
1	Introduction
Alkaline	water	electrolysis	is	a	promising	technology	for	H2	production,	a	key	step	towards	the	development	of	a	sustainable	hydrogen	economy	[1–3].	The	bottleneck	of	the	electrolysis	is	the	high	overpotential

required	for	the	oxygen	evolution	reaction	(OER)	[4].	Consequently,	research	has	focused	on	the	development	and	characterization	of	improved	electrocatalysts	for	the	OER.	Among	them,	iron	oxides	and	especially

hematite	(α-Fe2O3),	have	been	considered	as	cheap	and	abundant	catalysts	 for	the	OER	[5].	Hematite	 is	also	a	very	promising	material	 for	photoelectrochemical	water	splitting	[6,7].	Several	strategies	have	been
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Abstract

Iron	oxides	in	general	and	especially	hematite,	α-Fe2O3,	have	become	promising	materials	for	the	alkaline	water	electrolysis	and	photoelectrochemical	water	splitting,	respectively.	In	the	present	study

electrocatalytic	electrodes	with	a	thin	film	of	α-Fe2O3	and	with	vertically	aligned	α-Fe2O3	nanowires	were	prepared.	Cyclic	voltammograms	of	the	α-Fe2O3	nanowires	revealed	differences	including	a	series	of

three	unreported	cathodic	signals	when	compared	to	previously	published	voltammograms	for	polycrystalline	 iron	oxides.	The	generation-collection	mode	of	scanning	electrochemical	microscopy	(SECM)

using	nanostructured	Pt	microdisc	probes	was	exploited	to	detect	soluble	reaction	products	formed	at	the	voltammetric	peaks	of	the	α-Fe2O3	electrode.	SECM	tip-substrate	voltammetry	unexpectedly	showed

that	the	reduction	of	FeVI	to	FeIII	on	the	cathodic	sweep	is	accompanied	by	significant	O2	evolution.
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investigated	to	increase	the	efficiency	of	the	OER	for	example	surface	modifications	[8],	doping	[9–11]	and	morphology	control	by	nanostructuring	[12,13].	In	the	present	study,	electrocatalysts	were	prepared	as	a	thin

film	of	α-Fe2O3	and	as	vertically	aligned	α-Fe2O3	nanowires.

Extensive	work	has	been	devoted	to	the	electrochemistry	of	oxide-covered	iron	samples	in	various	contexts.	The	behavior	of	such	electrodes	is	complex	due	to	the	formation	of	passivating	films,	surface	redox

chemistry	involving	unusual	oxidation	states	and	interaction	with	ions	and	molecules	from	solution.	For	our	work	we	build	extensively	on	studies	by	Lyons	et	al.	[14–17]	and	Joiret	et	al.	[18].	A	detailed	account	of	these

studies	is	given	in	the	result	and	discussion	section	and	is	summarized	in	Table	1.

Table	1	Peaks	assignment	for	the	Fe2O3,NW	electrode	and	corresponding	reference	for	polycrystalline	iron	[14–18,49–51,54],	steel	[52]	and	composite	electrodes	consisting	of	Fe2O3	and	exfoliated	graphite	[53].

alt-text:	Table	1

Peak ES/Va Reported	in	Refs. Assignment Ref.	for	Assignm.

A1 −1.19 [14–16,18,50,51,53] FeIOH	+	OH−	→	FeII(OH)2	+	e−	(1)
or
FeIOH	+	OH−	→	FeIIO	+	H2O	+	e−	(2)

[14]

A2 −1.07 [14–18,49,51–53] FeII(OH)2	+	OH−	→	FeIIIOOH	+	H2O	+	e−	(3) [17]

A3 +0.15 [16,18,54] FeIIIOOH	+	3	OH−	→	FeVIO3	+	3e−	+	2	H2O	(4) [54]

C1 −1.21 [16,18,52,53] 3γ-FeIII
2O3	+	H2O	+	2e−	→	2	FeIII/II

3O4	+	2	OH−	(5)
3α-FeIIIOOH	+	e−	→	FeIII/II

3O4	+	H2O	+	OH−	(6)
[18]

C2 −0.91 not	reported

C3 −0.58 not	reported

C4 −0.37 [16,18,54] FeVIO3	+	3e−	+	2	H2O	→	FeIIIOOH	+	3	OH−	(7) [54]

C5 +0.22 not	reported

a vs.	SMSE	as	measured	in	this	paper.	Exact	potential	values	vary	between	different	reports.

The	α-Fe2O3	electrodes	were	characterized	by	cyclic	voltammetry	(CV)	and	the	tip-substrate	voltammetry	mode	of	scanning	electrochemical	microscopy	(TSV-SECM).	SECM	has	been	used	to	study	a	wide	range

of	interfacial	processes	at	solid/liquid	and	liquid/liquid	interfaces	[19]	including	the	corrosion	of	carbon	steel	or	iron	in	alkaline	and	neutral	media	where	the	sample	generation/tip	collection	mode	(SG/TC)	of	SECM

was	applied	to	detect	soluble	Fe2+	at	the	microelectrode	(ME)	which	originated	from	the	sample	surface	sites	[20–24].	In	addition,	Cl−	was	generated	at	the	ME	to	trigger	pitting	corrosion	at	the	sample	[23,25].	For

SG/TC	and	feedback	mode	investigations	of	corrosion	processes,	several	reversible	redox	mediators,	e.g.	ferrocenemethanol	[26,27],	[Fe(CN)6]3+	[28]	and	I−	[22,28,29]	were	added	to	the	solution.	Deliberate	addition

of	mediators	is	controversial	in	corrosion	studies	as	they	may	influence	the	corrosion	behavior	[30].	Therefore,	several	SECM	corrosion	studies	[20,31–35]	have	exploited	molecular	oxygen	O2	naturally	present	in	the

solution.	In	the	present	paper	we	demonstrate	how	TSV-SECM	using	O2	detection	at	nanostructured	Pt	MEs	is	applied	to	investigate	and	to	identify	redox	processes	from	the	complex	voltammetric	response	of	the

electrocatalysts.	Our	approach	also	differs	from	the	cited	corrosion	studies	by	the	use	of	nanostructured	Pt	[36,37]	as	SECM	probe.	These	MEs	retain	a	disc-like	geometry	while	offering	a	huge	electroactive	surface

area	which	has	been	shown	to	promote	the	4-electron	reduction	of	oxygen	[38]	and	the	rapid	oxidation	and	reduction	of	hydrogen	peroxide	[39].	As	a	result,	the	nanostructured	microdiscs	yield	a	stable	and	sensitive

amperometric	response	ideal	to	perform	long	SECM	experiments	[40].	Here	we	have	exploited	the	properties	of	the	nanostructured	Pt	MEs	to	record	small	O2	concentration	changes	and	monitor	the	release	of	O2	due

to	surface	redox	processes	at	α-Fe2O3	nanowires.

2	Experimental
2.1	Template	and	sample	preparation

Samples	were	prepared	in	the	form	of	i)	films	and	ii)	aligned	nanowires.	Both	were	supported	by	Au|Ti|SiO2|Si	substrates	prepared	on	one	side	of	a	thermally	oxidized	silicon	wafer	(100	cut,	100	nm	SiO2).	The	nanowires	were



formed	by	using	anodic	aluminium	oxide	(AAO)	templates	whose	preparation	has	been	detailed	before	[41,42].	The	substrate	was	prepared	by	e-beam	evaporation.	A	100	nm	thick	layer	of	gold	was	deposited	on	a	titanium	adhesion

layer	to	serve	as	an	anodization	barrier	during	electrochemical	oxidation	of	the	Al	and	also	as	a	contacting	electrode	during	anodization	and	further	electrochemical	growth	of	Fe	nanowires	or	iron	layers.	For	the	formation	of	AAO

templates	a	1	μm	thick	layer	of	Al	was	e-beam	evaporated	on	the	above	described	substrate	using	a	similar	Ti	adhesion	layer	in	between.	Nanopores	were	formed	in	the	Al	layer	on	an	area	of	113	mm2	by	electrochemical	oxidation	at

40	V	in	0.3	M	oxalic	acid	at	4	°C.	The	formed	pores	were	enlarged	to	the	desired	diameter	by	chemical	etching	in	0.5	M	orthophosphoric	acid	at	30	°C	[43].	Fe|Fe2O3	films	and	nanowires	were	fabricated	by	pulsed	electrodeposition	of

iron	from	an	aerated	acidic	bath	consisting	of	120	g	L−1	FeSO4·7	H2O,	45	g	L−1	H3BO3	and	1	g	L−1	citric	acid	at	30	°C	with	a	platinum	counter	electrode	and	a	saturated	calomel	reference	electrode	(SCE).	The	pulse	cycle	was	10	ms	at

−1.8	V	vs.	SCE	and	90	ms	at	−0.8	V	vs.	SCE.	The	electrodeposition	time	was	adjusted	(typically	350	s)	so	that	the	Fe	nanowire	length	reached	about	1	μm.	After	growing	the	nanowires,	the	AAO	template	was	chemically	removed	in

2	M	NaOH	within	5	min	under	potentiostatic	control	at	−0.8	V	vs.	SCE	to	protect	the	freshly	formed	Fe	nanowires	against	oxidation	and	hydroxide	formation.	In	order	to	keep	the	electrodes	in	contact	with	the	solution,	the	procedure

involved	 the	 successive	 gradual	 replacement	 of	 the	 plating	 bath	 with	 water,	 2	M	 NaOH	 solution	 and	 again	 water.	 This	 approach	 was	 also	 used	 for	 the	 rinsing	 steps.	 The	 formation	 of	 a	 protective	 Fe2O3	 layer	 was	 initiated

potentiostatically	in	pure	water	(300	s	at	1.0	V	vs.	SCE).	All	potentials	were	chosen	according	to	the	Pourbaix	potential-pH	equilibrium	diagram	of	the	iron-water	system	[44].	Subsequently,	the	iron	oxide	layer	thickness	was	increased

to	its	final	value	by	thermal	oxidation	in	air	at	300	°C.

2.2	Scanning	electrochemical	microscopy	and	cyclic	voltammetry
The	iron	oxide	electrodes	were	used	as	working	electrodes	and	were	mounted	at	the	bottom	of	a	cylindrical	Teflon	cell	(8	mm	diameter,	8	mm	high)	filled	with	0.4	mL	of	0.1	M	NaOH	(pro	Analysi,	Sigma	Aldrich,	Steinheim,

Germany).	The	three-electrode	cell	was	completed	by	a	coiled	Pt	wire	as	auxiliary	electrode	and	by	a	saturated	mercurous	sulfate	electrode	(SMSE)	from	EG&G	(Princeton	Applied	Research,	Oak	Ridge,	USA)	connected	via	a	salt	bridge

to	the	cell.	All	potentials	are	referenced	to	the	SMSE.	The	experiments	were	conducted	in	a	grounded	and	closed	Faraday	cage	in	the	dark.

Disc-shaped	MEs	were	prepared	as	probes	for	SECM	by	sealing	a	25	μm	diameter	Pt	wire	in	glass	and	polishing	the	glass	sheath	so	that	its	radius	was	typically	3	to	5	times	larger	than	the	radius	rT	of	the	Pt	microdisc.	The	face

of	the	ME	was	polished	to	a	mirror	finish.	To	ensure	a	diffusion-controlled	amperometric	response	for	the	reduction	of	dissolved	O2	and	for	the	oxidation	of	HO2
−

,	the	ME	was	modified	with	a	ca.	2	μm	thick	layer	of	nanostructured	Pt

prepared	by	electrodeposition	of	Pt	within	a	lyotropic	liquid	crystal	molecular	template	as	previously	reported	[39,40].	The	modified	ME	was	mounted	on	a	SECM	instrument	running	under	SECMx	software	[45].	The	SECM	used	closed

loop	piezoelectric	motors	(mechOnics	AG,	München,	Germany)	as	positioning	system	and	a	CHI700	B	bipotentiostat	(CH	Instruments,	Austin	TX,	USA)	[46].	An	approach	curve	(ME	current	iT	versus	microelectrode-sample	distance	d)

was	recorded	for	vertical	positioning	while	 the	ME	reduced	O2	under	steady	state	conditions	with	 the	substrate	unbiased	so	 that	 it	would	not	consume	or	produce	O2.	The	distance	d	was	adjusted	 to	70	μm	 and	 10	 μm	using	 the

theoretical	expression	for	hindered	diffusion	[47].	Afterwards,	TSV-SECM	[48]	was	used	where	the	substrate	current	 iS	and	the	ME	current	iT	were	simultaneously	recorded	as	 function	of	 the	potential	ES	applied	to	the	 iron	oxide

substrate	electrode.	The	potential	sweep	was	initiated	from	a	value	where	no	reaction	occurred	to	one	where	the	substrate	produced	or	consumed	oxygen.	The	cell	was	open	to	the	atmosphere	and	the	small	background	current	at	the

ME	due	to	the	reduction	of	O2	from	the	air-saturated	electrolyte	solution	was	used	as	a	reference	value.

2.3	Scanning	electron	microscopy
The	physical	shape	of	the	nanowires	was	evaluated	by	scanning	electron	microscopy	(SEM)	using	a	FEI	Helios	NanoLab	600i	DualBeam™	SEM/focused	ion	beam	workstation	(FEI,	Hillsboro,	OR,	US)	with	a	beam	current	of

86	pA	and	a	voltage	of	15	kV	(Fig.	1a–c).	The	images	were	recorded	in	the	field-free	mode	using	an	ICE	detector	with	dwell	times	of	either	10	or	30	μs	and	a	resolution	of	1024	×	884	with	a	line	integration	value	set	to	4.



3	Results	and	discussion
3.1	Structure	of	α-Fe2O3	samples

The	structural	characterization	of	the	vertically	aligned	α-Fe2O3	nanowires	(Fe2O3,NW,	Fig.	1)	is	provided	as	Supplementary	Data	in	Appendix	A.	The	dimensions	of	the	layers	and	wires	are	given	in	Fig.	1d.	X-ray	diffraction	on

Fe2O3,NW	shows	peaks	assigned	to	different	crystallographic	planes	of	α-Fe2O3	(Fig.	S1).	The	physical	shape	of	the	vertically	aligned	nanowires	was	evaluated	by	scanning	electron	microscopy	(Fig.	1a–c).	High	resolution	photoelectron

spectra	confirm	that	assignment	(Fig.	S2).

3.2	Voltammetric	response
Fig.	2a	shows	CVs	of	Fe2O3,NW	at	 the	beginning	of	experiments	and	after	 three	days	of	 interrupted	experimentation.	 In	general	 the	shape	of	 the	CVs	 is	characterized	by	a	series	of	peaks,	which	result	 from	surface	redox

processes.	The	oxygen	evolution	reaction	(OER)	and	the	oxygen	reduction	reaction	(ORR)	also	affect	the	shape	of	the	CV	when	ES	>	0.3	V	or	ES	<	−1.1	V,	respectively.	At	the	beginning	of	experiments	two	anodic	peaks	A1,	A2	and	one

cathodic	peak	C1	are	present	in	the	potential	region	of	the	ORR.	These	peaks	have	also	been	observed	in	CVs	at	similar	potentials	at	iron	oxide	films	[14–16,18,49–51],	steel	[52]	and	at	composite	electrodes	of	Fe2O3	and	exfoliated

graphite	[53].	Their	assignment	to	specific	reactions	is	summarized	in	Table	1.

Fig.	1	Dimensions	of	the	iron	oxide	nanowires	(Fe2O3,NW)	in	a	typical	SEM	micrographs	of	an	array	of	nanowires	tilted	by	30°,	(a	and	b),	in	top	view	(c)	and	as	schematic	(d).

alt-text:	Fig.	1



After	interrupted	cycling	of	the	Fe2O3,NW	electrodes	between	ES	=	−1.42	and	0.50	V	vs.	SMSE	(Fig.	2a)	over	 three	days,	 the	CV	showed	two	anodic	peaks	A1	and	A3	and	 four	cathodic	peaks	C2–C5,	 i.e.	 the	peaks	A2/C1

disappeared	and	the	peaks	C2–C5	appeared.	A	comparison	with	literature	data	in	Table	1	shows	that	the	anodic	peaks	A1–A3	and	cathodic	peaks	C1/C4	have	been	reported	before	for	other	oxide-covered	iron	samples.	However,	to	the

best	of	our	knowledge,	the	peaks	C2,	C3	and	C5	have	not	been	reported	for	polycrystalline	iron	oxide.

Changes	 in	peak	heights	and	peak	potentials	have	commonly	been	observed	 in	 the	CVs	of	polycrystalline	 iron	oxides	upon	ageing	 [14,49,55,56].	Thus,	 the	changes	observed	 in	 the	CV	of	Fe2O3,NW	are	not	surprising	since

electrode	ageing	changes	the	surface	redox	processes.	Urbaniak	et	al.	[53]	reported	for	composite	electrodes	of	Fe2O3	and	exfoliated	graphite	that	peak	C1	appeared	only	in	the	first	cycle	and	disappeared	in	the	following	cycles.	In

contrast,	Xu	et	al.	[52]	and	Lyons	and	Brandon	[16]	observed	an	increase	of	C1	with	electrode	ageing	for	carbon	steel	and	polycrystalline	iron	oxide,	respectively.	In	case	of	polycrystalline	iron	oxide,	the	peak	C1	was	only	detected	on

one	particular	electrode	[16]	and	C1	is	not	a	common	feature	in	the	CVs	of	polycrystalline	iron	oxide	[14–16,18,51,56].	In	our	study	the	peak	C1	decreases	and	finally	disappears	with	electrode	ageing	but	in	contrast	to	Xu	et	al.	[52]

the	peak	C1	is	seen	over	many	cycles	(Fig.	2a).	Thus,	Fe2O3,NW	shows	a	particular	behavior	with	respect	to	the	peak	C1.

Contrary	to	the	disappearance	of	A2	at	Fe2O3,NW	during	potential	cycling	(Fig.	2a),	the	peak	A2	was	reported	to	increase	continuously	with	potential	cycling	for	polycrystalline	iron	oxides	[15–17,49,56].	It	might	be	speculated,

that	the	differences	seen	on	Fe2O3,NW	with	respect	to	C1	and	A2	at	polycrystalline	iron	oxides	[15–17,49,52,53,56]	are	linked	to	the	appearance	of	C2,	C3,	C5	because	those	signals	have	not	been	reported	for	polycrystalline	iron	oxide

electrodes.

The	corresponding	pair	A3/C4	at	Fe2O3,NW	has	occasionally	been	observed	at	polycrystalline	iron	oxides	[16,18,54].	In	1985	Beck	et	al.	[54]	reported	these	peaks	in	very	alkaline	solutions	of	40-50	mass-%	of	NaOH	and	KOH.

Using	CV	and	rotating	iron	disc	electrodes,	the	peaks	were	assigned	to	the	FeIII/FeVI	redox	transition	because	of	their	experience	with	FeVI	solutions	and	the	correlation	of	potentials	for	the	reduction	of	FeVI	solution.	Based	on	the

Pourbaix	diagram	for	iron	[57–59]	and	the	FeVIO4
2−	generation	in	alkaline	media	[60–62],	Joiret	et	al.	[18]	similarly	concluded	that	A3/C4	originate	from	the	FeIII/FeVI	redox	transition.	Both	the	stability	of	FeVIO4

2−	 in	alkaline	media

(pH	≥	10)	[63,64]	and	the	tetrahedral	structure	of	FeVIO4
2−	determined	by	X-ray	diffraction	[65]	and	Mössbauer	spectroscopy	[66]	are	known.	Based	on	a	potential-modulated	reflectance	study,	Larramona	and	Guitérrez	[51]	concluded

that	α-Fe2O3	is	oxidized	to	a	soluble	FeVIO4
2−	species	in	the	potential	region	of	A3	in	1.0	M	NaOH	solution.	The	FeIII/FeVI	assignment	is	also	supported	by	Lyons	and	Brandon	[16]	who	speculated	that	the	onset	for	the	OER	is	related	to

the	FeIII/FeVI	 redox	 transition	because	 the	onset	potential	of	 the	OER	 is	similar	 to	 the	peak	potentials	A3/C4.	Thus,	the	FeVI	 species	are	 likely	 to	act	as	catalytic	centers	 for	 the	OER.	A	catalytic	effect	of	FeVIO4
2−	on	 the	OER	was

experimentally	demonstrated	[67].	Lyons	and	Brandon	[16]	remarked	that	it	is	an	open	question	why	A3/C4	appear	rarely.	Despite	the	supposed	importance	for	the	OER,	the	assignment	has	not	been	completely	clarified.	They	further

Fig.	2	CVs	in	0.1	M	NaOH;	(a)	CVs	of	Fe2O3,NW	at	the	beginning	of	experiments	(dotted	curve)	and	after	three	days	of	interrupted	experimentation	(solid	curve)	at	100	mV	s−1;	(b)	Dependence	of	the	peak	shape	on	the	upper	vertex	potential	in	the	CV	of

Fe2O3,NW	at	50	mV	s−1:	The	peaks	C4	and	A3	appear	when	the	upper	vertex	potential	is	above	Eλ	>	0.0	V	vs.	SMSE	while	C3	and	C5	appear	when	Eλ	>	0.3	V	vs.	SMSE.

alt-text:	Fig.	2



pointed	out	that	the	polycrystalline	iron	electrode	that	showed	the	pair	A3/C4	in	its	CV	was	apparently	prepared	in	the	same	manner	as	other	polycrystalline	iron	samples	which	did	not	produce	this	pair	of	peaks.	Consequently,	the

reason	for	the	appearance	of	A3/C4	at	specific	single	samples	is	currently	unclear.	Nevertheless,	Lyons	and	Brandon	[16]	supposed	that	an	unidentified	aspect	of	electrode	preparation	induced	the	surface	activation	with	respect	to	the

FeIII/FeVI	redox	transition.	This	general	picture	is	confirmed	by	our	investigations	of	films	of	Fe2O3	prepared	similarly	to	the	Fe2O3,NW	samples.	Those	samples	showed	comparable	analytical	characteristics	(Fig.	S3),	but	their	CVs	only

showed	a	very	small	shoulder	at	the	position	of	the	peaks	A3/C4	after	the	same	aging	procedure	(Fig.	S4).	This	signal	was	too	small	for	the	planned	TSV-SECM	experiments	and	studies	were	continued	with	the	Fe2O3,NW	samples.

As	noted	by	Lyons	and	Brandon	[16],	A3/C4	are	connected,	because	C4	does	not	appear	in	the	reverse	sweep	when	the	potential	for	A3	is	not	reached	in	the	forward	sweep	(Fig.	2b,	dotted	curve).	In	other	words	A3/C4	appear

in	the	CV	of	Fe2O3,NW	only	when	the	upper	vertex	potential	Eλ	>	0.0	V	vs.	SMSE	(Fig.	2b,	upper	solid	curve).	The	appearance	of	the	peaks	C3,	C5	in	the	CV	also	depended	on	Eλ.	When	Eλ	>	0.3	V	vs.	SMSE,	C3	and	C5	appeared	in	the

CV	(Fig.	2b,	lower	solid	curve).	In	contrast	to	C3,	C4	and	C5,	the	peak	C2	was	present	in	the	CV	even	for	Eλ	=	0.0	V	vs.	SMSE	(Fig.	2b,	dotted	curve).

3.3	Peak	assignment	using	TSV-SECM
The	peak	analysis	was	refined	using	TSV-SECM	to	detect	species	released	from	Fe2O3,NW	into	the	solution	at	a	specific	ES	(Fig.	3d).	The	working	distance	between	the	SECM	probe	and	the	Fe2O3,NW	substrate	was	set	to	70	μm

and	the	corresponding	diffusion	time	of	O2	over	that	distance	was	estimated	as	1.3	s	with	the	method	from	Ref.	[68].	The	ME	was	polarized	to	a	constant	ET	=	−1.0	V	vs.	SMSE	for	diffusion-limited	O2	detection.	At	such	a	large	probe-

substrate	distance,	 the	substrate	hardly	affects	the	diffusion	of	oxygen	from	the	bulk	and	the	tip	current	reaches	a	steady	state	which	reflects	the	solubility	and	diffusion	coefficient	of	oxygen,	the	number	of	electrons	 involved	(4

because	of	the	nanostructure	[38]),	the	tip	radius	and	the	glass	sheath	thickness.	The	substrate	CV	was	started	at	ES	=	‐0.1	V	vs.	SMSE	(Fig.	3d,	black	dot)	and	ES	was	continuously	increased	at	1	mV	s−1.	The	probe	response	clearly

shows	that	O2	formation	at	Fe2O3,NW	starts	at	circa	ES	=	+0.2	V	vs.	SMSE	and	the	reduction	current	iT	at	the	ME	increases	up	to	−24	nA	at	ES,λ	=	+0.35	V	vs.	SMSE	in	the	forward	sweep.	The	increase	of	iT	demonstrates	unequivocally

the	formation	of	molecular	O2	at	Fe2O3,NW	for	ES	>	+0.2	V	because	the	ME	is	only	sensitive	to	O2	(see	Section	3.4).	The	ME	current	iT	does	not	reach	its	maximum	at	ES,λ	=	+0.350	V	but	at	ES	=	+0.339	V	in	the	reverse	sweep	because

there	is	a	delay	between	the	maximum	O2	formation	rate	at	the	sample	and	the	highest	reduction	current	at	the	ME	due	to	the	diffusional	transport	of	O2	over	the	70	μm	working	distance	between	the	Fe2O3,NW	and	the	ME	[68].	This

delay	of	11	s	corresponds	to	0.011	V	at	a	scan	rate	of	1	mV	s−1.	Within	the	potential	range	of	+0.2	<	ES/V	<	+0.4	the	SECM	setup	operates	in	the	SG/TC	mode	(Fig.	3c)	since	O2	is	generated	at	the	Fe2O3,NW	sample	and	collected	at	the

ME.	When	ES	is	decreased	below	ES	<	+0.2	V,	iT	decreases	because	O2	formation	at	Fe2O3,NW	stops	and	O2	in	the	solution	between	the	Fe2O3,NW	and	the	ME	is	slowly	depleted	by	diffusion	to	the	solution	bulk	and	ongoing	ORR	at	the

ME.	The	ME	current	is	lower	than	its	value	in	the	bulk	(dotted	line	in	Fig.	3d)	because	diffusion	of	oxygen	is	hindered	(“negative	feedback”	in	the	SECM	terminology)	by	the	sample	surface	as	illustrated	in	Fig.	3b.	However,	iT	drops

quickly	at	ES	=	‐0.7	V	to	almost	0	nA	at	ES	=	‐1.0	V.	The	rapid	decrease	of	iT	over	these	potentials	is	caused	by	the	simultaneous	O2	consumption	at	the	Fe2O3,NW	and	the	ME.	O2	diffusing	from	the	air-equilibrated	solution	bulk	into	the

gap	between	the	Fe2O3,NW	and	the	ME	is	reduced	at	the	Fe2O3,NW	surface	before	reaching	the	ME	(Fig.	3a).	This	situation,	known	as	the	redox	competition	mode,	has	been	previously	applied	to	detect	ORR	at	samples	with	pulsed	[69]

and	constant	potentials	[70].	After	the	inversion	of	the	sweep	direction,	iT	starts	to	increase	at	ca.	ES	=	‐0.9	V	because	the	ORR	rate	at	the	Fe2O3,NW	decreases.	Because	O2	consumption	at	Fe2O3,NW	occurs	below	ca.	−0.7	V	and	O2

generation	 begins	 above	 ca.	 ES	=	 0.2	V,	 Fe2O3,NW	 is	 supposed	 to	 neither	 consume	nor	 generate	O2	within	 these	 potential	 limits	 (Fig.	 3b).	 Consequently,	 the	 current	 should	 follow	 the	 prediction	 for	 hindered	 diffusion	 (“negative

feedback”)	[47]	because	in	this	potential	region	the	ME	collects	O2	diffusing	from	the	solution	bulk.	In	fact	iT	is	smaller	than	the	ME	ORR	current	in	the	bulk	(−11.0	nA)	within	−1.0	<	ES/V	<	0.2	because	the	diffusion	of	O2	to	the	ME	is

slightly	hindered	by	the	Fe2O3,NW	surface	at	d	=	70	μm	and	because	O2	was	depleted	by	ORR	at	the	Fe2O3,NW	sample	in	the	preceding	cycle.



A	close	 inspection	of	 the	ME	trace	for	the	negative	going	potential	sweep	reveals	a	reproducible	small	 increase	of	reduction	currents	during	the	reverse	sweep	at	 ‐0.3	V	(arrow	in	Fig.	3d).	Because	of	 the	probe-substrate

distance,	there	is	a	difference	between	the	substrate	potential	ES	at	which	a	peak	in	iT	is	recorded	and	that	at	which	the	corresponding	process	at	Fe2O3,NW	occurs.	Taking	into	account	the	time	delay	observed	for	the	OER	process

(11	mV	on	the	potential	axis)	the	corresponding	peak	at	Fe2O3,NW	is	C4.	In	order	to	increase	the	sensitivity	for	the	peak	analysis,	the	probe-substrate	distance	was	decreased	from	70	to	10	μm	and	the	scan	rate	was	increased	from	1	to

10	mV	s−1.	Fig.	4	shows	the	corresponding	TSV-SECM	data.	During	the	reverse	sweep	iT	decreases	and	approaches	the	corresponding	iT	values	of	the	forward	sweep	for	ES	<	−0.1	V.	However,	 the	ME	reduction	current	 increases

significantly	at	ES	=	−0.2	V	well	within	the	potential	range	of	peak	C4	at	Fe2O3,NW.	Within	the	range	−0.4	<	ES/V	<	−0.2,	iT	reaches	the	maximum	reduction	current	at	ES	=	−0.33	V	shortly	after	the	maximum	of	C4	at	ES	=	−0.30	V.

The	shift	between	the	extrema	of	ME	and	Fe2O3,NW	currents	(30	mV	or	3	s)	is	caused	by	the	time	required	for	O2	to	diffuse	from	Fe2O3,NW	to	the	ME.	Consequently,	the	detection	of	O2	by	the	ME	proves	that	O2	is	released	from	Fe2O3,NW

during	the	process	causing	the	signal	C4.	Since	the	redox	processes	corresponding	to	the	peaks	C4/A3	are	related	[14,18,54,67],	the	TSV-SECM	reveals	that	the	Fe2O3,NW	sample	continuously	evolves	oxygen	from	+0.1	V	onwards,	i.e.

from	the	foot	of	peak	A3,	on	the	forward	sweep	and,	unexpectedly,	temporarily	releases	O2	at	C4	on	the	reverse	sweep	(Fig.	4).	At	C4,	the	OER	has	long	stopped	but	the	nanostructured	ME	is	sufficiently	sensitive	to	detect	the	release

of	oxygen	from	the	sample	surface.	Our	detection	of	O2	is	in	contrast	to	the	conclusion	of	Joiret	et	al.	[18]	from	their	electrochemical	quartz	crystal	microbalance	data	in	which	no	mass	change	during	C4/A3	transitions	were	detected.

Since	a	significant	O2	release	during	C4	was	unequivocally	detected	in	the	present	study,	one	might	consider	that	the	mass	change	in	the	experiments	by	Joiret	et	al.	[18]	was	below	the	detection	limit.	Furthermore,	the	oxygen	release

might	be	masked	by	ion	adsorption	or	formation	of	corrosion	products.	In	the	present	study	surface	processes	such	as	A3/C4	are	significantly	enhanced	by	the	large	electroactive	area	resulting	from	the	Fe2O3	nanostructure.

Fig.	3	SECM	operation	modes	and	TSV-SECM	above	the	Fe2O3,NW	sample;	(a)	Redox	competition	mode	with	O2	consumption	at	both,	ME	and	Fe2O3,NW;	(b)	Negative	feedback	mode	with	ORR	at	the	ME	only;	(c)	SG/TC	mode	with	O2	generation	at	Fe2O3,NW

and	ORR	at	the	ME;	(d)	TSV-SECM	in	0.1	M	NaOH	with	ET	=	−1.0	V	vs.	SMSE,	d	=	70	μm	and	v	=	1	mV	s−1.	The	black	dots	indicate	the	start	of	the	sweep.	The	operation	modes	relevant	for	the	different	potential	regions	are	indicated	on	top	of	panel	d.

alt-text:	Fig.	3



The	role	of	the	soluble	FeVIO4
2−	species	as	catalyst	for	the	OER	is	not	supported	by	Lyons	and	Brandon	[14]	since	the	FeVI	species	must	be	stabilized	at	the	surface	to	act	as	catalytic	centers	for	the	OER.	Furthermore,	the

finding	of	a	linear	dependency	of	the	peak	height	of	C4	on	the	scan	rate	points	towards	a	surface-bound	FeVI	species	[54].	Consequently,	insoluble	complex	anionic	species	such	as	[FeVIOm(OH)n]p−	were	considered	as	the	catalytically

actives	species	[55].	Based	on	roughness	factors	obtained	by	the	OHads	desorption	method,	Lyons	and	Brandon	[55]	calculated	that	only	a	fraction	of	the	geometric	area	of	the	oxide-covered	Fe	electrode	is	electrochemically	active

towards	the	OER.	This	result	was	explained	by	the	notion	that	only	a	fraction	of	the	surface	FeVI	species	were	stabilized	by	coordination	with	OH−	ions.	Hence	only	a	fraction	of	the	FeVI	species	was	able	to	catalyze	the	OER.	Beck	et	al.

[54]	also	distinguished	between	the	FeVIO4
2−	in	solution	and	their	analogous	surface	species	(formally	written	as	FeVIO3,	Table	1,	A3/C4).

The	observations	previously	reported	[16,18,54]	and	the	clear	finding	of	O2	release	from	the	iron	oxide	sample	in	peak	C4	are	consistent	with	peak	A3	reflecting	the	transition	from	FeIII	to	FeVI	as	listed	in	Table	1.	This	process

can	be	represented	with	the	scheme	shown	below.

The	iron	centers	at	the	surface	may	form	peroxy	species	with	two	formal	FeV	centers.	This	would	be	a	non-electrochemical	reaction	that	does	not	require	a	specific	potential.	The	resulting	compound	may	chemically	react

further	to	FeIV	centers	under	the	release	of	molecular	oxygen.	If	the	potential	is	higher	than	the	potential	of	peak	A3,	this	species	is	immediately	re-oxidized	to	the	FeVI	species	and	the	catalytic	cycle	can	start	again.	This	cycle	is	at	the

heart	of	the	OER	and	the	dioxygen	produced	is	easily	detected	by	the	ME	when	ES	>	+0.2	V.	Alternatively,	the	peroxy	species	may	transform	to	an	adsorbed	superoxide	species	with	the	Fe	centers	in	the	formal	oxidation	states	IV	and	V.

This	reaction	is	independent	of	potential.	The	species	will	remain	on	the	surface	as	long	as	the	potential	is	below	that	of	peak	A3	and	above	that	of	peak	C4.	The	overall	process	is	represented	in	Scheme	9.

The	peak	C4	with	the	release	of	molecular	oxygen	would	then	be	the	reduction	of	the	FeIV-FeV	centers	to	FeIII-FeIII	as	shown	below.

Peak	C3	is	not	explained	yet.	Given	the	variation	of	reported	peak	potentials	for	iron	oxide	samples	and	slight	variations	of	experimental	conditions,	it	might	be	possible	that	the	reaction	(7)	in	Table	1	refers	to	the	peak	C3	in

our	study	and	peak	C4	is	the	reduction	with	oxygen	release	(10)	that	requires	a	preceding	potential-independent	surface	reaction	(9,	right).

Fig.	4	TSV-SECM	of	Fe2O3,NW	in	0.1	M	NaOH	with	ET	=	−1.0	V	vs.	SMSE,	d	=	10	μm	and	v	=	10	mV	s−1.

alt-text:	Fig.	4
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The	position	of	the	peak	C2	is	remarkably	close	to	the	onset	of	ORR	at	Fe2O3,NW	in	Fig.	3d.	It	might	be	speculated	that	the	Fe	species	responsible	for	peak	C2	catalyzes	the	ORR	in	the	same	way	the	higher-valent	FeVI	species

catalyzes	the	OER.

3.4	Hydrogen	peroxide	formation
The	interpretation	of	TSV-SECM	data	according	to	the	processes	described	in	Fig.	3a–c	assumes	that	only	O2	is	detected	at	the	ME.	However,	it	is	possible	that	HO2

−	is	also	generated	by	the	electrocatalysts	during	the	OER	in

alkaline	media	[71–73]	(Fig.	5a).	In	such	a	case	both	O2	and	HO2
−	would	be	reduced	at	ET	=	−1.0	V	vs.	SMSE	and	hence	contribute	to	iT.	Therefore,	it	is	important	to	assess	whether	dissolved	peroxide	species	were	involved	in	the	TSV

presented	above.	For	this	purpose	the	ME	was	approached	to	a	distance	d	of	5–10	μm	above	the	Fe2O3,NW	sample	and	polarized	at	ET	=	0.2	V.	At	this	potential	only	oxidation	processes	should	occur	and	the	ME	response	should	be

unaffected	by	the	presence	of	dissolved	oxygen.	The	ME	current	should	primarily	reflect	the	diffusion-controlled	oxidation	of	HO2
−	and	to	a	much	lesser	extent	the	oxidation	of	OH−	as	schematically	represented	in	(Fig.	5b).	On	Pt

microdiscs	the	wave	for	OH−	oxidation	appears	at	more	positive	potentials	[74–76]	but	its	contribution	should	not	be	neglected	in	view	of	the	large	bulk	concentration	of	OH−.	The	TSV-SECM	data	recorded	with	ET	=	0.2	V	shows	no

appreciable	evidence	for	HO2
−	formation	(Fig.	5c).	If	HO2

−	had	been	detected,	the	ME	current	would	have	increased	when	ES	was	swept	in	the	OER	region.	Instead	iT	continuously	decays	throughout	the	forward	sweep,	undergoes	an

instantaneous	drop	of	circa	50	pA	upon	reversal	(thought	to	be	linked	to	the	double	 layer	capacitance	of	the	substrate	via	the	bipotentiostat	and	the	solution),	then	increases	during	the	reverse	sweep.	The	systematic	drop	in	ME

current	observed	when	ES	>	0.1	V	and	recovery	when	ES	<	0.1	V	can	be	understood	in	terms	of	the	redox	competition	mode	where	both,	ME	and	substrate,	consume	the	same	species,	here	OH−.	At	the	beginning	of	the	sweep,	iT
corresponds	to	the	negative	feedback	mode	due	to	hindered	diffusion	of	OH−.	Above	0.1	V	the	substrate	consumes	OH−	and	iT	decreases	accordingly.	At	the	end	of	the	reverse	sweep	iT	does	not	quite	recover	its	original	value	because

of	the	gradual	passivation	of	the	ME	due	to	oxide	build-up.	Frequent	reconditioning	is	normally	required	to	remove	the	oxide	and	to	maintain	a	constant	current	for	the	oxidation	of	OH−	on	oxide	covered	microdiscs	[74,77].

For	comparison,	a	CV	at	the	ME	was	recorded	in	a	solution	of	1	mM	H2O2	(Fig.	S5).	The	nanostructured	ME	shows	a	stable	diffusion-limited	steady-state	response	for	the	oxidation	of	H2O2.	In	fact	the	reported	detection	limit	of

the	nanostructured	Pt	ME	for	H2O2	amounts	to	4.5	μM	[39].	Overall,	the	results	presented	in	Fig.	5	rule	out	the	formation	of	peroxide	species	at	the	surface	of	the	Fe2O3,NW	sample	and	it	is	therefore	clear	that	TSVs	shown	in	Figs.	3d

and	4	are	solely	due	to	the	detection	of	dissolved	oxygen	and	HO2
−	does	not	affect	the	ME	response	for	the	peak	analysis	in	Section	3.3.

4	Conclusion
Fe2O3	nanowires	show	an	electrochemical	behavior	remarkably	different	from	Fe2O3	films	prepared	in	an	analogous	manner.	Most	signals	found	in	cyclic	voltammograms	are	in	agreement	with	previous	reports

Fig.	5	SECM	operation	modes	for	detection	of	possible	HO2
−	formation	at	the	substrate;	(a)	iT	increases	due	to	HO2

−	reduction	in	addition	to	O2	reduction	at	the	ME;	(b)	When	the	ME	is	polarized	to	a	potential	for	HO2
−	oxidation,	HO2

−	formation	at	the

substrate	can	be	unambiguously	identified	if	H2	formation	is	thermodynamically	excluded;	(c)	TSV-SECM	of	the	Fe2O3,NW	in	0.1	M	NaOH	with	ET	=	0.2	V	vs.	SMSE,	d	=	10	μm	and	v	=	10	mV	s−1.

alt-text:	Fig.	5



about	surface	voltammetry	of	passivated	iron	samples	of	different	origin.	However,	the	peak	pair	A3/C4	is	always	developing	at	the	Fe2O3	nanowires	after	continuous	potential	cycling	while	it	is	found	only	occasionally

at	other	iron	oxide	samples	[16,18,54].	Furthermore,	Fe2O3	nanowires	showed	a	series	of	hitherto	unreported	peaks	C2,	C3,	and	C5.	The	investigation	of	the	processes	occurring	at	peak	C4	using	TSV-SECM	with

nanoporous	Pt	ME	allowed	the	unequivocal	detection	of	O2	released	from	the	oxide	layer.	This	process	can	be	explained	by	the	quasi-simultaneous	release	of	O2	occurring	while	Fe	is	electrochemically	reduced	from

formal	oxidation	states	Fe(V)-Fe(IV)	to	Fe(III)-Fe(III),	Eq.	(10).
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