.	

where	d	is	the	interplanar	distance	between	crystallographic	planes	with	the	same	

(hkl),	q	is	the	incident	angle	of	the	radiation,	𝜆	is	the	wavelength	of	incident	X-rays	and	
n	is	a	positive	enterer	number.		

	

Figure	6.1.	Bragg	diffraction	for	a	crystallographic	plane	family	separated	a	distance	d.	

From	Bragg’s	law,	lattice	constant	can	be	calculated	for	different	crystal	systems.	

These	parameters	refer	to	the	physical	dimensions	of	the	unit	cell	in	a	crystal	lattice.	

Lattices	in	three	dimensions	generally	have	three	lattice	constants,	referred	to	as	a,	b	

and	c.	However,	in	a	cubic	structure	a=b=c,	thus	the	lattice	constant	is	only	expressed	

as	a.	 A	 similar	 situation	 is	 observed	 in	 hexagonal	 crystal	 structures,	where	a=b≠c.	
Therefore,	in	hexagonal	systems	the	lattice	constants	refer	to	a	and	c.	The	formulas	to	
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calculate	the	lattice	constant	a	for	a	cubic	structure	and	the	lattice	constants	a	and	c	

for	a	hexagonal	system	are	expressed	in	Eq	6.2.	and	6.3..	

𝐶𝑢𝑏𝑖𝑐	𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒:	
1
𝑑8

=
ℎ8 + 𝑘8 + 𝑙8

𝑎8
																																										𝐸𝑞. 6.2.	

	𝐻𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙	𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒:	
1
𝑑8

=
4
3

ℎ8 + ℎ𝑘 + 𝑘8

𝑎8
	 +

𝑙8

𝑐8
																						𝐸𝑞. 6.3.	

In	the	case	of	cubic	structures,	a	lattice	constant	value	can	be	refined	to	give	a	more	

accurate	value.	Therefore,	a	parameter	is	calculated	for	each	(hkl)	diffractogram	peak	

and,	then,	represented	against	cos2q/sinq.	The	intercept	from	the	linear	regression	is	

the	refined	a	lattice	constant	value,	which	is	the	parameter	expressed	in	Chapter	4	for	

cubic	structures	

	

Figure	6.2.	a	lattice	constant	refinement.	

The	 crystallite	 size	 can	 be	 also	 calculated	 from	 X-ray	 diffraction	 data	 using	

Scherrer’s	equation	(Eq	6.4.).	This	formula	related	the	size	of	crystallites	in	a	solid	to	

the	broadening	of	a	peak	in	a	diffraction	pattern.		

𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
																																																														𝐸𝑞. 6.4.	

where	𝜏	is	the	mean	size	of	the	ordered	crystallite	domains,	which	may	be	smaller	

or	equal	to	the	grain	size;	𝐾	is	a	dimensionless	shape	factor,	with	typically	0.9	value;	𝜆	

a
(
)

cos2q/sinq
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is	the	X-ray	wavelength;	𝛽	(rad)	is	the	line	broadening	at	half	the	maximum	intensity,	

after	subtracting	the	instrumental	line	broadening;	𝜃	is	the	Bragg	angle.	

From	X-ray	diffraction	data,	the	texture	coefficient	(TC)	can	also	be	calculated.	It	

represents	the	texture	of	a	particular	plane,	whose	deviation	from	the	unity	implies	

the	preferred	growth.	Quantitative	information	concerning	the	preferential	crystallite	

orientation	is	obtained	from	different	TCs	(hkl)	defined	by	the	following	expression.	If	

TC	(hkl)	is	iqual	to	unity,	the	intensity	of	the	peak	is	identical	to	the	standard	crystal	

structure.	However,	if	TC	(hkl)>1,	there	is	a	preferential	growth	in	this	crystallographic	

plane.	

𝑇𝐶 ℎ𝑘𝑙 =

𝐼 ℎ𝑘𝑙
𝐼K ℎ𝑘𝑙

𝑁MN 𝐼 ℎ𝑘𝑙
𝐼K ℎ𝑘𝑙O

																																							𝐸𝑞. 6.5.	

where	𝐼(ℎ𝑘𝑙)	 is	 the	measured	 relative	 intensity	 of	 a	 plane	 (hkl);	 𝐼K(ℎ𝑘𝑙)	 is	 the	

standard	intensity	of	the	plane	(hkl)	taken	from	the	reference	diffraction	pattern	(with	

an	ICSD	code);	𝑁	is	the	number	of	diffraction	peaks.	
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