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Abstract

Although the amount of oxygen evolution electrobyatiais a factor determining its
efficiency, its fundamental correlation with actiwremains unclear. To address this
issue, we take advantage of a urea-based chenaitatibposition method (CBD) that
enables to control the amount of electrocatalys{@H), anda-Co(OH),) deposited on
conducting glass. The thickness of the resultimdj whose use in electrocatalysis is
unprecedented, is tuned by controlling the depmsitime. The turnover frequency
(TOF) for G generation decreases drastically as the elecalgsabmount increases
from equivalent coverages of 3.5 monolayers (Mir)Fe(OH) and of 0.06 ML fow-
Co(OH), electrodes. The contrasting behavior of both hyidies comes from the
different structure of the incipient deposits, fehby small acicular nanoparticles in
the case of Fe(OHand larger flat microparticles in the casexé@o(OH). The former
structure allows a large fraction of the Fe sitebd in direct contact with solution,
while such a fraction rapidly diminishes with loaglifor a-Co(OH). In addition, the
resulting Co(OH,) electrodes show TOFs similar or higher than tladssectrodes

prepared by more complex routes. The optimum tiinetlms are remarkably stable in



alkaline media, showing that the preparation atefht electrocatalysts for oxygen
evolution with an extremely small amount of mebtabugh a novel, facile and scalable

CBD is possible.

Keywords: iron hydroxide, cobalt hydroxide, chenhigath deposition, oxygen

evolution reaction, electrocatalysis

1. Introduction

The electrolysis of water to produce oxygen anddgen is being considered as an
attractive technology for sustainable and highficefnt energy generation [1-5]. The
oxygen evolution reaction (OER), which is charagztat by a slow kineticg.g., large
anodic overpotential) remains a critical step 18 ffrocess and represents a significant
efficiency loss in both electricity-driven and pbdtiven water splitting [6,7]. This fact
prevents the straightforward development of certé@an energy technologies,
including rechargeable metal-air batteries, waleetelysis systems, and solar-fuel
devices.

Since the earliest works on OER electrocatalysieweviewed by Trasatti [8,9] and
Matsumoto [10] over thirty years ago, considerabtearch effort has been devoted to
the design, synthesis, and characterization ofiefft oxygen evolution catalysts
(OECSs). Currently, the optimal OECs in acidic meali@ noble metal-based catalysts,
such as Ir@and Ru@, since they exhibit the lowest overpotentialstfer OER at
practical current densities [11-14]. However, tbarsity of the corresponding metals,
high cost, and poor long-term stability in alkalimedia have hindered large-scale
applications and highlighted the need for OECs withspects of being employed at a

practical level.



In this context, several studies have revealedfitsatrow transition metal oxides and
(oxy)hydroxides (Mn [15-17], Fe [18-20], Co [21-28ihd Ni [24—26]), along with
certain spinel [27-29] and perovskite oxides [3(Q;-8@uld offer a compromise
solution: although they possess nonoptimal OERtreleatalytic activity, their
environmental friendliness, low cost, and abundanc®ture convert them into
practical candidates for OECs [33-35]. In addititheey are stable in neutral to alkaline
solutions and display moderate to good electrioabactivities. However, due to the
existence of polymorphs, incidental impurity incorgtion, and complicating effects of
electronic conductivity and electrochemically aetsurface area, the fundamental
correlations of activity to structure, compositiamd amount of electrocatalyst are not
guantitatively described.

In any case, iron-group metal hydroxides (Fe(£Bp(OH) and Ni(OH}) with a
layered structure have been suggested to be astalde, and inexpensive
electrocatalysts for OER. In fact, it has been regabthat, analogously to the already
extensively described NiOOH/Ni(OK3¥ystem [36,37], cobalt hydroxide (Co(QH)
crystallizes in two polymorphsi{ ands-Co(OH)), which can be oxidized te andp-
CoOOH, respectively [38]. Although both hydroxides/e been found able to
efficiently catalyze OER [21,39], recent studiedicate that:-Co(OH), shows better
performance thafi-Co(OH), regardless of particle size or surface area [0} has
motivated the search for synthesis methods aldeatulize the alpha form of the
material for its application as OEC. On the othemdh due to the Fe high abundance
and non-toxicity, Fe(OH)based OECs are also appealing [41], althoughhleg been
considered to have poor OER activity due to thensitc low electronic conductivity
and relative instability of the oxidized formEeOOH) [42]. In any case, the interest of

its study as an OEC lies in the fact that the ipooation of Fe impurities into Ni(Ok



[43,44] and Co(OHybased [45] OECs has been found to lead to an eehaant of
their electrocatalytic performance. These obsernathave promoted the development
of double hydroxide systems (such as Ni-Fe [46-M8[;0 [49,50], and Co-Fe [45]),
facilitated by the capacity of iron-group transitimetals of presenting different
oxidation states and coordination environment®réstingly, they have indeed
exhibited enhanced OER activity compared to monaliehydroxide systems.

In this work, ultrathin Fe(OH)anda-Co(OH), films have been deposited on F:SnO
(FTO) conducting glass substrates by a urea-bdssaical bath deposition (CBD)
method. To the best of our knowledge, such a methagdplied for the first time to
prepare Fe(OHR)ultrathin films, while it has been previously emyd for preparing
supercapacitor electrodes in the case-Gb(OH), [51,52]. As far as we knoww-
Co(OH), ultrathin films prepared in this way are teste@lastrocatalysts for the first
time. The CBD method, apart from being inexpensizalable and extremely versatile,
is especially advantageous over other syntheticgahares (hydrothermal,
electrodeposition, co-precipitation...) as it offéie possibility of finely tuning the
deposited amount of Fe(OkHgnd Co(OH) by only controlling the deposition time
while directly achieving a catalyst thin film withwell-defined morphology. In such a
way, electrodes with different deposited amountSeffOH) and Co(OH) have been
synthesized and their electrocatalytic activity &amtvthe OER has been studied in
alkaline media. Remarkably, low amounts of Fe gadticularly, of Co (well below the
monolayer) are required for the best OER perforraamhis type of study allows us to
approach the design of double-hydroxide structaids controlled composition, which
can result in a completely tunable and improved ®@ERavior. It is also remarkable
that these electrodes are highly transparent, wkiohgreat importance for their

potential application in photoelectrochemical desi¢i.e., water splitting cells).



2. Experimental section.

2.1. Preparation of Fe(OH), and a-Co(OH), electrodes. Fe(OH) anda-Co(OH),
were deposited on fluorine-doped tin oxide (F:g&T O, U-type 122-0, Asahi Glass
Co.) substrates by a CBD procedure [25]. The dépassolution contained 25 mL of
0.5 M FeSQ- 7H,0O (Sigma-Aldrich, 99%) or CoS©O7H,0O (Sigma-Aldrich, 99%), for
the deposition of Fe(Okpr a-Co(OH), respectively, 12.5 mL of 1 M urea (Sigma-
Aldrich, P.A.) and 12.5 mL of $D (Millipore, Essential Elix 3). FTO glass platesre
cleaned by 15-min sonication (Selecta Ultrasonitg)cetone (Panreac, P.A.) and
ethanol (VWR Prolabo Chemicals, 96%) and, therntjcadly supported with the
conducting side faced against the wall of the beea&grtaining the CBD solution. The
area of FTO substrate to be covered with the hydeodeposit was, approximately, of
1 cnf. The solution was heated up to 100°C in a stoveniMert, 100-800). Different
deposition times (from 2.5 min to 2.5 h) were asslags to control the amount of
deposited metallic hydroxide. After deposition, Hanples were rinsed with distilled
water, air-dried and, in the case of Fe(@#Bposits, annealed at 200°C in air for 1 h
(Conatec, 7800) with a heating rate of 5°C-hin

2.2. Electrode characterization and electrochemical measurements. Electrochemical
measurements were conducted at room temperatarbome-made Pyrex glass cell
and a computer-controlled potentiostat-galvandgtatolab, PGSTAT30). A Pt wire
and an Ag/AgCI/KCI(3 M) electrode were used as ¢euand reference electrodes,
respectively. All potentials are referred to the AgCl electrode unless otherwise
stated. An N-purged 1 M NaOH solution was used as the worklagtelyte for the
electrochemical measurements.

The crystal structure of Fe(OHanda-Co(OH), deposits were identified by XRD

(Bruker D8-Advance, using CudKradiation) with the rotatory anode operating at 40



kV and 40 mA, and with a step scan of 0.5°-miRaman spectra were obtained with a
laser Raman spectrometer (Jasco, NRS-5100), usiagditation line provided by an
Ar laser at 531.92 nm. To elucidate the surfacenita& composition along with the
valence states of the elements present in the, RS experiments were performed
with a Thermo-Scientific K-Alpha XPS spectrometgqupped with a monochromatic
Al-K a source (1486.6 eV), operating at 15 kV and 10 &ASEM study was carried

out to characterize the surface morphology of tinesfusing a ZEISS Merlin VP
Compact field emission scanning electron micros¢&SEM). The optical properties
of thea-Co(OH), films before and after their electrochemical chteazation were
studied by solid-state UV-vis spectroscopy, usirf@hanadzu UV-2401 PC

spectrophotometer working in the absorbance mode.

3. Results and discussion.

3.1. Fe(OH), electrodes. Figure 1a shows the XRD patterns for an FTO cotieic
glass substrate prior and after the depositionre¢OH), (for a deposition time of 2.5
hours). Apart from FTO, Fe(Oklis the only crystalline phase detected in the {I[RDF
file: 13-0089). The XRD analysis confirms that gtightly brown Fe(OH)films are
crystalline, presenting a hexagonal phase, witldhewing lattice parameterst=b =
3.258 A,c = 4.605 Ao = = 90° and = 120°. In addition, the Raman spectrum
corresponding to the as-synthesized Fe(@Hgure S1) agrees with that reported in
the literature for this crystalline phase [53]. tiig 1b and 1c contains XPS spectra of
the Fe(OH) sample prepared for a deposition time of 2.5 holine XPS spectrum for
Fe 2 (Fig. 1b) shows two main peaks with binding enesdBE) of 711.0 eV and
724.9 eV, corresponding to the Fa2and 2, transitions, respectively, while the two

peaks with lower intensity at BE of 715.9 eV an®.33V can be identified as satellite



peaks. This complex but characteristic multipléittipg, along with the presence of
satellite features, indicate the existence Gf Bpecies in a high-spin environment
[54,55]. This fact and the observed &tansition with a BE of 531.0 eV (Fig. 1¢)
associated with the existence of hydroxide gro&gs$, [provide evidence that the as-
prepared samples are entirely composed of Fe{(Répresentative top FESEM images
of Fe(OH) samples with deposition times of 20 min and 2.8re@re shown in Figure
1d and le, respectively. Figure S2 shows FESEM eésmadf) Fe(OH) deposits on FTO
substrates for deposition times of 10, 30 and 4@ s observed in Figures 1d and S1,
the chemical bath deposition procedure inducesatimeation of a clear over-structure
on the relatively rough surface of the FTO substriiis composed of very fine grains
that, at early stages of the Fe(@igposition process, seem to grow homogeneously
distributed only on certain faces of the substrmsets in Figure S2 also provide a
representative picture of the bare FTO substratese roughness factor (the ratio of
the real surface area evaluated from the FESEMeénaad the corresponding plane-
projected area) can be estimated as 3.7. For |ategeysition times (Figure 1e), the
Fe(OH) deposit significantly grows, covering all the F§Qbstrate and giving rise to a
deposit with a better developed morphology constitioy slightly rough, rounded
particles of around 100-150 nm of diameter.

Figure 2 shows cyclic voltammograms for FTO/Fe(©¢élgctrodes prepared for
different deposition times together with a blankammogram for the bare FTO
substrate Figure S3 show cyclic voltammograms T@@fe(OH) electrodes prepared
for deposition times of 60, 90 and 120 min, togethigh the corresponding FESEM
images. As Fe(OH)eposition proceeds, a quasi-reversible couppeaks grows

between -1.1 and -0.7 V, which is associated wighredox process (Eg. 1):

Fe(OH), + OH- S FeOOH + H,0 + e~ Eq. (1)



Importantly, similar quasi-reversible electrocheahicehavior is observed for both
incipient and relatively thick Fe(OHljilms. Such a high degree of definition in the
electrochemical response suggests that the Farsities sample are equivalent. The
XRD pattern for a Fe(OHYilm (deposition time of 2.5 hours) after its dl@chemical
characterization (Figure S4) confirms the stabibtyhe sample.

The deposition of Fe(OHpn FTO has also a direct effect on the electroatedm
behavior of these electrodes in the region of p@sjiotentials (see inset in Figure 2).
In fact, at potentials above 0.5 V, appreciableenis attributable to oxygen evolution
are observed. The evolution of Gn the bare FTO substrate is negligible with respe
to that of FTO/Fe(OH)electrodes. The inset in Figure 2 clearly revdas, although
the charge associated with Fe oxidatigr)(increases with the Fe(OHjeposition
time, the rate of @generation is not following this trend. In fadt0a7 V, the current
density observed for the 60-min deposit is highantthat of the 80-min deposit.

These results indicate that the g&neration rate is not simply proportional to the
guantity of deposited Fe(OK)out rather depends on the physical and morphcdbgi
characteristics of the Fe(OHJeposit (such as particle size, crystal structdisgersion
of the deposited particles, etc.). In this worle #lectrocatalytic activity is defined as
the current density for £evolution {oer) at 0.7 V (that is, for an overpotential of 470
mV). Figure 3a shows a plot of the electrocatalgtitivity with respect to the charge
density corresponding to the oxidation of Fe(@td)FeOOH, which is obtained by
integration of the corresponding voltammetric acqubak as it is free of the
interference from the Oeduction wave that affects the cathodic peakhSuglot is
explicitly representing how the electrocatalytitity varies as a function of the
amount of Fe, which, in turn, is dependent on teogdition time. As the charge density

corresponding to the Fe(OfHxidation peak (proportional to the amount of de{sal



Fe(OH)) increases up to 1.3 mC-énthe electrocatalytic activity rapidly grows uril
plateau is reached. Beyond this point, no furthgrovement of the electrocatalytic
activity is observed until an amount of deposited@H), equivalent to 8 mC- cfis
reached. From this point, the electrocatalyticvégtbegins to progressively decrease
with increasing Fe(OH)oxidation charge densities.

It is worth noting that the electrocatalytic adyvdefined above is not a measure of
the specific electrocatalytic ability of the systeduch a magnitude can be expressed in
terms of the turnover frequency (TOF), defined reer¢he number of oxygen molecules

generated at 0.7 V per second and per metallic dtene, Fe) atom (Eq. 2) [25]:

1 dNo,
Npe dt

TOF = = ;. Loy Eq. (2)

qFe

wheregre is the charge density corresponding to the oxaodatif Fe(OH) to FeOOH.
The metallic centers are thus considered as bhangdtalytic sites the according to
recent literature [57,58]. In fact, for first-rovansition-metal (primarily, Mn, Fe, Co
and Ni) oxides and (oxy)hydroxides as electrocatalfor the OER, it is widely
accepted that the process occurs on surface niteta(B1), via a series of adsorbed
intermediatesgg., M—OH, M—O, M—OOH, M-00).

Figure 3b shows a log-log plot of the TOF as a fiomcof the Fe(OH) charge
density exchanged during the Fe(@HXidation as determined from the corresponding
cyclic voltammogram. The observed behavior indisditat the electrocatalyst loading
Is an important factor governing its electrocatalgrctivity. In fact, TOF remains
almost constant for values of deposited Fe@¢Jow 1 mC-cm, and, beyond this
point, increasing amounts of Fe(QHiigger a sharp decrease in the TOF values.

3.2. a-Co(OH), electrodes. Figure 4a shows the XRD patterns for an FTO cotidel
glass substrate prior and after the depositiona§OEl), (for a deposition time of 2.5

hours). The XRD analysis confirms that the resgltifue films are crystalline-



Co(OH), (PDF file: 02-0925). It is important to mentioratlthe main difference
between the present XRD pattern and those uswegltyrted is that the (003) diffraction
peak at 9.6° (the most intense diffraction pealorting to the literature [40,59,60]) is
very weak relative to the other peaks. In this régelu and coworkers [61] observed
that the diffraction pattern correspondingit€o(OH), containing intercalated S©
anions (which may be the case here according t€therecursor employed in this
synthesis) displays a considerable decrease imtiesity of the diffraction peaks when
compared witlw-Co(OH), containing other intercalated anions (such a®KNGs).

This fact, together with the preferential orierdatof the as-synthesized Co(QHi)ms
for long deposition times (see FESEM image belaaylld explain the significant
variations in the relative intensities of the diéfet diffraction peaks observed here.
Raman spectra for the as-synthesiz&tlo(OH), (Figure S5) provides further evidence
that the films are entirely made of crystalline Gbl), [52,62].

Figure 4b-c contains XPS spectra of h€o(OH), sample obtained for a deposition
time of 2.5 hours. As seen in Figure 4b, the XP&spm of Co B is characterized by
the existence of two spin-orbit components corradpw to the Co 2, and 212
transitions at BE of 779.9 eV and 795.0 eV, respelst The relatively intense satellite
peaks at 789.8 eV and 804.2 eV also provide steardgence that the Co species present
in the as-prepared samples are in the form 6f (68—65]. In addition, the binding
energies of the main Cg2ontributions are separated by 15.1 eV, whiclliy f
consistent with the reported value of the @gx222p, /. splitting for Co(OH) [66,67].
These facts, along with the observed<ransition with a BE of 531.2 eV (Fig. 4c¢),
indicate that the as-prepared samples are compd<aa{OH), not surprisingly on the
basis of the XRD data presented above [56]. Figdre displays FESEM images

corresponding ta-Co(OH), films for deposition times of 20 min and 2.5 hqurs
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respectively. From Figure 4d, it can be deducetlttiainitial stages of the Co(OH)
deposition process on FTO proceed are slower thralRef(OH). In fact, no clear over-
structure on the surface of the FTO substratebatable to the Co(OH)ormation, can
be identified for deposition times of 40 min andiowe(see Figure S6). This indicates
that the Co(OH)amounts deposited for these times are extremaly@m the contrary,
Figure 4e reveals a developed Co(@Hrprphology constituted by vertically oriented
platelet structures of relatively large dimensions.

Figure 5 shows cyclic voltammograms for FTO/Co(@eélectrodes prepared for
different deposition times together with a blankammogram for the bare FTO
substrate. Figure S7 show cyclic voltammogram$-ficd/Co(OH) electrodes prepared
for deposition times of 60, 90 and 120 min, togethi¢h the corresponding FESEM
images. The voltammograms for Co(QHms are characterized by the presence of
two pairs of redox peaks,;AC; and A/C,, located at about 0.05 and 0.40 V,
respectively, in agreement with those reportedhénliterature for-Co(OH),
electrocatalysts [68,69]. The redox peakfCA and A/C,, whose areas increase as
Co(OH), deposition proceeds, can be assigned to the @a@llIl) and Co(IV)/Co(lll)

redox processes according to equations (3) andggpectively:

Co(OH), + OH™ & CoOOH + H,0 + e~ Eq. (3)

CoOOH + OH™ S Co0, + H,0 + e~ Eq. (4)

It is remarkable that this reversible electrochehiiehavior is observed from the
second voltammetric cycle. On the contrary, th& faine shows a highly irreversible
oxidation peak between 0.0 and 0.5 V, especialiyifck Co(OH)films (Figure S8a).
The charge density corresponding to the oxidatiddadOH), to CoOOH in the first
voltammetric scan provides information about theltdeposited Co(OH)yuantity
(gtetaly, while that corresponding to the same procesisdrsecond and following

voltammetric cycles reveals the amount of electivacCo(OH) actually involved in
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total

the reversible redox procesg.{"). Figure 6 shows a log-log plot of thgs"/qc2
ratio as a function af 2t%, measured for FTO/Co(Obi¢lectrodes prepared for
different deposition times. In this regard, as obseé, incipient deposits show a more
reversible electrochemical behavior than thickiendi(Figure S8b). This
electrochemical irreversibility of thicker Co(OH)eposits is also revealed at a visual
level. In fact, the initially blue-colored Co(Of)eposits become dark brown/black
after the first voltammetric cycle (Figure S9), atainot recover their initial blue
coloration in successive voltammetric cycles. ThiSXspectra for CopZzand O ¥
corresponding to a-Co(OH), sample obtained for a deposition time of 2.5 hedieyr
its electrochemical characterization, suggestesisence of C8 and G species
(Figure S10). In any case, the corresponding XRiepaafter the electrochemical
characterization (Figure S11) reveals that thistebehemical treatment does not alter
the crystalline structure of the films, demonstrgtihe stability of the-Co(OH),
samples.

As previously described for FTO/Fe(GH8lectrodes, the deposition of Co(Qlan
the FTO surface also has a direct effect on thetrelehemical behavior of these
electrodes in the region of positive potentialglier than 0.55 V). In fact, at potentials
immediately above the peak for CoOOH oxidation)(Aignificant currents attributable
to oxygen evolution are observed. Figure 7a shoplstaof the electrocatalytic activity
with respect to the charge density correspondirthaaxidation of Co(OH)to
CoOOH, which is obtained by integration of the esponding voltammetric anodic
peak (A). Once again, it is revealed that the rate pfi€neration is not directly
proportional to the amount of Co active siteshiis tase, as the charge density
corresponding to the Co(OF)xidation peak begins to increase, the electrbdata

activity rapidly grows until gogr value of approximately 3.5 mA- ¢his reached. From
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this point forward, the electrocatalytic activitgrdinues to grow, but now in a slower
way. The resulting negative slope in the correspankbg-log plot of the TOF as a
function of the charge density exchanged in theOEHf oxidation (Fig. 7b) shows that
TOF values are almost inversely proportional todasesity of active Co(OHsites.
Unlike the Fe(OH) electrodes, the TOF for Co(OH)nly exhibits an approximately
constant value for very small charge densities l[samaounts of deposited
electrocatalyst), showing afterward a marked desgreactually, TOF values start to
decrease for a charge of the order of 10 uAamughly corresponding to one tenth of
a ML for an atomically flat surface.

Although the different synthesis procedures andsmesment conditions found in the
literature hamper straightforward comparisonss iemarkable that the results obtained
for the OER electrocatalytic activity afCo(OH), electrodes (in absolute terms of
overpotential for a given current density value iarthe range typically reported in the
literature. The overpotentialg)(needed for achieving a current density of 5 mAZcm
have values of 470 and 350 mV for an electrode @Gttand 90 mC- cthof reversible
Co, respectively. It is remarkable that, for a l&geCo(OH) nanosheet electrode on a
glassy carbon substrate, Song and coworkers [Hiwaed a density current of 5
mA- cmi? for an overpotential of 340 mV, similar to thataibed here. In other studies,
the required overpotentials to obtain such a ctidensity value (5 mA-ci) were of
450 mV (for a CoOOH deposit on a Pt substrate [48f) 360 mV (for an electrode
made ofa-Co(OH), particles deposited on a glassy carbon subsftraig [Therefore,
the electrodes prepared by simple CBD on condudfiags offer similar results in
terms of electrocatalytic performance to those rggiofor electrodes synthesized
through more complex procedures [42,70,71]. Thahlnghts the convenience of this

method in the preparation of hydroxides for elezdtalytic applications. TOF values
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obtained here are also comparable to those intdratlure. In fact, for the same layered
Co(OH), electrodes mentioned above, Song and coworkets@l€ulated a TOF value
from the density current at= 300 mV lower than 0.0I'sOur results show that this
TOF value (also af = 300 mV) would correspond to a charge densityheforder of

100 mC- crif. For lower values of charge density (on the order.01, 0.1, 1 and 10
mC-cn??), and in the same overpotential conditions, higi@F values equivalent to
0.06, 0.08, 0.02 and 0.02,gespectively, are calculated.

A comparison of the results shown above revealsfgignt differences between
Fe(OH) and Co(OH,) at different levels. As previously commented, fritra FESEM
images obtained for FTO/Fe(OHnd FTO4-Co(OH), electrodes for the same
deposition times, it is evident that the Co(@Hg@position on FTO is much slower than
that of Fe(OH). In fact, for deposition times of 40 min and beJdkae coverage degree
of FTO substrates with Fe(OH} much higher than with-Co(OH). Without
considering possible processes of complexationcdrattabilize the metallic cations
(F€* and C8") in solution and thus influence the precipitatieaction, this fact could
be rationalized by considering the values of tHatslity products (,) for both metal
hydroxides. At T = 25°CK,,; values for Fe(OH)anda-Co(OH) are 4.87- 18" and
5.92- 10, respectively [72]. In this way, Eecations would be more likely to
precipitate in the form of hydroxide than Ctecause of the slow alkalinization
occurring during the hydrolysis of urea.

Apart from this, important differences in the etecatalytic properties of Fe(OH)
and Co(OHj) for OER in alkaline media are observed. In faat,dquivalent charge
densities for the oxidation of M(OK)o MOOH (M: Fe or Co), the current densities
attributable to OER for FTO/Co(OHeglectrodes are around 4 orders of magnitude

higher than those corresponding to FTO/Fe(OHBctrodes. This significant lower
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OER activity of the FeOOH/Fe(OK3$ystem compared to the iron-group metals
(oxy)hydroxides has been previously reported inliteeature. Subbaraman and co-
workers [42] deposited near-monolayer (oxy)hydrexitms on Pt single crystals and
found activities of NiGH, > CoQH, > FeQHy, which was correlated with the
oxophilicity of the metali( e., M—O bond strength). In this regard, Fe (oxy)hydtexs
considered to have the less-optimal M—O bond stheofgthe iron-group metals. These
observations also coincide with the results cowadmg to the iron-group metal oxides
as OER catalysts. Trasatti [9] correlated the dpyhaf the reactiomo, + 1/, 0, - MO,
(which could reasonably be correlated with thergjtie of the M—O bond) to the OER
activity to generate a volcano relation where tha-group metal oxides are in the order
NiO > Ca04 >> FgO,. In relation to this, Lyons and co-workers [73]died
electrochemically conditioned metal electrodes fakhd an activity trend of Ni > Co >
Fe.

Fig. 8 shows the quasi-steady-state polarizatiovector OER recorded for
FTO/Fe(OH) and FTO/Co(OHy)electrodes showing high electrocatalytic actiyity
TOF terms). The Tafel slopes can be estimated &0baV-det and 27 mV-det
respectively. Consequently, the corresponding exgha&urrent density value for the
FTO/Co(OH) electrode would be orders of magnitude higher thahcorresponding
to FTO/Fe(OH), which supports the observations regarding thersoip
electrocatalytic behavior toward OER®fCo(OH) compared to Fe(OH)

The values of TOF obtained for FTO/Fe(Qldhd FTO/Co(OH)electrodes (and also
for FTO/Ni(OH), electrodes, previously characterized as OECsiiamaratory [25])
for different amounts of deposited electrocatafyyso confirm these observations about
the differences in OER activities. In the case DOA-e(OH) electrodes, the higher

electrocatalytic activity (in TOF terms) remainsistant for charge densities for the
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Fe(OH) oxidation lower than 1 mC-émwhich, according to previous studies [25],
would be equivalent to a coverage of around 3.5 Tiis fact suggests that, as the
Fe(OH) electrical conductivity is extremely low, only tke(ll) species in close
vicinity to the conducting substrate and/or dingetkposed to solution would catalyze
the OER. In fact, for a few monolayer coverageslagldw (corresponding to the best
TOF values), most of the iron atoms should beoraied and columnar islands able to
quickly exchange electrons with the conducting sabes, facilitating their role as
electrocatalysts (Fig. 9a). As coverage grows @haensities higher than 1 mC-&n
an increasing fraction of Fe atoms are in inneOF8¢ regions, depending for their
functioning as catalytic centers on charge trartgpoough the non-porous iron
hydroxide layer, with the corresponding progressigerease of TOF values. It is also
apparent that the fraction of iron atoms exposdtiéelectrolyte (those active in
electrocatalysis) will be maximum as the amourdegosited catalyst is minimized.
Similar considerations could be invoked to expthim TOF trend for FT@+Co(OH),
electrodes. The drastic decrease in TOF valuesimgtieasing amounts of deposited
Co(OH), suggests that the morphology of the fiime(, the average size of the incipient
islands/nanoplatelets as well as their dispersiothe substrate) is an important factor
governing its electrocatalytic activity. As the duoctivity of Co(OH}) is rather low (but
higher than that corresponding to Fe(@Hhe part of the film in direct contact with
the conductive substrate and/or exposed to thérelge would contribute the most in
the redox processes that give rise to the OERrelzathlytic activity of Co(OH)(Fig.
9b). In addition, large amounts of deposited Co(fdeBd to substantial electrochemical
irreversible processes and the affected Co cemautd not participate in the
electrocatalytic process: the Co sites far awamftibe conducting substrate and not in

direct contact with the electrolyte would remairthieir oxidized form (C%), being
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inactive in the OER process. Actually, it may beneated that all the Co(OHlJilms
with a TOF higher than I'sare submonolayer deposits. In fact, the maximulwevaf
TOF (around 308 corresponds to a charge density of the orderG#®mC- crif,
which is equivalent to a coverage of only 0.06 Ndespite this, it is worth noting that,
for the thicker Co(OH)films, the oxygen generation currents continugrtaw,
probably due to the large open voids in the stngctdi the Co(OH) film, which
facilitates its efficient interaction with the eteayte. In any case, it is important to
remark that the fraction of Fe(OH)r Co(OH) films that can fully promote the OER
electrocatalysis is presumably that in direct conéth the electrolyte and with the
FTO substrate. This aspect highlights the needaxinmze the interfacial area of the
deposit with the aim of enhancing its electrocdtalgctivity as a larger fraction of
electrocatalyst would be directly exposed to soluand would thus be electrocatalytic
active.

The comparison of the results regarding TOF valoese(OH) anda-Co(OH),
electrodes with those corresponding to a widelydiesd electrocatalyst such as the
NiOOH/NIi(OH), system may help put them in context. In a previiudy [25], in
which controlled amounts of Ni(Okljvere deposited on FTO by means of a chemical
bath deposition method analogous to that emploged a TOF value close to 30 s
(for a potential of 0.7 V) was calculated for oalyuC-cm? of deposited Ni(OH) For
the same charge density and potential, the TOFegalbtained fo#-Co(OH), and
Fe(OH) were of around 20 and 0.%,gespectively. The higher TOF values of Ni(@H)
compared to those corresponding to Fe(aid Co(OH) are probably linked to the
superior OER activity that characterizes Ni(@H$ an electrocatalyst.

Finally, we should emphasize that the coverageautation for both types of

electrodes has been done by assuming that thecsusfaerfectly flat, which is not the
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case. In fact, as we have estimated a roughness tdaround 3.7 for the FTO
substrate, the actual number of equivalent monotag@culated on the basis of the real

surface area would be substantially lower.

4. Conclusions.

Ultrathin films of Fe(OH) anda-Co(OH), have been deposited on FTO substrates by
means of a chemical bath deposition method, wisigltesented as a novel procedure to
synthesize Fe(OH)xnd Co(OHj electrocatalysts in the form of thin films. In tbase
of Co(OH) electrodes, the advantages of the CBD methodne#tpect to other more
complex synthetic procedures reported in the liteeaare especially evident as it leads
to the polymorph with the highest electrocatalgintivity toward the OER (the-

Co(OH), phase) without the need for a subsequent heairead Interestingly, the
performance of CBD-preparedCo(OH), electrodes is comparable to the best results
reported in the literature, achieved with electsogdeepared through more intricate
synthesis procedures. It is also worth noting these anodes are highly transparent,
which is of great importance in the design of pletotrochemical devices (such as
water splitting ones), for instance when these hietaydroxides are considered as

possible efficient co-catalysts able to promotegexyevolution.

By controlling the deposition time, samples witfetient Fe(OH) and Co(OH)
loadings have been prepared, and their electrgtiatalctivity toward OER studied.
The turnover frequency forg&volution increases drastically as the amount of
deposited hydroxide decreases. For FTO/Fef@Hctrodes, a maximum value close to
1 s* (at an overpotential of 0.47 V) has been deterthfoea coverage of 0.1 ML,
remaining constant up to a coverage of around 3.5Béyond this point, a gradual

decrease in the TOF values is observed. On the bémal, in the case of FTO/Co(QH)
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electrodes, a coverage as low as 0.06 ML leadsrtaxamum TOF value of around 30
s'(at an overpotential of 0.47 V), while for higheverages the TOF magnitude
progressively decreases. In both cases, the hytaeaposits leading to a maximum
TOF value are formed by islands on the FTO sulsstratvhich the amount of
hydroxide directly exposed to both substrate amatien is maximum. This suggests
that Fe and Co atoms far from the conducting sates{thicker films) are less active for
promoting OER due to the low intrinsic electricahductivities of the studied
hydroxides. Using a nanostructured substrate ietbwe appealing as the fraction of

deposited electrocatalyst in direct contact with étectrolyte would increase.

On the other hand, the high degree of control aelievith the CBD synthesis
method can be used for the preparation of mixeer&afor bilayers) formed by
hydroxides of two or three metals. Such a synth@ticedure allows to finely control
the deposited amount of each hydroxide and thévelspatial arrangement of the
different deposited layers and to finally study #fifect of these variables on the final
electrocatalytic response of the electrode. Expamisialong these lines are currently

underway in our laboratory.
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CAPTIONS FOR THE FIGURES

Figure 1. (a) XRD patterns for an Fe(OHjlm (deposition time: 2.5 hours, red line) on
FTO, and for the bare FTO substrate (black ling) He 2 and (c) O $ XPS spectra
(red line) and corresponding deconvolutions (blaak) for an Fe(OH)film prepared

for a deposition time of 2.5 hours. FESEM imageasesponding to a top view of

Fe(OH) films on FTO for deposition times of (d) 20 mindae) 2.5 hours.

Figure 2. Cyclic voltammograms (scan rate: 20 mV)-for bare FTO (black line) and
FTO/Fe(OH) electrodes corresponding to deposition times ah#f) 60 min and 80
min (red, green and blue line, respectively). Indetail of the voltammetric curves in

the high potential region.

Figure 3. (a) Current density for the OER at 0.7 V for FTE&BH), electrodes vs. the
charge density for the oxidation of Fe(QH)) Turnover frequency for the OER at 0.7
V for FTO/Fe(OH) electrodes as a function of the charge densityhi@ioxidation of

Fe(OH).

Figure 4. (a) XRD patterns for am-Co(OH), film (deposition time: 2.5 hours, red line)
on FTO, and for the bare FTO substrate (black lifi)Co 2 and (c) O $ XPS spectra
(red line) and corresponding deconvolutions (blawk) for a Co(OH) film prepared

for a deposition time of 2.5 hours. FESEM imageasesponding to a top view of
Co(OH), films on FTO, corresponding to deposition timegd)f20 min and (e) 2.5

hours.
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Figureb. (a) Stabilized cyclic voltammogram for bare FT@adk line) and
FTO/Co(OH) electrodes corresponding to deposition times oB00and 50 min (red,
green and blue lines, respectively). Detail oftbBammetric curves in the Co redox
region for FTO/Co(OH)electrodes corresponding to deposition times pi(band 30
min (red and green lines, respectively), and (cibi®. (d) Stabilized cyclic
voltammograms for FTO/Co(Oklglectrodes corresponding to deposition times of 70
min, 90 min and 120 min (red, black and green linespectively). Scan rate in all

cases: 20 mV-s

Figure 6. Log-log plot of theg-¢”/qtot® ratio as a function af 2%, measured for

FTO/Co(OH) electrodes prepared for different deposition times

Figure 7. (a) Current density for the OER at 0.7 V for FTO{OH), electrodews. the
charge density for the reversible oxidation of Ca§® (b) Turnover frequency for the
OER at 0.7 V for FTO/Co(OH)klectrodes as a function of the charge densityhier

reversible oxidation of Co(OHhl)

Fig. 8. Quasi-steady-state polarization curve for the OER reedridr FTO/Fe(OH)
(deposition time: 10 min, red line) and FTO/Co(@tteposition time: 20 min, black

line) electrodes.

Figure 9. Scheme illustrating the differences in electrogaitaactivity toward OER for
different regions of the (a) Fe(OHnd (b) Co(OH)deposits. The small thickness of
the deposits for short deposition times maximibesinterfacial area of the Fe(OH)
and Co(OHj) deposits and minimizes the inner regions, leatbrthe best TOF

performance.
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Highlights

* Aurea-based bath allows to prepare transparent Fe and Co hydroxide
electrodes.

* Conformal layers and nanoparticles appear respectively for Co and Fe
hydroxides.

e Electrocatalyst loading is evaluated from the M(lll)/M(lI) surface process
charge.

e The O,-evolution turnover frequency is maximum for M(OH), submonolayer
loadings.



