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Abstract 

Although the amount of oxygen evolution electrocatalyst is a factor determining its 

efficiency, its fundamental correlation with activity remains unclear. To address this 

issue, we take advantage of a urea-based chemical bath deposition method (CBD) that 

enables to control the amount of electrocatalyst (Fe(OH)2 and α-Co(OH)2) deposited on 

conducting glass. The thickness of the resulting films, whose use in electrocatalysis is 

unprecedented, is tuned by controlling the deposition time. The turnover frequency 

(TOF) for O2 generation decreases drastically as the electrocatalyst amount increases 

from  equivalent coverages of 3.5 monolayers (ML) for Fe(OH)2 and of 0.06 ML for α-

Co(OH)2 electrodes. The contrasting behavior of both hydroxides comes from the 

different structure of the incipient deposits, formed by small acicular nanoparticles in 

the case of Fe(OH)2 and larger flat microparticles in the case of α-Co(OH)2. The former 

structure allows a large fraction of the Fe sites to be in direct contact with solution, 

while such a fraction rapidly diminishes with loading for α-Co(OH)2. In addition, the 

resulting Co(OH)2 electrodes show TOFs similar or higher than those of electrodes 

prepared by more complex routes. The optimum ultrathin films are remarkably stable in 
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alkaline media, showing that the preparation of efficient electrocatalysts for oxygen 

evolution with an extremely small amount of metal through a novel, facile and scalable 

CBD is possible.  

 

Keywords: iron hydroxide, cobalt hydroxide, chemical bath deposition, oxygen 

evolution reaction, electrocatalysis 

 

1. Introduction 

The electrolysis of water to produce oxygen and hydrogen is being considered as an 

attractive technology for sustainable and highly efficient energy generation [1–5]. The 

oxygen evolution reaction (OER), which is characterized by a slow kinetics (i.e., large 

anodic overpotential) remains a critical step in this process and represents a significant 

efficiency loss in both electricity-driven and photodriven water splitting [6,7]. This fact 

prevents the straightforward development of certain clean energy technologies, 

including rechargeable metal-air batteries, water electrolysis systems, and solar-fuel 

devices.  

Since the earliest works on OER electrocatalysis were reviewed by Trasatti [8,9] and 

Matsumoto [10] over thirty years ago, considerable research effort has been devoted to 

the design, synthesis, and characterization of efficient oxygen evolution catalysts 

(OECs). Currently, the optimal OECs in acidic media are noble metal-based catalysts, 

such as IrO2 and RuO2, since they exhibit the lowest overpotentials for the OER at 

practical current densities [11–14]. However, the scarcity of the corresponding metals, 

high cost, and poor long-term stability in alkaline media have hindered large-scale 

applications and highlighted the need for OECs with prospects of being employed at a 

practical level.  
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In this context, several studies have revealed that first-row transition metal oxides and 

(oxy)hydroxides (Mn [15–17], Fe [18–20], Co [21–23], and Ni [24–26]), along with 

certain spinel [27–29] and perovskite oxides [30–32], could offer a compromise 

solution: although they possess nonoptimal OER electrocatalytic activity, their 

environmental friendliness, low cost, and abundance in nature convert them into 

practical candidates for OECs [33–35]. In addition, they are stable in neutral to alkaline 

solutions and display moderate to good electrical conductivities. However, due to the 

existence of polymorphs, incidental impurity incorporation, and complicating effects of 

electronic conductivity and electrochemically active surface area, the fundamental 

correlations of activity to structure, composition, and amount of electrocatalyst are not 

quantitatively described.  

In any case, iron-group metal hydroxides (Fe(OH)2, Co(OH)2 and Ni(OH)2) with a 

layered structure have been suggested to be active, stable, and inexpensive 

electrocatalysts for OER. In fact, it has been reported that, analogously to the already 

extensively described NiOOH/Ni(OH)2 system [36,37], cobalt hydroxide (Co(OH)2) 

crystallizes in two polymorphs (α- and β-Co(OH)2), which can be oxidized to γ- and β-

CoOOH, respectively [38]. Although both hydroxides have been found able to 

efficiently catalyze OER [21,39], recent studies indicate that α-Co(OH)2 shows better 

performance than β-Co(OH)2, regardless of particle size or surface area [40]. This has 

motivated the search for synthesis methods able to stabilize the alpha form of the 

material for its application as OEC. On the other hand, due to the Fe high abundance 

and non-toxicity, Fe(OH)2-based OECs are also appealing [41], although they have been 

considered to have poor OER activity due to the intrinsic low electronic conductivity 

and relative instability of the oxidized form (γ-FeOOH) [42]. In any case, the interest of 

its study as an OEC lies in the fact that the incorporation of Fe impurities into Ni(OH)2-
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[43,44] and Co(OH)2-based [45] OECs has been found to lead to an enhancement of 

their electrocatalytic performance. These observations have promoted the development 

of double hydroxide systems (such as Ni-Fe [46–48], Ni-Co [49,50], and Co-Fe [45]), 

facilitated by the capacity of iron-group transition metals of presenting different 

oxidation states and coordination environments. Interestingly, they have indeed 

exhibited enhanced OER activity compared to monometallic hydroxide systems. 

In this work, ultrathin Fe(OH)2 and α-Co(OH)2 films have been deposited on F:SnO2 

(FTO) conducting glass substrates by a urea-based chemical bath deposition (CBD) 

method. To the best of our knowledge, such a method is applied for the first time to 

prepare Fe(OH)2 ultrathin films, while it has been previously employed for preparing 

supercapacitor electrodes in the case of α-Co(OH)2 [51,52]. As far as we know, α-

Co(OH)2 ultrathin films prepared in this way are tested as electrocatalysts for the first 

time. The CBD method, apart from being inexpensive, scalable and extremely versatile, 

is especially advantageous over other synthetic procedures (hydrothermal, 

electrodeposition, co-precipitation…) as it offers the possibility of finely tuning the 

deposited amount of Fe(OH)2 and Co(OH)2 by only controlling the deposition time 

while directly achieving a catalyst thin film with a well-defined morphology. In such a 

way, electrodes with different deposited amounts of Fe(OH)2 and Co(OH)2 have been 

synthesized and their electrocatalytic activity toward the OER has been studied in 

alkaline media. Remarkably, low amounts of Fe and, particularly, of Co (well below the 

monolayer) are required for the best OER performance. This type of study allows us to 

approach the design of double-hydroxide structures with controlled composition, which 

can result in a completely tunable and improved OER behavior. It is also remarkable 

that these electrodes are highly transparent, which is of great importance for their 

potential application in photoelectrochemical devices (i.e., water splitting cells). 
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2. Experimental section.  

2.1. Preparation of Fe(OH)2 and α-Co(OH)2 electrodes. Fe(OH)2 and α-Co(OH)2 

were deposited on fluorine-doped tin oxide (F:SnO2, FTO, U-type 12 Ω·□, Asahi Glass 

Co.) substrates by a CBD procedure [25]. The deposition solution contained 25 mL of 

0.5 M FeSO4·7H2O (Sigma-Aldrich, 99%) or CoSO4·7H2O (Sigma-Aldrich, 99%), for 

the deposition of Fe(OH)2 or α-Co(OH)2, respectively, 12.5 mL of 1 M urea (Sigma-

Aldrich, P.A.) and 12.5 mL of H2O (Millipore, Essential Elix 3). FTO glass plates were 

cleaned by 15-min sonication (Selecta Ultrasonics) in acetone (Panreac, P.A.) and 

ethanol (VWR Prolabo Chemicals, 96%) and, then, vertically supported with the 

conducting side faced against the wall of the beaker containing the CBD solution. The 

area of FTO substrate to be covered with the hydroxide deposit was, approximately, of 

1 cm2. The solution was heated up to 100ºC in a stove (Memmert, 100-800). Different 

deposition times (from 2.5 min to 2.5 h) were assayed as to control the amount of 

deposited metallic hydroxide. After deposition, the samples were rinsed with distilled 

water, air-dried and, in the case of Fe(OH)2 deposits, annealed at 200ºC in air for 1 h 

(Conatec, 7800) with a heating rate of 5ºC·min-1. 

2.2. Electrode characterization and electrochemical measurements. Electrochemical 

measurements were conducted at room temperature in a home-made Pyrex glass cell 

and a computer-controlled potentiostat-galvanostat (Autolab, PGSTAT30). A Pt wire 

and an Ag/AgCl/KCl(3 M) electrode were used as counter and reference electrodes, 

respectively. All potentials are referred to the Ag/AgCl electrode unless otherwise 

stated. An N2-purged 1 M NaOH solution was used as the working electrolyte for the 

electrochemical measurements.  

The crystal structure of Fe(OH)2 and α-Co(OH)2 deposits were identified by XRD 

(Bruker D8-Advance, using Cu Kα radiation) with the rotatory anode operating at 40 
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kV and 40 mA, and with a step scan of 0.5º·min-1. Raman spectra were obtained with a 

laser Raman spectrometer (Jasco, NRS–5100), using an excitation line provided by an 

Ar laser at 531.92 nm. To elucidate the surface chemical composition along with the 

valence states of the elements present in the films, XPS experiments were performed 

with a Thermo-Scientific K-Alpha XPS spectrometer equipped with a monochromatic 

Al-K α source (1486.6 eV), operating at 15 kV and 10 mA. A SEM study was carried 

out to characterize the surface morphology of the films using a ZEISS Merlin VP 

Compact field emission scanning electron microscope (FESEM). The optical properties 

of the α-Co(OH)2 films before and after their electrochemical characterization were 

studied by solid-state UV-vis spectroscopy, using a Shimadzu UV-2401 PC 

spectrophotometer working in the absorbance mode.  

 

3. Results and discussion.  

3.1. Fe(OH)2 electrodes. Figure 1a shows the XRD patterns for an FTO conductive 

glass substrate prior and after the deposition of Fe(OH)2 (for a deposition time of 2.5 

hours). Apart from FTO, Fe(OH)2 is the only crystalline phase detected in the film (PDF 

file: 13-0089). The XRD analysis confirms that the slightly brown Fe(OH)2 films are 

crystalline, presenting a hexagonal phase, with the following lattice parameters: a = b = 

3.258 Å, c = 4.605 Å, α = β = 90º and γ = 120º. In addition, the Raman spectrum 

corresponding to the as-synthesized Fe(OH)2 (Figure S1) agrees with that reported in 

the literature for this crystalline phase [53]. Figure 1b and 1c contains XPS spectra of 

the Fe(OH)2 sample prepared for a deposition time of 2.5 hours. The XPS spectrum for 

Fe 2p (Fig. 1b) shows two main peaks with binding energies (BE) of 711.0 eV and 

724.9 eV, corresponding to the Fe 2p3/2 and 2p1/2 transitions, respectively, while the two 

peaks with lower intensity at BE of 715.9 eV and 733.3 eV can be identified as satellite 
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peaks. This complex but characteristic multiplet splitting, along with the presence of 

satellite features, indicate the existence of Fe2+ species in a high-spin environment 

[54,55]. This fact and the observed O 1s transition with a BE of 531.0 eV (Fig. 1c) 

associated with the existence of hydroxide groups [56], provide evidence that the as-

prepared samples are entirely composed of Fe(OH)2. Representative top FESEM images 

of Fe(OH)2 samples with deposition times of 20 min and 2.5 hours are shown in Figure 

1d and 1e, respectively. Figure S2 shows FESEM images of Fe(OH)2 deposits on FTO 

substrates for deposition times of 10, 30 and 40 min. As observed in Figures 1d and S1, 

the chemical bath deposition procedure induces the formation of a clear over-structure 

on the relatively rough surface of the FTO substrate. It is composed of very fine grains 

that, at early stages of the Fe(OH)2 deposition process, seem to grow homogeneously 

distributed only on certain faces of the substrate. Insets in Figure S2 also provide a 

representative picture of the bare FTO substrate, whose roughness factor (the ratio of 

the real surface area evaluated from the FESEM image and the corresponding plane-

projected area) can be estimated as 3.7. For longer deposition times (Figure 1e), the 

Fe(OH)2 deposit significantly grows, covering all the FTO substrate and giving rise to a 

deposit with a better developed morphology constituted by slightly rough, rounded 

particles of around 100-150 nm of diameter.  

Figure 2 shows cyclic voltammograms for FTO/Fe(OH)2 electrodes prepared for 

different deposition times together with a blank voltammogram for the bare FTO 

substrate Figure S3 show cyclic voltammograms for FTO/Fe(OH)2 electrodes prepared 

for deposition times of 60, 90 and 120 min, together with the corresponding FESEM 

images. As Fe(OH)2 deposition proceeds, a quasi-reversible couple of peaks grows 

between -1.1 and -0.7 V, which is associated with the redox process (Eq. 1): 

Fe(OH)� +	OH
 	⇆ FeOOH +	H�O+	e
                                                                                                                       Eq. (1) 
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Importantly, similar quasi-reversible electrochemical behavior is observed for both 

incipient and relatively thick Fe(OH)2 films. Such a high degree of definition in the 

electrochemical response suggests that the Fe sites in the sample are equivalent. The 

XRD pattern for a Fe(OH)2 film (deposition time of 2.5 hours) after its electrochemical 

characterization (Figure S4) confirms the stability of the sample.  

The deposition of Fe(OH)2 on FTO has also a direct effect on the electrochemical 

behavior of these electrodes in the region of positive potentials (see inset in Figure 2). 

In fact, at potentials above 0.5 V, appreciable currents attributable to oxygen evolution 

are observed. The evolution of O2 on the bare FTO substrate is negligible with respect 

to that of FTO/Fe(OH)2 electrodes. The inset in Figure 2 clearly reveals that, although 

the charge associated with Fe oxidation (qFe) increases with the Fe(OH)2 deposition 

time, the rate of O2 generation is not following this trend. In fact, at 0.7 V, the current 

density observed for the 60-min deposit is higher than that of the 80-min deposit. 

These results indicate that the O2 generation rate is not simply proportional to the 

quantity of deposited Fe(OH)2, but rather depends on the physical and morphological 

characteristics of the Fe(OH)2 deposit (such as particle size, crystal structure, dispersion 

of the deposited particles, etc.). In this work, the electrocatalytic activity is defined as 

the current density for O2 evolution (jOER) at 0.7 V (that is, for an overpotential of 470 

mV). Figure 3a shows a plot of the electrocatalytic activity with respect to the charge 

density corresponding to the oxidation of Fe(OH)2 to FeOOH, which is obtained by 

integration of the corresponding voltammetric anodic peak as it is free of the 

interference from the O2 reduction wave that affects the cathodic peak. Such a plot is 

explicitly representing how the electrocatalytic activity varies as a function of the 

amount of Fe, which, in turn, is dependent on the deposition time. As the charge density 

corresponding to the Fe(OH)2 oxidation peak (proportional to the amount of deposited 
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Fe(OH)2) increases up to 1.3 mC·cm-2, the electrocatalytic activity rapidly grows until a 

plateau is reached. Beyond this point, no further improvement of the electrocatalytic 

activity is observed until an amount of deposited Fe(OH)2 equivalent to 8 mC·cm-2 is 

reached. From this point, the electrocatalytic activity begins to progressively decrease 

with increasing Fe(OH)2 oxidation charge densities. 

It is worth noting that the electrocatalytic activity defined above is not a measure of 

the specific electrocatalytic ability of the system. Such a magnitude can be expressed in 

terms of the turnover frequency (TOF), defined here as the number of oxygen molecules 

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

TOF = 	
�

���
·
����

��
=	

�

�
·
��.�	�
���

                                                                                                                                         Eq. (2) 

where qFe is the charge density corresponding to the oxidation of Fe(OH)2 to FeOOH. 

The metallic centers are thus considered as being the catalytic sites the according to 

recent literature [57,58]. In fact, for first-row transition-metal (primarily, Mn, Fe, Co 

and Ni) oxides and (oxy)hydroxides as electrocatalysts for the OER, it is widely 

accepted that the process occurs on surface metal sites (M), via a series of adsorbed 

intermediates (e.g., M–OH, M–O, M–OOH, M–OO).   

Figure 3b shows a log-log plot of the TOF as a function of the Fe(OH)2 charge 

density exchanged during the Fe(OH)2 oxidation as determined from the corresponding 

cyclic voltammogram. The observed behavior indicates that the electrocatalyst loading 

is an important factor governing its electrocatalytic activity. In fact, TOF remains 

almost constant for values of deposited Fe(OH)2 below 1 mC·cm-2, and, beyond this 

point, increasing amounts of Fe(OH)2 trigger a sharp decrease in the TOF values. 

3.2. α-Co(OH)2 electrodes. Figure 4a shows the XRD patterns for an FTO conductive 

glass substrate prior and after the deposition of Co(OH)2 (for a deposition time of 2.5 

hours). The XRD analysis confirms that the resulting blue films are crystalline α-
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Co(OH)2 (PDF file: 02-0925). It is important to mention that the main difference 

between the present XRD pattern and those usually reported is that the (003) diffraction 

peak at 9.6º (the most intense diffraction peak according to the literature [40,59,60]) is 

very weak relative to the other peaks. In this regard, Hu and coworkers [61] observed 

that the diffraction pattern corresponding to α-Co(OH)2 containing intercalated SO4
2- 

anions (which may be the case here according to the Co precursor employed in this 

synthesis) displays a considerable decrease in the intensity of the diffraction peaks when 

compared with α-Co(OH)2 containing other intercalated anions (such as Cl- or NO3
-). 

This fact, together with the preferential orientation of the as-synthesized Co(OH)2 films 

for long deposition times (see FESEM image below), could explain the significant 

variations in the relative intensities of the different diffraction peaks observed here. 

Raman spectra for the as-synthesized α-Co(OH)2 (Figure S5) provides further evidence 

that the films are entirely made of crystalline Co(OH)2 [52,62]. 

Figure 4b-c contains XPS spectra of the α-Co(OH)2 sample obtained for a deposition 

time of 2.5 hours. As seen in Figure 4b, the XPS spectrum of Co 2p is characterized by 

the existence of two spin-orbit components corresponding to the Co 2p3/2 and 2p1/2 

transitions at BE of 779.9 eV and 795.0 eV, respectively. The relatively intense satellite 

peaks at 789.8 eV and 804.2 eV also provide strong evidence that the Co species present 

in the as-prepared samples are in the form of Co2+ [63–65]. In addition, the binding 

energies of the main Co 2p contributions are separated by 15.1 eV, which is fully 

consistent with the reported value of the Co 2p3/2-2p1/2 splitting for Co(OH)2 [66,67]. 

These facts, along with the observed O 1s transition with a BE of 531.2 eV (Fig. 4c), 

indicate that the as-prepared samples are composed of Co(OH)2, not surprisingly on the 

basis of the XRD data presented above [56]. Figure 4d-e displays FESEM images 

corresponding to α-Co(OH)2 films for deposition times of 20 min and 2.5 hours, 
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respectively. From Figure 4d, it can be deduced that the initial stages of the Co(OH)2 

deposition process on FTO proceed are slower than for Fe(OH)2. In fact, no clear over-

structure on the surface of the FTO substrate, attributable to the Co(OH)2 formation, can 

be identified for deposition times of 40 min and below (see Figure S6). This indicates 

that the Co(OH)2 amounts deposited for these times are extremely low. On the contrary, 

Figure 4e reveals a developed Co(OH)2 morphology constituted by vertically oriented 

platelet structures of relatively large dimensions. 

Figure 5 shows cyclic voltammograms for FTO/Co(OH)2 electrodes prepared for 

different deposition times together with a blank voltammogram for the bare FTO 

substrate. Figure S7 show cyclic voltammograms for FTO/Co(OH)2 electrodes prepared 

for deposition times of 60, 90 and 120 min, together with the corresponding FESEM 

images. The voltammograms for Co(OH)2 films are characterized by the presence of 

two pairs of redox peaks, A1/C1 and A2/C2, located at about 0.05 and 0.40 V, 

respectively, in agreement with those reported in the literature for α-Co(OH)2 

electrocatalysts [68,69]. The redox peaks A1/C1 and A2/C2, whose areas increase as 

Co(OH)2 deposition proceeds, can be assigned to the Co(III)/Co(II) and Co(IV)/Co(III) 

redox processes according to equations (3) and (4), respectively: 

Co(OH)� +	OH
 	⇆ CoOOH +	H�O+	e
                                                                                                                  Eq. (3) 

CoOOH +	OH
 	⇆ CoO� +	H�O +	e
                                                                                                                        Eq. (4) 

It is remarkable that this reversible electrochemical behavior is observed from the 

second voltammetric cycle. On the contrary, the first one shows a highly irreversible 

oxidation peak between 0.0 and 0.5 V, especially for thick Co(OH)2 films (Figure S8a). 

The charge density corresponding to the oxidation of Co(OH)2 to CoOOH in the first 

voltammetric scan provides information about the total deposited Co(OH)2 quantity 

( !"
�"�#$), while that corresponding to the same process in the second and following 

voltammetric cycles reveals the amount of electroactive Co(OH)2 actually involved in 
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the reversible redox process ( !"
%&'). Figure 6 shows a log-log plot of the  !"

%&'/ !"
�"�#$ 

ratio as a function of  !"
�"�#$, measured for FTO/Co(OH)2 electrodes prepared for 

different deposition times. In this regard, as observed, incipient deposits show a more 

reversible electrochemical behavior than thicker films (Figure S8b). This 

electrochemical irreversibility of thicker Co(OH)2 deposits is also revealed at a visual 

level. In fact, the initially blue-colored Co(OH)2 deposits become dark brown/black 

after the first voltammetric cycle (Figure S9), and do not recover their initial blue 

coloration in successive voltammetric cycles. The XPS spectra for Co 2p and O 1s 

corresponding to an α-Co(OH)2 sample obtained for a deposition time of 2.5 hours after 

its electrochemical characterization, suggests the existence of Co3+ and O2- species 

(Figure S10). In any case, the corresponding XRD pattern after the electrochemical 

characterization (Figure S11) reveals that this electrochemical treatment does not alter 

the crystalline structure of the films, demonstrating the stability of the α-Co(OH)2 

samples. 

As previously described for FTO/Fe(OH)2 electrodes, the deposition of Co(OH)2 on 

the FTO surface also has a direct effect on the electrochemical behavior of these 

electrodes in the region of positive potentials (higher than 0.55 V). In fact, at potentials 

immediately above the peak for CoOOH oxidation (A2), significant currents attributable 

to oxygen evolution are observed. Figure 7a shows a plot of the electrocatalytic activity 

with respect to the charge density corresponding to the oxidation of Co(OH)2 to 

CoOOH, which is obtained by integration of the corresponding voltammetric anodic 

peak (A1). Once again, it is revealed that the rate of O2 generation is not directly 

proportional to the amount of Co active sites. In this case, as the charge density 

corresponding to the Co(OH)2 oxidation peak begins to increase, the electrocatalytic 

activity rapidly grows until a jOER value of approximately 3.5 mA·cm-2 is reached. From 
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this point forward, the electrocatalytic activity continues to grow, but now in a slower 

way. The resulting negative slope in the corresponding log-log plot of the TOF as a 

function of the charge density exchanged in the Co(OH)2 oxidation (Fig. 7b) shows that 

TOF values are almost inversely proportional to the density of active Co(OH)2 sites. 

Unlike the Fe(OH)2 electrodes, the TOF for Co(OH)2 only exhibits an approximately 

constant value for very small charge densities (small amounts of deposited 

electrocatalyst), showing afterward a marked decrease. Actually, TOF values start to 

decrease for a charge of the order of 10 µA·cm-2, roughly corresponding to one tenth of 

a ML for an atomically flat surface.  

Although the different synthesis procedures and measurement conditions found in the 

literature hamper straightforward comparisons, it is remarkable that the results obtained 

for the OER electrocatalytic activity of α-Co(OH)2 electrodes (in absolute terms of 

overpotential for a given current density value) are in the range typically reported in the 

literature. The overpotentials (η) needed for achieving a current density of 5 mA·cm-2 

have values of 470 and 350 mV for an electrode with 30 and 90 mC·cm-2 of reversible 

Co, respectively. It is remarkable that, for a layered Co(OH)2 nanosheet electrode on a 

glassy carbon substrate, Song and coworkers [70] achieved a density current of 5 

mA·cm-2 for an overpotential of 340 mV, similar to that obtained here. In other studies, 

the required overpotentials to obtain such a current density value (5 mA·cm-2) were of 

450 mV (for a CoOOH deposit on a Pt substrate [42]) and 360 mV (for an electrode 

made of α-Co(OH)2 particles deposited on a glassy carbon substrate [71]). Therefore, 

the electrodes prepared by simple CBD on conducting glass offer similar results in 

terms of electrocatalytic performance to those reported for electrodes synthesized 

through more complex procedures [42,70,71]. This highlights the convenience of this 

method in the preparation of hydroxides for electrocatalytic applications. TOF values 
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obtained here are also comparable to those in the literature. In fact, for the same layered 

Co(OH)2 electrodes mentioned above, Song and coworkers [70] calculated a TOF value 

from the density current at η = 300 mV lower than 0.01 s-1. Our results show that this 

TOF value (also at η = 300 mV) would correspond to a charge density of the order of 

100 mC·cm-2. For lower values of charge density (on the order of 0.01, 0.1, 1 and 10 

mC·cm-2), and in the same overpotential conditions, higher TOF values equivalent to 

0.06, 0.08, 0.02 and 0.02 s-1, respectively, are calculated.  

A comparison of the results shown above reveals significant differences between 

Fe(OH)2 and Co(OH)2 at different levels. As previously commented, from the FESEM 

images obtained for FTO/Fe(OH)2 and FTO/α-Co(OH)2 electrodes for the same 

deposition times, it is evident that the Co(OH)2 deposition on FTO is much slower than 

that of Fe(OH)2. In fact, for deposition times of 40 min and below, the coverage degree 

of FTO substrates with Fe(OH)2 is much higher than with α-Co(OH)2. Without 

considering possible processes of complexation that can stabilize the metallic cations 

(Fe2+ and Co2+) in solution and thus influence the precipitation reaction, this fact could 

be rationalized by considering the values of the solubility products (()*) for both metal 

hydroxides. At T = 25ºC, ()* values for Fe(OH)2 and α-Co(OH)2 are 4.87·10-17 and 

5.92·10-15, respectively [72]. In this way, Fe2+ cations would be more likely to 

precipitate in the form of hydroxide than Co2+ because of the slow alkalinization 

occurring during the hydrolysis of urea.  

Apart from this, important differences in the electrocatalytic properties of Fe(OH)2 

and Co(OH)2 for OER in alkaline media are observed. In fact, for equivalent charge 

densities for the oxidation of M(OH)2 to MOOH (M: Fe or Co), the current densities 

attributable to OER for FTO/Co(OH)2 electrodes are around 4 orders of magnitude 

higher than those corresponding to FTO/Fe(OH)2 electrodes. This significant lower 
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OER activity of the FeOOH/Fe(OH)2 system compared to the iron-group metals 

(oxy)hydroxides has been previously reported in the literature. Subbaraman and co-

workers [42] deposited near-monolayer (oxy)hydroxide films on Pt single crystals and 

found activities of NiOxHy > CoOxHy > FeOxHy, which was correlated with the 

oxophilicity of the metal (i. e., M–O bond strength). In this regard, Fe (oxy)hydroxide is 

considered to have the less-optimal M–O bond strength of the iron-group metals. These 

observations also coincide with the results corresponding to the iron-group metal oxides 

as OER catalysts. Trasatti [9] correlated the enthalpy of the reaction MO, +	1 2/ 	O� 	→ 	MO,1� 

(which could reasonably be correlated with the strength of the M–O bond) to the OER 

activity to generate a volcano relation where the iron-group metal oxides are in the order 

NiO > Co3O4 >> Fe3O4. In relation to this, Lyons and co-workers [73] studied 

electrochemically conditioned metal electrodes and found an activity trend of Ni > Co > 

Fe. 

Fig. 8 shows the quasi-steady-state polarization curve for OER recorded for 

FTO/Fe(OH)2 and FTO/Co(OH)2 electrodes showing high electrocatalytic activity (in 

TOF terms). The Tafel slopes can be estimated to be 30 mV·dec-1 and 27 mV·dec-1, 

respectively. Consequently, the corresponding exchange current density value for the 

FTO/Co(OH)2 electrode would be orders of magnitude higher than that corresponding 

to FTO/Fe(OH)2, which supports the observations regarding the superior 

electrocatalytic behavior toward OER of α-Co(OH)2 compared to Fe(OH)2  

The values of TOF obtained for FTO/Fe(OH)2 and FTO/Co(OH)2 electrodes (and also 

for FTO/Ni(OH)2 electrodes, previously characterized as OECs in our laboratory [25]) 

for different amounts of deposited electrocatalyst also confirm these observations about 

the differences in OER activities. In the case of FTO/Fe(OH)2 electrodes, the higher 

electrocatalytic activity (in TOF terms) remains constant for charge densities for the 
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Fe(OH)2 oxidation lower than 1 mC·cm-2, which, according to previous studies [25], 

would be equivalent to a coverage of around 3.5 ML. This fact suggests that, as the 

Fe(OH)2 electrical conductivity is extremely low, only the Fe(II) species in close 

vicinity to the conducting substrate and/or directly exposed to solution would catalyze 

the OER. In fact, for a few monolayer coverages and below (corresponding to the best 

TOF values), most of the iron atoms should be in isolated and columnar islands able to 

quickly exchange electrons with the conducting substrate, facilitating their role as 

electrocatalysts (Fig. 9a). As coverage grows (charge densities higher than 1 mC·cm-2), 

an increasing fraction of Fe atoms are in inner Fe(OH)2 regions, depending for their 

functioning as catalytic centers on charge transport through the non-porous iron 

hydroxide layer, with the corresponding progressive decrease of TOF values. It is also 

apparent that the fraction of iron atoms exposed to the electrolyte (those active in 

electrocatalysis) will be maximum as the amount of deposited catalyst is minimized.  

Similar considerations could be invoked to explain the TOF trend for FTO/α-Co(OH)2 

electrodes. The drastic decrease in TOF values with increasing amounts of deposited 

Co(OH)2 suggests that the morphology of the film (i. e., the average size of the incipient 

islands/nanoplatelets as well as their dispersion on the substrate) is an important factor 

governing its electrocatalytic activity. As the conductivity of Co(OH)2 is rather low (but 

higher than that corresponding to Fe(OH)2), the part of the film in direct contact with 

the conductive substrate and/or exposed to the electrolyte would contribute the most in 

the redox processes that give rise to the OER electrocatalytic activity of Co(OH)2 (Fig. 

9b). In addition, large amounts of deposited Co(OH)2 lead to substantial electrochemical 

irreversible processes and the affected Co centers would not participate in the 

electrocatalytic process: the Co sites far away from the conducting substrate and not in 

direct contact with the electrolyte would remain in their oxidized form (Co3+), being 
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inactive in the OER process. Actually, it may be estimated that all the Co(OH)2 films 

with a TOF higher than 1 s-1 are submonolayer deposits. In fact, the maximum value of 

TOF (around 30 s-1) corresponds to a charge density of the order of 0.010 mC·cm-2, 

which is equivalent to a coverage of only 0.06 ML. Despite this, it is worth noting that, 

for the thicker Co(OH)2 films, the oxygen generation currents continue to grow, 

probably due to the large open voids in the structure of the Co(OH)2 film, which 

facilitates its efficient interaction with the electrolyte. In any case, it is important to 

remark that the fraction of Fe(OH)2 or Co(OH)2 films that can fully promote the OER 

electrocatalysis is presumably that in direct contact with the electrolyte and with the 

FTO substrate. This aspect highlights the need to maximize the interfacial area of the 

deposit with the aim of enhancing its electrocatalytic activity as a larger fraction of 

electrocatalyst would be directly exposed to solution and would thus be electrocatalytic 

active.  

The comparison of the results regarding TOF values for Fe(OH)2 and α-Co(OH)2 

electrodes with those corresponding to a widely described electrocatalyst such as the 

NiOOH/Ni(OH)2 system may help put them in context. In a previous study [25], in 

which controlled amounts of Ni(OH)2 were deposited on FTO by means of a chemical 

bath deposition method analogous to that employed now, a TOF value close to 30 s-1 

(for a potential of 0.7 V) was calculated for only 10 µC·cm-2 of deposited Ni(OH)2. For 

the same charge density and potential, the TOF values obtained for α-Co(OH)2 and 

Fe(OH)2 were of around 20 and 0.4 s-1, respectively. The higher TOF values of Ni(OH)2 

compared to those corresponding to Fe(OH)2 and Co(OH)2 are probably linked to the 

superior OER activity that characterizes Ni(OH)2 as an electrocatalyst. 

Finally, we should emphasize that the coverage calculation for both types of 

electrodes has been done by assuming that the surface is perfectly flat, which is not the 
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case. In fact, as we have estimated a roughness factor of around 3.7 for the FTO 

substrate, the actual number of equivalent monolayers calculated on the basis of the real 

surface area would be substantially lower. 

 

4. Conclusions.  

Ultrathin films of Fe(OH)2 and α-Co(OH)2 have been deposited on FTO substrates by 

means of a chemical bath deposition method, which is presented as a novel procedure to 

synthesize Fe(OH)2 and Co(OH)2 electrocatalysts in the form of thin films. In the case 

of Co(OH)2 electrodes, the advantages of the CBD method with respect to other more 

complex synthetic procedures reported in the literature are especially evident as it leads 

to the polymorph with the highest electrocatalytic activity toward the OER (the α-

Co(OH)2 phase) without the need for a subsequent heat treatment. Interestingly, the 

performance of CBD-prepared α-Co(OH)2 electrodes is comparable to the best results 

reported in the literature, achieved with electrodes prepared through more intricate 

synthesis procedures. It is also worth noting that these anodes are highly transparent, 

which is of great importance in the design of photoelectrochemical devices (such as 

water splitting ones), for instance when these metallic hydroxides are considered as 

possible efficient co-catalysts able to promote oxygen evolution. 

By controlling the deposition time, samples with different Fe(OH)2 and Co(OH)2 

loadings have been prepared, and their electrocatalytic activity toward OER studied. 

The turnover frequency for O2 evolution increases drastically as the amount of 

deposited hydroxide decreases. For FTO/Fe(OH)2 electrodes, a maximum value close to 

1 s-1 (at an overpotential of 0.47 V) has been determined for a coverage of 0.1 ML, 

remaining constant up to a coverage of around 3.5 ML. Beyond this point, a gradual 

decrease in the TOF values is observed. On the other hand, in the case of FTO/Co(OH)2 
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electrodes, a coverage as low as 0.06 ML leads to a maximum TOF value of around 30 

s-1 (at an overpotential of 0.47 V), while for higher coverages the TOF magnitude 

progressively decreases. In both cases, the hydroxide deposits leading to a maximum 

TOF value are formed by islands on the FTO substrate in which the amount of 

hydroxide directly exposed to both substrate and solution is maximum. This suggests 

that Fe and Co atoms far from the conducting substrate (thicker films) are less active for 

promoting OER due to the low intrinsic electrical conductivities of the studied 

hydroxides. Using a nanostructured substrate is therefore appealing as the fraction of 

deposited electrocatalyst in direct contact with the electrolyte would increase.  

On the other hand, the high degree of control achieved with the CBD synthesis 

method can be used for the preparation of mixed layers (or bilayers) formed by 

hydroxides of two or three metals. Such a synthetic procedure allows to finely control 

the deposited amount of each hydroxide and the relative spatial arrangement of the 

different deposited layers and to finally study the effect of these variables on the final 

electrocatalytic response of the electrode. Experiments along these lines are currently 

underway in our laboratory.  
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 CAPTIONS FOR THE FIGURES 

 

Figure 1. (a) XRD patterns for an Fe(OH)2 film (deposition time: 2.5 hours, red line) on 

FTO, and for the bare FTO substrate (black line). (b) Fe 2p and (c) O 1s XPS spectra 

(red line) and corresponding deconvolutions (black line) for an Fe(OH)2 film prepared 

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

Fe(OH)2 films on FTO for deposition times of (d) 20 min and (e) 2.5 hours. 

 

Figure 2. Cyclic voltammograms (scan rate: 20 mV·s-1) for bare FTO (black line) and 

FTO/Fe(OH)2 electrodes corresponding to deposition times of 20 min, 60 min and 80 

min (red, green and blue line, respectively). Inset: detail of the voltammetric curves in 

the high potential region. 

 

Figure 3. (a) Current density for the OER at 0.7 V for FTO/Fe(OH)2 electrodes vs. the 

charge density for the oxidation of Fe(OH)2. (b) Turnover frequency for the OER at 0.7 

V for FTO/Fe(OH)2 electrodes as a function of the charge density for the oxidation of 

Fe(OH)2. 

 

Figure 4. (a) XRD patterns for an α-Co(OH)2 film (deposition time: 2.5 hours, red line) 

on FTO, and for the bare FTO substrate (black line). (b) Co 2p and (c) O 1s XPS spectra 

(red line) and corresponding deconvolutions (black line) for a Co(OH)2 film prepared 

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

Co(OH)2 films on FTO, corresponding to deposition times of (d) 20 min and (e) 2.5 

hours. 
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Figure 5. (a) Stabilized cyclic voltammogram for bare FTO (black line) and 

FTO/Co(OH)2 electrodes corresponding to deposition times of 10, 30 and 50 min (red, 

green and blue lines, respectively). Detail of the voltammetric curves in the Co redox 

region for FTO/Co(OH)2 electrodes corresponding to deposition times of (b) 10 and 30 

min (red and green lines, respectively), and (c) 50 min. (d) Stabilized cyclic 

voltammograms for FTO/Co(OH)2 electrodes corresponding to deposition times of 70 

min, 90 min and 120 min (red, black and green lines, respectively). Scan rate in all 

cases: 20 mV·s-1. 

 

Figure 6. Log-log plot of the  !"
%&'/ !"

�"�#$ ratio as a function of  !"
�"�#$, measured for 

FTO/Co(OH)2 electrodes prepared for different deposition times. 

 

Figure 7. (a) Current density for the OER at 0.7 V for FTO/Co(OH)2 electrodes vs. the 

charge density for the reversible oxidation of Co(OH)2. (b) Turnover frequency for the 

OER at 0.7 V for FTO/Co(OH)2 electrodes as a function of the charge density for the 

reversible oxidation of Co(OH)2. 

 

Fig. 8. Quasi-steady-state polarization curve for the OER recorded for FTO/Fe(OH)2 

(deposition time: 10 min, red line) and FTO/Co(OH)2 (deposition time: 20 min, black 

line) electrodes. 

 

Figure 9. Scheme illustrating the differences in electrocatalytic activity toward OER for 

different regions of the (a) Fe(OH)2 and (b) Co(OH)2 deposits. The small thickness of 

the deposits for short deposition times maximizes the interfacial area of the Fe(OH)2 

and Co(OH)2 deposits and minimizes the inner regions, leading to the best TOF 

performance. 
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Highlights 

• A urea-based bath allows to prepare transparent Fe and Co hydroxide 

electrodes. 

• Conformal layers and nanoparticles appear respectively for Co and Fe 

hydroxides.  

• Electrocatalyst loading is evaluated from the M(III)/M(II) surface process 

charge. 

• The O2-evolution turnover frequency is maximum for M(OH)2 submonolayer 

loadings. 


