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Abstract 

A hydrogen economy is necessary to meet the social demands for less consumption of fossil 

fuels and it has several barriers that need to be addressed if this technology is to become cost 

effective. The oxygen evolution reaction (OER) is one of these barriers and catalysts based on 

nickel oxyhydroxide (NiOx) are believed to be promising for alkaline OER. We report results of 

iron doping for NiOx, we synthesized by electrodeposition, combinations of iron in Ni Watts 

solution to develop Fe- NiOx catalysts. The best sample has an overpotential of 254 mV at 10 

mA cm-2 , this result is competitive to the best results found for alkaline OER. Our methodology 

consists of: linear and cyclic voltammetry, galvanostatic stability and electrochemical impedance 

spectroscopy as electrochemical techniques. In addition, physical catalyst characterization 

techniques include: scanning electron microscopy equipped with energy-dispersive X-ray 

spectroscopy, Raman spectroscopy and surface elemental analysis by wet chemistry. 
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Introduction 

A hydrogen economy is gaining traction in major economies, in this respect, European 

cities such as Paris, Copenhagen and Oxford are banning petrol and diesel cars1,2. The main 

source of smog and greenhouse gases is transport, specifically combustion engine vehicles. Non-

polluting vehicles are being considered as a substitute by local governments to promote zero-

emission zones. Vehicles which could potentially be adopted are fuel cell and electric ones in 

these zones, and fuel cell vehicles are powered by hydrogen.  

Hydrogen for the transportation sector still has barriers that make it impracticable. For 

example, storing hydrogen is expensive, however, recent developments in membrane technology 

converts stored hydrogen in ammonia into hydrogen, ready to be used in fuel cell vehicles3. In 

addition, the cost of production of hydrogen could be lowered as photovoltaic technology (PV) 

becomes less costly4, when PV is used to power water electrolysis to generate hydrogen. Another 

barrier of interest is the energy consumed in water electrolysis by the oxygen evolution reaction 

(OER) to generate hydrogen. This is a well-known barrier in the electrochemical community and 

efforts to make it more efficient by improving the overpotential () of the OER are being done5,6.     

In this respect, nickel oxyhydroxide (NiOx)7-13 has been introduced as a potential catalyst for the 

OER in alkaline media. This material has the advantage of being earth abundant, in addition of 

being active towards the OER. This material has weaknesses, the Bode scheme14 shows that 

NiOx at overcharge or working at high overpotentials, becomes inactive for the OER as there is a 

phase transition from beta to gamma (gamma considered to be OER inefficient). In addition, 

bimetallic combinations of NiOx , as for instance FeNiOx , are unstable as iron leaches during 

the OER15, making the catalyst energy inefficient.       



In this work, we are developing a NiOx based catalyst by doping it with iron. Iron 

improves the electronic factor of NiOx7,8,16,17 and we want to develop a simple synthesis method, 

it should be noted that this material has been successfully synthesized by electrodeposition by 

other authors12,15,16,18, however we have used a different plating bath, most publications have 

used nitrate based solutions, and we have used a Watts bath19. The advantage of using a Watts 

bath is that it is a commercial solution, the infrastructure to make this material on a high scale 

would be much easier to achieve.  

We have previously worked with Raney NiOx
20, where NiOx /phases were grown by 

cyclic voltammetry. In that work20, we explained how to identify  NiOx /phases by cyclic 

voltammetry and Raman spectroscopy, the OER reaction mechanism found on this material, its 

stability and the model employed to fit EIS data, where, we used the Randles circuit.   

Different authors12,16,18 have used iron salts in the range of 16 to 5 mM to synthesize 

FeNiOx catalysts. They all use customized plating solutions and we have employed a different 

plating solution (i.e. Watts bath) that to the best of our knowledge has not been reported with the 

purpose of making NiOx based catalysts. We test iron salts in a range up to 150 mM.       

In addition, we tried to understand the origin of the catalytic activity of NiOx based 

catalysts for the OER. It has been explained that in the region of 800-1150 cm-1, Raman peaks 

are observed and considered to be related to “active oxygen” in the oxyhydroxide structure17. We 

performed Raman tests to identify similar structures and support our results. In general, it is well 

agreed within the community that NiOx /phases are the source of the catalytic activity found 

in NiOx based catalysts8,10,12,21.  

How iron promotes the OER activity on NiOx is still under debate14,22-27, including recent 

research supporting that -NiOx is the active phase23,24, instead of the conception that it is the -



phase14,25-27. Does iron a) make a mixed iron-nickel active site; b) induce the formation of a 

particular phase; c) iron is essential in the new active phase; d) modify the double layer. 

Although we incline for iron being incorporated into the active OER phase which acts as a 

bimetallic site. The best approach to determine what is the reason of FeNiOx base catalyst 

activity is by in situ operando techniques (i.e. Raman and X-ray absorption near edge structure 

(XANES)23 ) and research is being done in that direction23.   

The -phase is related to stronger bonds with OER intermediates whereas the -phase has 

weaker bonds, this is the main reason that the -phase is thought to be the active phase as weaker 

bonds could be closer to an intermediate bond strength where catalysts operate efficiently. In the 

Raman spectra, the ratio of the two Raman peaks relates to / composition, making it difficult 

to deconvolute the catalytic mechanism. In addition, /-NiOx phases show28-30; identical local 

bonding structure, similar voltametric behaviour, reversible interconversion and XPS data shows 

Ni(IV) in these two / NiOx phases. Nickel (IV) is considered to be essential for OER activity. 

In the supporting information file, there is an explanation on the importance of Ni(IV) in the 

reaction mechanism of the OER. 



Materials and methods 

Electrocatalyst preparation 

Nickel inserts of 5.00 mm of diameter and 99.0% of purity were made from a Ni rod 

acquired from Godfellow, these inserts were used as substrates for the catalysts (i.e. FeNiOx 

samples).  The Ni insert surfaces were cleaned before electrodeposition. The cleaning procedure 

consisted of polishing with emory paper from high roughness numbers to smaller ones and as the 

last step, 3 m Alumina paste was employed to give a mirror like finishing. After polishing, the 



Ni inserts were degreased by 3 min sonication in the following sequence milli-Q water, acetone, 

isopropanol and milli-Q water.  

The Ni inserts were used as rotating disk electrodes (RDE) to be plated with Ni from a 

Watts bath and doped with iron. The plating solution consisted of Nickel(II) sulfate hexahydrate 

(350 g L-1), Nickel(II) chloride hexahydrate (45 g L-1) and Boric acid (30 g L-1) in milli-Q water. 

Iron(II) sulfate heptahydrate with the concentrations of 0.0 (sample 0), 1.5 mM (sample 1), 8.25 

mM (sample 2), 16.5 mM (sample 3), 90.0 mM (sample 4) and 166.5 mM (sample 5) was added 

in the Watts bath solution.  

The conditions of the plating were a bath temperature of 55 oC, a Ni rod as counter 

electrode (CE), RDE rotation speed of 400 rpm and a current density of -30 mA cm-2 for 20 

minutes. After electrodeposition the RDE samples were stored in ziplock bags purged with 

argon.    

 

OER performance by linear voltammetry (LV) and phase tracking 

Electrochemical tests were done with a Nordic Electrochemistry potentiostat/galvanostat 

model ECi-200 and a custom made Teflon cell31 (including an inbuilt Luggin). A three electrode 

configuration was employed for LV voltammograms. The samples 0 to 5 were the working 

electrodes (WE), a Ni rod was used as CE and a saturated KCl Ag/AgCl electrode as the 

reference electrode (RE). IR drop was corrected by Positive Feedback iR Compensation (only for 

LV and CV). All tests were done at laboratory temperature 25 oC in 1 M NaOH pre-purged with 

oxygen for 20 minutes and continuous bubbling at a lower gas rate. Linear voltammograms were 

obtained by steps of 5 mV held for 1 minute from 470 to 505 mV vs the RE, the RDE was kept 

at 3000 rpm.      



Cyclic voltammetry was used to track the phases of NiOx. The potential range was from 

42 to 500 mV vs the RE, the scan rate was 10 mV s-1 and the RDE was kept at 400 rpm.    

 

Electrochemical impedance spectroscopy (EIS) and Galvanostatic stability (GSS) of the OER 

Impedance spectra were obtained after a stabilization time of 30 s of the potential and the 

RDE was kept at 3000 rpm. The frequency range was from 0.2 to 150 Hz to cover the OER 

region with wave potential amplitude of 5 mV. The measured potential (i.e. Potentio-EIS) was 

such that the current density obtained was in the vicinity of 10 mA cm-2.   GSS was performed in 

sequence after EIS, under current control, where, the current density was held at 10 mA cm-2 for 

20 minutes.   

 

Physical catalyst characterization 

Morphology and elemental composition of the surface of the samples were determined by 

scanning electron microscopy (SEM) employing a Hitachi S-3000N SEM equipped with energy-

dispersive X-ray spectroscopy (EDS) model Thermo Scientific 606K-1SPS. Chemical phases 

were analyzed by by ex-situ Raman spectroscopy of the samples wetted with 1 M NaOH to 

mimic the conditions at open circuit potential. A red Raman laser was used (wavelength 632.817 

nm, HR800), the power was adjusted to 3 mW.     

 

Surface elemental analysis by wet chemistry 

The iron and nickel mass concentration of the samples were determined by titration and 

oxygen by difference. The samples after electrodeposition were dried at 100 oC in air for one 

hour. The electrodeposited thin film was dissolved in aqua regia at 60 oC for 30 min. The 



solution containing the dissolved metals was treated with ammonia to precipitate out the iron. 

The precipitate was separated from the liquid by filtration.  

The precipitate was dissolved in 1 M HCl and pH adjusted by 2 M NaOH to the 1 to 1.5 

range of pH. Na-acetate was added to reach a pH of 2.5. Iron was titrated with Tiron as the color 

indicator and EDTA as the titrant. Ni was titrated with murexid as the color indicator and EDTA 

as the titrant.  

   

Results and discussions 

Tafel plots, phase tracking and operational stability 

The Tafel slope () of the samples 0 to 4 are shown in Fig 1. The slope for the sample 4 

is 68 mV dec-1 and its overpotential at 10 mA cm-2 (10) is 254 mV. This overpotential is close to 

that of the best materials found32 for alkaline OER at 10 mA cm-2.  The overpotential of the 

sample 4 is better than that of the Raney NiOx developed by us20 by about 50 mV.  This result 

supports the working hypothesis that iron doping does improve the energy efficiency of NiOx 

based catalysts for the OER. The linear voltammograms of the control sample (0) and samples 1 

to 3 show that these samples are substantially less active than sample 4. The voltammogram of 

the sample 5 is not included because this sample is too brittle and poorly adhered to the Ni 

substrate. These results made us focus on the sample 4 for the rest of the tests because the other 

samples are poor in terms of OER activity.     

Fig 2 shows the CV of the samples 0 to 4. It can be seen that the sample 4 has a 

substantial increment of the NiOx /phases. These phases are believed to be active for the 

OER. In the supporting information file there is an explanation on the origin of the catalytic 

activity found in the sample 4. The shift of the NiOx redox peaks towards higher values supports 



the presence of a Ni(IV) phase that would make favorable the formation of peroxides and 

superoxides in the sample 4. The substantial increase of the electric current of the NiOx redox 

peaks indicates that a different phase of NiOx is formed, one that kinetically speaking can store 

more electric charge and have a +3 +4 nickel oxidation change in the sample 4. Fig 3 shows 

the operational stability of the sample 4. It can be seen that after 20 minutes, the activity of the 

sample for the OER is essentially the same. This result supports the idea that the reaction 

happening on the sample is only OER as after 20 minutes it should have shown signs of 

deterioration.   

 

Electrochemical impedance spectroscopy 

 The charge transfer resistance (Rct) determined at 10 mA cm-2 for the sample 4 is 1.80  

cm2 and our previous work20 on Raney NiOx yielded 3.28  cm2 at the same conditions. This test 

substantiates that iron doping improves the OER efficiency of NiOx based catalyst. The 

roughness factor determined at 10 mA cm-2 for the sample 4 is 2775, which is bellow to that of 

Raney NiOx
20 of  3041.   

The Bode impedance of the sample 4 (i.e. Fig 4 (b)) and that from Raney NiOx
20 have a 

minimum of the phase(Z) at different frequencies. Raney NiOx
20 minima is at about 10 Hz, 

whereas the sample 4 is at about 2 Hz. This finding suggests that the coverage on sample 4 is 

different than Raney NiOx, meaning that a different reaction mechanism is expected to happen 

on the sample 4. Alternatively, the binding energy of the adsorbed specie on the sample 4 could 

be closer to an intermediate value because of the minima lower frequency (i.e. lower binding 

energy) in the Bode diagram. Intermediate binding energies, between the adsorbed specie and the 

catalyst, are key variables in the design of catalysts. Lower binding energies makes the adsorbate 



more physisorbed like, this is a more reversible reaction, more spontaneous. This result supports 

why the sample 4 is energy efficient towards the OER. 

 

Raman spectroscopy 

As explained in the introduction, we tried to elucidate the origin of the activity found on 

the sample 4. This sample is substantially better that the developed Raney NiOx
20

 by us. In this 

respect, a peak in the Raman spectrum of the sample 4 shown in Fig 5 in the region between 

1000 and 1200 cm-1 was found. This peak is believed to be related to the activity of the sample 4, 

Diaz-Morales17 explains that a peak in the region of 800-1150 cm-1 is considered “active 

oxygen”. Considering this result and those from CV and EIS, it is concluded that iron doping 

improves the OER efficiency of NiOx. 

In addition, the peaks in the Raman shift of 476 and 555 cm-1, are typical of /NiOx. 

The ratio between the intensity of these peaks is believed to be related to the relative composition 

of the -and - phases. The -phase makes stronger bonds because it is a more closely packed 

structure than the disordered - phase and the average valency of nickel is about 3 and 3.7 in the 

-and - phases, respectively. Higher valency promotes water oxidation. In the introduction it 

was explained that the OER mechanism on NiOx is still under debate, however, when comparing 

the Raman spectra from Fig 5 to that of our previous publication20, the /NiOx peaks have 

shifted to lower Raman shift values, this indicates that the composition of the - phase is higher. 

This makes us conclude that the sample 4 has a high concentration of the - phase which makes 

it be highly active for the OER.  

 



Micrographs and elemental analysis by SEM / SEM EDS and wet chemistry 

 The micrographs on Fig 6 show that all the samples 1 to 4 are rough, and samples 1 and 

4. Samples 2 and 3 have about two particle sizes (i.e. bimodal), uniformly distributed. These 

results are in agreement to those found by EIS. The sample 4 has a relatively high roughness 

factor by EIS and its micrograph shows its surface to be rough.     

In our previous work with Raney NiOx
20, a percentage by mass of 7.59% of oxygen was 

present on the surface and the rest was 91.32% of Ni and the difference belonging to aluminum 

and iron (0.40% and 0.68%, respectively). Table 1 shows that in all the samples, the amount of 

oxygen is always smaller than that of iron or nickel. The sample 4 being the one of interest, 

shows a combination of iron to nickel at about 1:2 by mass (SEM EDX spectrum shown in the 

Fig SI2). This result is supported by wet chemistry analysis that roughly yielded a 1:2 ratio, the 

results were 48.56%, 27.01%  for Ni and Fe, respectively, and oxygen by difference at 24.43%.     

 

Conclusions 

We have found that iron doping for NiOx based catalyst can be done electrochemically 

and iron improves the energy efficiency of  NiOx for alkaline OER. The developed sample 4 

shows competitive OER activity similar to those of the best samples found in the field. We 

believe that the origin of the activity found in the sample 4 is related to the concentration of 

active sites that are “active oxygen” and a high concentration of -NiOx.   

Finally, we believe that this research could assist developing better combinations of NiOx 

based catalyst. Iron doping in this material, leaches into the electrolyte during operation. Finding 

new alternatives to synthesize33 this material could make ternary combinations such as Fe, Ni 



and Cr, be stable during electrolytic operation.   In addition, gold as a substrate could improve 

the efficiency of NiOx based catalyst.   
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Figure 1 Tafel plot of the FeNiOx samples 0 to 4 in 1 M NaOH solution. 

 

 

Figure 2 Cyclic Voltammograms of the synthesized NiOx samples. 

 

 



 

Figure 3 Galvanostatic test for 20 minutes of the FeNiOx sample 4 in 1 M NaOH solution. 

 

  

 

Figure 4  Electrochemical impedance spectrum of the FeNiOx sample 4 at 480 mV vs Ag/AgCl 

(10 mA cm-2), symbols as experimental data, solid lines as model fit. Nyquist (a) and Bode 

impedance (b).


 



 

Figure 5 Raman spectra of the sample 4 at open potential. The spectrum was  

measured two times, shown as 1st and 2nd take.  

 

 

 

 

 

 

 



  

  

Figure 6 Surface morphology by SEM for the samples 1 to 4 in order as (a) to (d).    

 

 

 

 

 

 

 

 



Table 1 Ni, Fe and O elemental dispersive analysis of the FeNiOx electrodes.  

Concentration  

by mass (%)  

FeNiOx sample ID  

1  2  3  4  

Fe 7.22 8.32 11.84 33.47 

Ni 91.06 86.96 83.16 63.27 

O 1.72 4.71 4.99 3.38 

  

 

 


