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In this work we apply a novel and simple methodology to 

develop a composite that consists of anodic aluminum oxide 

(AAO) covered by a fluorine-doped tin  oxide (FTO)  film. The 

composite presents suitable morphological and electrical prop- 

erties to be used as support for water electrooxidation catalysts 

based on non-noble metals. AAO substrates  were decorated 

with FTO via spray pyrolysis, followed by deposition of catalyst 

nanoparticles consisting of a cobalt-analogue of Prussian Blue 

that promotes the oxygen evolution reaction. The electrodes 

were characterized by X-ray Diffraction, Environmental Scanning 

Electron Microscopy and resistivity measurements. A promising 

electrocatalytic activity of the optimized AAO/FTO/PB electrode 

was observed at  neutral  pH  and  ambient  conditions. The 

obtained results open a feasible strategy in  the  search for 

competitive water oxidation electrodes based on the combina- 

tion  of earth-abundant metal catalysts on FTO-covered  ano- 

dized alumina supports. 

 
 

1. Introduction 
 

Porous anodic aluminum oxide (AAO) has been extensively 

studied for the last years in different fields in nanoscience and 

nanotechnology.[1–2]  AAO is a honeycomb-like porous material 

formed by electrochemical anodization of aluminum in an acid 

electrolyte. As a result, an ordered nanoporous structure with 

very high surface area is obtained. Moreover, this material is 

mechanically, chemically and thermally stable. AAO hardness, 

corrosion resistance and erosion resistance have shown to be 

improved after the  aluminum anodization process.[3] For 

instance, AAO is attractive as template or host material for the 

growth of ordered nanotube or nanowire arrays for electro- 

chemical applications like energy storage and conversion.[4]   As a 

few examples, AAO templates have been used to fabricate a 

nanostructured CdS-CdTe solar cell[5] or a photoanode for water 

splitting based on Fe2TiO5 nanotubes.[6]   In these cases the AAO 

support is removed after the deposition of the guest material 

leading to  free-standing nanoporous structures. The AAO 

removal is typically performed by immersing the composite 

material into a concentrated  NaOH or H3PO4 solution. There are 

several examples of nanoporous electrodes obtained in this 

way  which  have  been  tested  for  different  electrocatalytic 
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reactions such as  electroreduction of chloroform,[7] hydrogen 

evolution  reaction,[8]  electrooxidation of  hydrazine,[9] urea,[10] 

methanol[11–12]  or ethanol.[13] However, since AAO is electrically 

insulator, it is not common the use of this material as 

permanent support  for  electrocatalysts  and, in  general, for 

applications where high electrical conductivity is required. In 

these cases, AAO needs to be appropriately assembled with a 

conductive component. For instance, Altuntas and Buyukserin 

obtained an AAO modified with carbon to develop a biomate- 

rial nerve tissue,[14]  and Wierzbicka and Sulka used an Au- 

covered AAO as sensitive electrode for electrochemical determi- 

nation of epinephrine.[15]
 

In the present study our interest is focused on the 

application of AAO in water electrolysis, since one of the main 

bottlenecks in this field is the search for stable electrodes able 

to survive to challenging redox and pH conditions.[16–18] Noble 

metal electrodes are traditionally  used for  water oxidation, 

specially at low pH.[19–20]  Ni-based electrodes are preferred at 

high alkaline pH[8,21] but they rapidly get oxidized when the pH 

is lowered. Carbon electrodes are pH-stable but unstable during 

oxygen evolution catalysis.[22]   In this sense,  AAO can be an 

alternative. This material has been recently used as support of 

Ir[23–24]  and Pt[24]  catalysts for water oxidation in acidic media, 

demonstrating the stability of AAO-supported  catalysts under 

electrooxidation conditions. Other current bottleneck in  the 

development of water electrolysis technology is precisely the 

substitution of this kind of noble, expensive catalysts. Increasing 

efforts are being made towards the implementation of Earth- 

abundant  transition-metal  oxides.[18,25–26] In  this  context,  a 

cobalt-analogue of Prussian Blue (PB), cobalt hexacyanoferrate 

(CoHCF),  has been reported as  a good  candidate as  water 

oxidation catalyst showing an efficient and robust activity.[27–32] 

Herein we aim to use anodic aluminum oxide as support for 

Prussian Blue nanoparticles.  However, AAO/PB electrodes could 
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not be directly used as  anodes for water splitting given the 

electrically insulating character of this hypothetical composite. 

Our strategy in  the  present work  consists of  a  controlled 

deposition of a conductive material over the AAO surface 

before the PB  addition. SnO2 is one of the most studied 

members in the family of transparent conductive oxides (TCO) 

and, particularly, F-doped tin  oxide  (FTO).[6,33–36]    Besides its 

transparency in  the  visible  region  of  the  electromagnetic 

spectrum  and  low  electrical  resistance, it   can  be  easily 

deposited on  different  surfaces by  spray pyrolysis.[35–36]  We 

propose for the first time in literature the use of FTO-covered 

AAO as  water oxidation catalyst support. In this way, it  is 

expected that FTO provides  a suitable electrical conductivity on 

the surface and that AAO induces an increase in the rugosity 

and number of defects of the FTO layer. AAO/FTO composites 

with different FTO layer thicknesses have been characterized in 

terms of  surface morphology and electrical properties, and 

CoHCF  nanoparticles supported on  the  optimum  AAO/FTO 

substrate have exhibited a promising performance for water 

splitting at neutral pH. The results shown below indicate that 

AAO/FTO is a viable, efficient and long-term robust electrode to 

support non-noble water oxidation catalysts. 

 
 
2. Results and Discussion 

 
Porous alumina substrates were modified by depositing fluo- 

rine-doped tin  oxide (FTO)  layers by spray pyrolysis. SnO2:F 

coverage was controlled by varying the deposition time. 

Figure 1  shows  the  scanning electron  microscopy  (ESEM) 

 
 

 
 
Figure 2. ESEM images  in top view from samples obtained after different 

deposition times of FTO onto AAO templates. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. ESEM images  from two different layers of AAO/FTO template.  On 

the left, an AAO substrate with a FTO layer obtained after 10 minutes of 

deposition time. On the right, an image with the FTO deposited for 120 

minutes. 

 
 

 
images for AAO/FTO samples after 10 and 120 min deposition. 

One can observe that AAO surface is covered by FTO nano- 

grains and both the number and the size of these grains show 

to be increased along the deposition time, finally obtaining a 

fairly uniform layer composed of FTO grains with diameters of 

the order of μm. A similar FTO grain dependence on deposition 

time was recently shown by other authors on glass substrate.[37] 

The AAO/FTO pore size is also reduced along FTO deposi- 

tion, as it can be observed in Figure 2. The bare AAO template 

used herein presents an average pore size of c.a. 220 nm and 

finally, after 120 min, the AAO outermost surface seems to be 

almost fully  covered by  FTO  without  apparent open pores 

(maximum pore size of c.a. 50 nm). This effect may be linked to 

the grain nucleation. For longer times (i. e. thicker FTO layers) 

the adatoms coalescence increases and this directly affects the 

crystal growth.  In  the  AAO/FTO sample prepared for  120 

minutes it can also be appreciated a high roughness on the 

membrane surface. 

A partial penetration of FTO into the alumina pores is 

confirmed from  the  cross-section  image shown in  Figure 3, 

where several EDX spectra were taken at different depths in the 

AAO. Although FTO signal decreased along the pore depth, it 

can be observed that  FTO  penetration takes place at least 

20 μm in depth. Despite this, on the basis of these micrographs 

one can anticipate that the FTO coverage  is mostly produced 

on the AAO outermost surface in contrast, for example, to a 

previous study where a nanotubular electrode was obtained by 

introducing FTO into the channels of an AAO substrate.[38]  It was 

possible in this case due to a larger initial pore diameter of 

AAO, c.a. 900 nm (vs. c.a. 220 nm in the present work). Despite 

the  high  specific surface area of  the  bare AAO substrate 

employed herein, the pore diameter is not wide enough to 

allow the full covering in depth by FTO during the spray 

pyrolysis deposition. Thus the AAO/FTO/PB  electrodes tested 

below probably present lower active surface area than other 
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ICSD database)   which are shown as  vertical dotted  lines in 

Figure 4a. This indicates the presence of the tetragonal phase of 

SnO2 with the characteristic crystalline directions such as [1 0 1], 

[2 0 0] and [2 1 1]. The Full Width at Half Maximum (FHWM) 

parameter decreases  for longer deposition times which indi- 

cates an increase of the FTO crystallite  size. This is confirmed in 

Figure 4b,  where  the  values calculated from  the  Scherrer 

equation are shown. The crystallite  size increases from c.a. 8 to 

c.a. 19 nm along the deposition time. 

Electrical characterization of the AAO/FTO samples was also 
performed by means of a method based on I-V characteristics 

obtained in a planar configuration (see inset of Figure 5) which 
 
 

 
 

 
Figure 3. ESEM image  in cross section of the AAO/FTO layer deposited  for 

120 min along with EDX spectra obtained at a) c.a. 1 μm, b) c.a. 10 μm and c) 

c.a. 20 μm in depth. 

Figure 5. a) I-V characteristic for two AAO/FTO layers after different 

deposition times. b) Electrode resistivity decrease with the FTO layer 

thickness increase. The inset of this figure shows the setup configuration 

employed for these measurements. 

 
 
 

electrodes that could be prepared by using AAO supports with 

larger initial pore diameter. 

Structural analysis of the samples by X-ray diffraction (XRD) 

was also carried out. The XRD patterns (Figure 4a) reveal the 

polycrystalline nature of  the  FTO  films with  no  preferential 

orientation. The diffraction peaks are coincident with those of 

the Cassiterite  phase (reference 1-072-1147,  reported in  the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. a) X-ray diffraction patterns for different deposition times of FTO 

onto AAO membranes. The dotted lines correspond to the reference 1-072- 

1147 reported in the ICSD database.  b) Crystallite size dependence on 

deposition time. 

has also been applied in other works.[14]  In Figure 5a it can be 
observed the I-V curve for the different AAO/FTO composites, 

from whose slope the sheet resistance can be obtained. First 

this value decreased sharply from 3.24 × 107 Ω/sq (on the FTO 

layer deposited for 10 min) to 708 Ω/sq (on the one deposited 

for 60 min) and, from then, it continued slightly decreasing up 

to reach 330 Ω/sq (on the FTO  layer deposited for 120 min). 

This decrease in the electrical resistance can be attributed to 

the influence of the deposition time in the achievement of 

larger FTO grains  and a more intimate contact between grains 

which may improve the carrier transport. The higher the grain 

size and the higher the grain connectivity, the lower the sheet 

resistance,  as it has also been observed by other authors on 

FTO layers deposited on glass substrates.[35,37,39]  Figure 5b shows 

the evolution of the resistivity along the FTO deposition time. 

This parameter was estimated from the sheet resistance values 

and the corresponding  thickness of the FTO layers.  The thick- 

ness increased during the deposition procedure up to reach 

2.1 μm onto each AAO side after 120 min and the growth rate 

of the FTO  layer was estimated at c.a. 35 nm min-1.  One can 

observe a  sharp decrease of  resistivity of  four  orders of 

magnitude, to 0.149 Ω cm, for the first 60 min of FTO deposi- 

tion. The decrease of the resistivity with the increase of the FTO 
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thickness has also been reported in other works.[37,40] However, 

in contrast to the sheet resistance trend, the resistivity remained 

fairly constant from this moment and it was finally measured at 

0.138 Ω cm after 120 min. 

CoHCF  nanoparticles were deposited onto  the  different 

AAO/FTO supports following the same dip-coating procedure in 

each case,  as described in the experimental section. Figure 6 

present case the  most influential  feature seems to  be  the 

surface rugosity and high number of defects generated onto 

the  AAO/FTO substrate which  may lead to  a  large nano- 

structuring that allows the formation of such small PB 

crystallites.  ESEM images were also obtained both before and 

after the electrocatalytic tests (see Figure S1 in Supplementary 

Information) and no apparent changes in electrode morphology 

can be appreciated. 

Figure 7 shows the linear sweep voltammetry (LSV)  per- 

formed in  50 mM  potassium phosphate (KPi) electrolyte at 
 
 

 
 

 
Figure 6. (a) EDX spectra and (b) XRD diffractograms from AAO/FTO/CoHCF 
electrode (120 min, 330 Ω/sq) both before and after the electrocatalytic 

tests. 

Figure 7. Linear sweep voltammetry for AAO/FTO/CoHCF electrodes  with 

different FTO deposition times in 50 mM KPi electrolyte  at pH 7.0. 

 
 

 
 

shows the XRD and EDX spectra  of the AAO/FTO/PB electrode 

(with FTO layer deposited for 120 min) and the AAO/FTO (blank) 

electrode, both in the fresh state and after being used for the 

electrocatalytic tests.  In  the  EDX spectra  (Figure 6a)  the 

incorporation of Fe and Co atoms clearly appears in the PB- 

decorated AAO/FTO electrode. In the XRD diffractograms of the 

AAO/FTO sample (Figure 6b, left) the same six FTO diffraction 

peaks that were observed in Figure 4a are identified. In the case 

of   the   AAO/FTO/PB sample  (Figure 6b,  right),  four   new 

diffraction peaks are identified at 2θ = 17.9°,  25.4°,  36.3° and 

58°, which can be attributed to Prussian blue and are character- 

istic of a face centered cubic structure.[41]   Similar EDX and XRD 

patterns related to FTO and Prussian blue are found before and 

after the electrocatalytic measurements. This denotes that no 

significant catalyst leaching or change in phase took place, 

which confirms the stability of both the active electrode and 

the blank under the studied electrochemical conditions. More- 

over, PB crystallite  sizes of 15.7 nm and 14.5 nm are calculated 

from the diffractograms of the AAO/FTO/PB electrode before 

and after the electrocatalytic tests, respectively. This size is 

lower than that previously reported for other PB-based electro- 

des  prepared by  different  deposition  methods, i. e.  drop- 

casting,[32] spray deposition,[31]  electrodeposition[29] or  a dip- 

coating procedure similar to the one employed herein.[30]  In the 

pH 7.0 with the four AAO/FTO/PB electrodes with the FTO layers 

that  showed lower  resistivity values in  Figure 5, i. e. those 

deposited for 60, 80, 100 and 120 min, in order to compare 

their electrocatalytic activity. The composite materials with FTO 

layers deposited for 60 and 80 min show negligible activity. The 

electrode with 100 min of FTO deposition shows a significant 

current density at the higher potentials, but the oxygen 

evolution curve is not well defined yet. The most active 

electrode  is, by far, the one containing the FTO layer deposited 

for longest time, which reaches c.a. 32 mA cm-2  at 2.4 V vs. RHE. 

Taking into account that Prussian Blue catalyst was deposited 

for the same dip-coating time and that the obtained resistivity 

was the same in all these cases, one of the main reasons for the 

increase of the electrocatalytic activity with the FTO deposition 

time could be the surface roughness enhancement. The rough- 

ness has been typically found to increase with the thickness in 

studies on FTO films deposition by different methods[37,40, 42–43] 

and this feature can lead to an increase of the number of active 

Prussian Blue nanoparticles. Moreover, as  the FTO  deposition 

time is shorter, it is also plausible that these nanoparticles were 

deposited to a greater extent into the pores of the AAO/FTO 

composite. Although  the  specific surface area of  the  AAO 

support and the blocking extent of the pores by FTO were not 

quantified, the  pore diameter left  after FTO  spray pyrolysis 

clearly decreases along deposition time, as observed  in Figure 2. 

Hence, the electrodes with FTO layers  deposited for less than 
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120 min likely lose most of the electrocatalytic activity from the 

CoHCF nanoparticles placed inside the AAO pores due to strong 

mass transfer limitations. In  order  to  avoid  mass transfer 

limitations in these cases different AAO substrates should be 

employed with higher initial pore diameter than that used in 

the present work (c.a. 200 nm). 

Focusing on the case of the AAO/FTO/PB electrode with the 

FTO layer deposited for 120 min, one can clearly observe the 

typical exponential behavior due to  water oxidation process 

after 2 V vs. RHE. Before  this potential, a pre-oxidation peak is 

present at around 1.9 V  vs. RHE.  A similar peak is typically 

observed during  LSV  performed in  other  studies on  water 

electrolysis with PB catalysts[28–29,32]   and it can be attributed to 

an electron transfer process due to the CoIIFeII-CoIIIFeII   couple. 

As it can be observed in Figure 8, the current density values 

 
 

 
 
Figure 9. Tafel plot of the steady-state current density of the AAO/FTO/ 

CoHCF and AAO/FTO electrodes in 50 mM KPi electrolyte  at pH 7.0. The 

linear region shows the different Tafel slope for both electrodes. 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 8. Linear sweep voltammetry for AAO/FTO/CoHCF electrode  (120 min, 

330 Ω/sq) in 50 mM KPi electrolyte  at pH 7.0 (red line). Black line represents 

the blank substrate, AAO/FTO (i. e. without CoHCF). 
 

 
 
 

obtained with the AAO/FTO/CoHCF electrode  show to be much 

higher than those obtained with the AAO/FTO blank electrode, 

specially at higher potentials. This denotes that the electro- 

catalytic activity fairly proceeds from the PB nanoparticles. 

In the  Tafel plot  (Figure 9) it  can be observed a linear 

relationship between log j and the overpotential (η) in an η 

range of 0.3-0.5 V and 0.5-0.75 V for the AAO/FTO/PB and the 

AAO/FTO  electrodes, respectively.  In these regions the Tafel 

slope decreases  from  99 mV/dec (blank electrode) down  to 

82 mV/dec for the PB-decorated substrate, which proves the 

catalytic process.  In this kind of Prussian Blue-analogues  the 

water oxidation catalytic activity is typically assigned to the Co 

centers while the function of the Fe centers  is rather structural 

and electronic (enhancing stability and electron 

conduction).[28,32]   It was previously demonstrated the compet- 

itiveness of PB-based electrodes in kinetic terms with respect to 

CoOx catalysts[29] and, very interestingly, the  Tafel slope 

obtained with the AAO/FTO/PB electrode is even lower than 

the values previously shown at pH 7 by Aksoy et al.,[27] Alsaç 

et al.[28]  and Pintado et al.[29]  with  other PB-based  electrodes 

prepared  on  flat  substrates. The  obtained  electrocatalytic 

activity may be favored by the small PB  crystallite size 

mentioned  above but,  specially, by  the  particular surface 

morphology of the AAO/FTO support. The use of this kind of 

porous support and the resultant roughness of  the FTO 

conductive layer likely favor the presence of a higher amount of 

catalytic active sites leading to  an improved electrocatalytic 

activity. 

In order to check the long-term stability of the AAO/FTO/PB 

catalyst, a  chronoamperometry (CA) was  carried  out   for 

100 hours under  the  same experimental conditions  in  the 

oxygen evolution voltage region, at 2.2 V vs. RHE (Figure 10). 

With both the AAO/FTO/PB and the blank electrode a sharp 

decrease of the current density is observed at the beginning of 

the CA,  which is mainly due to the fast decay of capacitive 

current. The AAO/FTO  sample showed a negligible  activity 
 

 
 

 
 
Figure 10. Bulk electrolysis of the AAO/FTO/CoHCF electrode  at 2.2 V vs. RHE 

in 50 mM KPi electrolyte  at pH 7.0, along with the blank measurement. 
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under steady-state conditions. In the case of the AAO/FTO/PB 

electrode, a slow decrease of current density is observed. One 

cannot totally discard some instability of the outermost FTO 

crystallites since the blank data shows some minor deactivation. 

However, this decay is certainly far away from  the  current 

decrease on the PB-decorated electrode, in agreement with the 

good FTO chemical stability reported under different pH and 

potential conditions, compared with other TCOs like indium tin 

oxide (ITO) or antimony-doped tin oxide (ATO).[44–45] Therefore, 

the current decay of the AAO/FTOCoHCF sample during the first 

hours is assigned to the mechanical loss of poorly attached 

CoHCF crystallites,  which becomes  less relevant as the experi- 

ment proceeds. The current density reaches  c.a. 50 % and 20 % 

of  its  initial  value after  c.a.   4  and  50 hours, respectively. 

However, this phenomenon presumably takes place only at the 

very first use of the electrode and does not lead to the full 

depletion of the active sites as it was confirmed by the post- 

reaction characterization shown above. AAO/FTO/PB shows to 

be stable with a decay of the current density of 0.17 mA cm-2
 

for  the  last  40 hours.  A  steady-state current  density  of 

1.85 mA cm-2   is obtained after 100 hours polarization at 2.2 V 

vs, RHE  without  any further significant sign of deterioration. 

This denotes the  long-term  robustness of  the  proposed 

electrode, which is not  comparable with  the robustness 

reported in most water oxidation studies in half-cell config- 

uration, typically evaluated for less than 24 h. One can find in 

Supplementary information a video (Video S1)  where oxygen 

bubbles evolving from the electrode surface during the CA at 

2.2 V vs. RHE can be observed. 

The stability of the AAO/FTO/PB electrode has also been 

confirmed  at  2.4 V  vs. RHE   by  using  a  new  AAO/FTO/PB 

electrode prepared in a similar way than the previous one. A 

stable current density of 2.6 mA cm-2  is obtained at this voltage 

after 100 hours (See Figure S2 in Supplementary Information). A 

faradaic efficiency towards oxygen evolution reaction closed to 

100 % has been confirmed by in-situ measuring, during the 

latter CA, the increase of oxygen concentration in the anode 

gas headspace using a FOXY probe. The similarity between the 

O2 production experimentally  measured during a given polar- 

ization  time  and  the  theoretical  (faradaic) O2   production 

calculated from the electric charge transferred during the same 

period can be clearly observed in Figure S3 in Supplementary 

Information. 

In order to prove the superior properties of the AAO/FTO/ 

PB electrode  with respect to an analogous catalyst prepared on 

a flat surface support, i. e. instead of AAO, additional electrodes 

have been prepared by FTO deposition on glass substrates and 

subsequent Prussian  blue catalyst deposition by following  a 

similar procedure than that carried out on AAO supports.  ESEM 

images of  both  glass- and  AAO-supported FTO  layers are 

observed in Figure S4. A smoother FTO  surface is apparently 

obtained on flat glass compared to the FTO  layer grown on 

AAO where a higher roughness can be appreciated because of 

a greater presence of defects on the latter substrate.  Figure S5 

shows the EDX and XRD characterization  of the Glass/FTO/PB 

electrode  and  the  corresponding blank  electrode  (i. e.,   in 

absence of PB). A much lower presence of CoHCF on the Glass/ 

FTO surface  can be deduced with respect to the EDX spectra 

and  XRD diffractograms obtained  with  the  AAO-supported 

electrode (i. e., Figure 6), which can be attributed to a stronger 

attachment of the catalyst nanoparticles on the rough surface 

of the latter electrode. The same electrochemical tests than 

those shown in Figures 8–10 have been performed on both 

Glass/FTO/PB and Glass/FTO (See Figures S6–8 in Supplemen- 

tary information). From the linear sweep voltammetry measure- 

ment (Figure S6) much lower current density values can be 

observed in the same voltage scan than those values previously 

shown in Figure 8 with  AAO-supported catalyst, as  expected 

due to the lower roughness of the FTO layer deposited on the 

glass support. Higher Tafel slope is also obtained with Glass/ 

FTO/PB (Figure S7) than with AAO/FTO/PB (Figure 9). Finally, in 

the chronoamperometry performed at 2.2 V vs. RHE for 100 h 

with  the glass-supported  electrode (Figure S8), a continuous 

decrease of the current density has been observed during the 

whole  polarization, reaching a final  current density of  i. e., 

0.78 mA cm-2, in contrast to the stable current density obtained 

with  the  AAO-supported electrode, i. e.,  1.85 mA cm-2    (Fig- 

ure 10). Thus, the use of anodic aluminum oxide as  catalyst 

support is confirmed to provide not only higher electrocatalytic 

activity but  also higher electrode stability. We attribute  this 

effect to  the higher FTO  layer roughness obtained on AAO 

substrate and the stronger attachment of the PB nanoparticles 

on this surface. 

If we consider the electrocatalytic performances reported in 

benchmarking studies of water oxidation catalysts,[46–47]  in terms 

of overpotential required to obtained a given current density 

after 2 or 24 hours, it is clear that the results obtained with the 

studied AAO/FTO/PB electrode at pH 7 are still not comparable 

with those obtained with either Ru and Ir catalysts at pH 0 or 

electrodes based on Co, Ni and Fe,  among others, at pH 14. 

However, from the obtained results it can be stated that the 

electrocatalytic activity of the AAO/FTO/PB  catalyst for water 

oxidation is higher than that previously reported with FTO/PB 

electrodes[28–29] and other  earth-abundant materials-based 

electrodes.[48–49]    Thus, the feasibility of FTO-covered AAO as a 

conductive and efficient catalyst support for  electrocatalytic 

processes  is demonstrated herein and, particularly, for water 

electrolysis at neutral pH and ambient conditions. It should also 

be noted that the proposed configuration is prone to further 

optimization, by tuning the porous structure of the AAO and by 

improving the deposition method for both the FTO crystallites 

and the catalyst nanoparticles. 

 
 
3. Conclusions 
 
An efficient and simple route to achieve a significant electrical 

conductivity on an alumina surface (AAO) was established by 

FTO  deposition via spray pyrolysis. From the results of X-ray 

diffraction, I-V  curve and ESEM images we conclude that the 

as-deposited  FTO crystallite  size increases with deposition time, 

while the film electrical resistivity decreases down to a basal 

minimum. We decorated an optimized  FTO/AAO  composite 

with  Prussian  blue (PB)-type  cobalt hexacyano-ferrate  nano- 
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particles, a promising earth-abundant metal-based electrocata- 

lyst for water oxidation, exhibiting excellent performance in 

terms  of  electrochemical activity  and  stability  during  the 

oxygen evolution reaction. Our results open interesting possibil- 

ities for the development of electrode supports from intrinsic 

insulators, possessing  very high surface areas,  such as  AAO. 

Taking advantage of  the  latter, surface modification with  a 

conducting layer allows their  transformation into  functional 

electrodes. In  neutral media, our  AAO/FTO/PB  composite 

electrodes promote electrochemical water splitting at higher 

current densities that any other non-noble metal-based electro- 

des, with long term stability (> 100 h). In this proof of concept, 

we  also observed a synergic relation  between the  porous 

alumina and the  conducting phase, with  enhanced FTO 

conductivity  due to  the  presence of  induced defects in 

conducting component. 

 
 
Experimental Section 

 
Synthesis of the Electrodes 

 

Fluorine-doped tin oxide was deposited on AAO substrates. The 

precursor solution  was synthesized from  Sn(IV) salts, using 
SnCl4·5H2O. A 0.23 M solution was prepared in a mixture of polar 

solvents: CH3CH2OH  99.9 % and deionized H2O in a ratio of 9 : 1, 

respectively.  0.27 g of NH4F were used as  the dopant source, to 

obtain a concentration of 5 wt.% of F with respect to the amount of 
Sn present in the stock solution, i. e. resulting in a F/Sn = 0.05 ratio. 
Subsequently the ethanolic solution was heated at 80 °C for 60 min 

to  hydrolyze the Sn + 4   ion and, in this way, obtain the Sn(OH) 
solution. This precursor solution was deposited onto AAO mem- 
branes using a home-made spray pyrolysis system. The config- 

uration scheme of a similar system has been previously reported.[50] 

AAO substrates with pores around 220 nm of diameter and 60 μm 

of thickness (Sigma-Aldrich)  were used. The deposition temper- 

ature, controlled within � 1°C, was set at 440 °C and the deposition 

times were in the range from 10 to 120 min including deposition 

on both sides of the AAO substrate (i. e. from 5 to 60 min on each 

side). FTO  was also deposited on glass substrates at the same 

deposition times. The latter samples were used to obtain the FTO 

the Cu Kα line (λ = 1.541 Å). ESEM images and EDX spectra were 

acquired in a QUANTA600 equipment from FI company  under high 

vacuum conditions. The electron microscope was operated at 

20 kV. This physicochemical characterization was carried out both 

before and after the electrocatalytic  tests. I–V measurements were 

performed in a coplanar configuration using a Keithley 2400 digital 

picoammeter/voltage source from Keithley Instruments, Inc.. The 

voltage was applied between the silver epoxy contacts spaced 

1 cm on each surface and the current was collected using the same 

equipment. So, to obtain the sheet (in-plane) electrical resistance of 

the different FTO  layers between these points, the slope of the 

resultant I–V curve was used to obtain the surface resistance value 

corresponding to  each coating condition.  Then the  respective 

resistivities were estimated by considering the FTO optical thick- 

nesses, as was also accomplished  in previous works.[35]
 

 
 
Electrocatalytic  Tests 
 

The electrochemical experiments were performed at room temper- 

ature  and  atmospheric pressure in  half-cell configuration (See 

Figure S9 in Supplementary Information) by using a Biologic SP-150 

potentiostat and a buffer electrolyte prepared in 50 mM KPi (pH 7) 

containing 1 M KNO3.  A H-cell was used where the anode and 

cathode compartments were separated by a porous glass frit and 

all the experiments were carried out under magnetic stirring at c.a. 

1000 rpm in order to  remove the O2  and H2  bubbles from the 

electrodes (see Video S1  in  Supplementary Information). Linear 

Sweep Voltammetry (LSV) and Chronoamperometry  (CA) measure- 

ments were performed by employing Ag/AgCl (3.5 M KCl) from ALS 

as reference electrode, Pt mesh as counter electrode (cathode) and 

AAO/FTO/PB or Glass/FTO/PB  as working electrode (anode). Blank 

measurements were also carried out with AAO/FTO and Glass/FTO 

samples.  Before the electrochemical  measurements the electrical 

contacts were made by tin welding and silver conductive epoxi 

from  RS  COMPONENTS   LTD. on  the  Glass-  and AAO-supported 

electrodes, respectively, in electrode  areas not covered by Prussian 

blue. In all cases the electrical contacts were finally coated by epoxy 

adhesive from RS COMPONENTS  LTD and were avoided to dip into 

the electrolyte during the electrocatalytic tests. 
 

All potentials measured in  this work were iR  corrected by the 

current interruption  technique and converted to  the  reversible 

hydrogen electrode (RHE) scale through equation 1. 

deposition rate by estimating the optical thickness in each case 

from the transmittance  spectrum, as reported elsewhere.[35]   FTO on 
ðRHEÞ ðAg=AgClÞ þ 0:059 pH þ E0

 ðAg=AgClÞ (1) 

glass was also deposited as  reference support  for  the  water 

oxidation catalyst, in order to compare the electrocatalytic perform- 
Where E 

 
(Ag/AgCl) is the measured working potential and E0  is 

ance of AAO-supported electrodes and those supported on a flat 

surface. 
 

Prussian blue catalyst was obtained via the dip coating technique. 

0.205 V  at  25 °C.   Then overpotential  (η)  was calculated from 
equation 2. 
 

h ¼ E RHEÞ-E cell (2)
 

Two solutions were prepared for the depositions. Solution A: 0.01 M 
K3[Fe(CN)6], and solution B: 0.01 M Co(NO3)2·6H2O. Five deposition 

cycles were performed, where AAO/FTO  and Glass/FTO  samples 
were dipped, first, in solution A and, second, in solution B  for 

15 minutes in each case, followed by air drying overnight. The 

deposition process was carried out under magnetic stirring and 

only an area of 1 cm2 from each electrode was dipped. All chemicals 

used in this study were of analytical grade and provided by Sigma- 

Aldrich. 
 
 

Characterization of the Electrodes 
 

XRD patterns were obtained from the different samples by using a 

Siemens EM-10110BU model D5000 diffractometer, operating with 

ð 

 
Where E0          is the standard potential of the water electrolysis cell 

which is 1.229 V  at 25 °C.  All current density values have been 

normalized per electrode geometrical area. The experimental 

procedure carried out for the in-situ oxygen evolution measure- 

ment is described in Supplementary information. 
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