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Abstract 

Atomic layer deposition (ALD) has become a versatile tool in catalysis, allowing for precise 

synthesis of catalysts useful for gaining fundamental understanding of complex systems.  In this 

work, ALD was used to perform surface-directed modification of Ni(OH)2/Ni(OOH) 

electrocatalysts for the oxygen evolution reaction (OER) to elucidate the different roles of iron as 

a surface dopant and as iron distributed throughout the NiOOH structure.  Electrochemical and 
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material characterization of FeOx ALD-modified Ni(OH)2 indicates that iron is deposited on the 

surface of Ni(OH)2 sheets without modifying its bulk properties. Sub-monolayer amounts of iron 

were deposited on the surface of Ni(OH)2 using low cycle numbers of ALD. This surface iron 

results in high OER activity, characteristic of Ni-Fe(OOH) catalysts.  Ni(OH)2/Ni(OOH) 

catalysts modified to incorporate iron throughout the structure were prepared by depositing large 

cycle numbers of FeOx ALD, which results in the deposition of a Fe2O3 overlayer.  Corrosion of 

this Fe2O3 overlayer during electrochemical cycling in alkaline electrolyte leads to the 

incorporation of iron throughout the structure of Ni(OH)2/Ni(OOH) while leaving some Fe at the 

surface.  Incorporation of iron throughout the Ni(OH)2/Ni(OOH) structure was found to increase 

OER geometric activity for thick, high surface area Ni(OH)2/Ni(OOH) catalysts.  Lastly, Ni-

FeOx electrocatalysts synthesized fully by ALD were investigated for the OER; these catalysts 

demonstrated high OER activity and potential for photocatalysis applications.   

 

 

Section 1. Introduction 

 Solar photovoltaic (PV) electricity prices have continued to decrease in recent years.  

According to Lazard’s Levelized Cost of Energy (LCOE) Analysis for the year of 2018, the 

unsubsidized LCOE of utility-scale solar PV has reached $36-$46/MWh,1 directly competing 

with gas combined cycle with an unsubsidized LCOE of $41-$74/MWh.1  Despite major gains in 

the affordability of utility-scale solar PV, complete adoption remains a challenge due to the 

inconsistent production of electricity from solar PV sources.2,3  For this reason, conversion of 

renewable energy into fuels for energy storage via electrochemical conversion is a current 

research challenge aimed at addressing intermittency of renewable energy sources,4–8 including 
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solar PV.   

 Electrochemical water splitting to produce H2 fuel is one of the promising 

electrochemical routes being explored for this application.  However, a major drawback of 

electrochemical water splitting for energy storage is the low cycle efficiency of producing the 

fuel and consuming the fuel to produce electricity.  Current estimates suggest a cycle efficiency 

of 25-45%.4,9  A major loss of efficiency in this strategy is the slow kinetics of the oxygen 

evolution reaction (OER) occurring at the anode in water splitting devices.  Due to the slow 

kinetics, additional overpotential, η, has to be applied to drive the reaction to relevant rates.  

Development of catalysts to reduce the required overpotential therefore continues to be a 

research priority.   

 One of the best class of catalysts for the OER in alkaline electrolyte is based on doped 

nickel hydroxide/oxyhydroxide electrodes (Ni(OH)2/Ni(OOH)).7,10–15  Both states are denoted 

because in the non-charged state, the catalyst exists as a hydroxide, whereas under OER 

conditions, the hydroxide is oxidized to the oxyhydroxide according to the Bode scheme.16–18  It 

is the oxyhydroxide phase which acts as the catalytic material for the OER. 

Ni(OH)2/Ni(OOH) catalysts can be prepared using a variety of synthesis methods to obtain 

Ni(OH)2 directly.  A few common synthesis methods include co-precipitation, homogenous 

precipitation, and anodic/cathodic electrodeposition.19–23  Alternatively, various deposition 

techniques to deposit nickel metal or nickel oxide can be used, followed by subsequent 

conversion to the hydroxide material in alkaline conditions.20,24,25  In this work, the cathodic 

electrodeposition of Ni(OH)2 was employed.   Previous work has shown that cathodic 

electrodeposition of Ni(OH)2 results in the deposition of the α-Ni(OH)2 phase.18,26,27  The α-

Ni(OH)2 phase has a layered structure consisting of 2D nickel hydroxide sheets separated by 
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intercalated water and anions to balance the charge of the 2D sheets.17,18  Under OER conditions, 

α-Ni(OH)2 oxidizes to form γ-Ni(OOH). 

Recent work has demonstrated that dopants in Ni(OH)2/Ni(OOH) catalysts play a crucial 

role in obtaining high activity for the OER.10,25,28–34  Work by Corrigan and by Trotochaud et al. 

demonstrated that iron in particular increases the OER activity by orders of magnitude over an 

iron-free Ni(OH)2/Ni(OOH) catalyst.29,35  Trace iron impurities in potassium hydroxide were 

found to incorporate into Ni(OH)2/Ni(OOH) films, resulting in an anodic shift of the nickel 

redox feature and a substantial increase in OER activity.29,35,36  The concentration of trace 

impurities of iron into the Ni(OH)2/Ni(OOH) film from the electrolyte has been shown to skew 

the effect of other dopants used in this class of catalysts.25,29,33,37   

 The nature of the active site in Ni-Fe(OOH) catalysts has been a topic of debate in recent 

years.  Experimental results have shown that both nickel and iron are required for high 

activity.20,38–40  Density functional theory (DFT) calculations have been used to investigate OER 

mechanisms and OER-active sites in Ni-Fe(OOH) catalysts.25,39,41–46  Several plausible 

mechanisms and active sites have been demonstrated by DFT calculations.  For example, recent 

work by Dionigi et al. demonstrated high activity at oxygen bridged Fe-Ni surface sites through a 

Mars van Krevelen-type mechanism.44  Work by Shin et al. indicated Ni4+ and Fe4+ sites behave 

as co-catalysts in a 6-step mechanism, whereas work by Friebel et al. demonstrated high activity 

at a single iron site situated on the edge of Ni(OOH) sheets, proceeding through a 4-step 

mechanism.39  These works, while exploring different mechanisms and active sites, highlight 

several active site candidates on the surface of Ni-Fe(OOH) catalysts.  Experimental evidence is 

consistent with the OER-active site being located on the surface of Ni-Fe(OOH) and that iron 

plays a vital role in the active site: it has been shown that the presence of iron correlates with 
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faster OER kinetics47 and that incorporation of iron from the electrolyte immediately improves 

OER activity, where iron incorporation occurs from the outside-in.48  However, a limitation of 

these experimental studies is they did not completely decouple the effect of iron on the surface of 

Ni(OOH) from iron incorporated throughout the Ni(OOH) structure, due to the non-selective 

iron incorporation method.   

 In this work, the role of iron on the surface of Ni(OOH), including the Ni(OOH) sheet 

edges and exposed basal planes, was studied using atomic layer deposition (ALD).  ALD is a 

thin film deposition technique which utilizes self-limiting surface reactions to grow films layer-

by-layer.49,50  In ALD, reactant and counter reactant are separated, either spatially or temporally.  

Due to this separation, continuous reaction does not occur. Instead, gas phase-surface reactions 

take place until saturation is achieved resulting in the deposition of up to a monolayer at a time.  

After a saturation coverage of reactant is deposited on the surface, a counter reactant is 

introduced to react with the surface, producing the final material and rejuvenating a reactive 

surface for the next reactant exposure.  ALD allows for precise, uniform and conformal 

deposition of material, with sub-monolayer control over thickness.  In addition, due to the use of 

surface reactions in ALD, ALD depositions are surface sensitive.  ALD can be used to make 

surface modifications, such as decorating the edges of 2D materials51 and selective deposition on 

edge/kink facets of nanoparticles.52–55   

 To better understand the role of iron in Ni(OOH) catalysts, ALD of FeOx is performed on 

electrodeposited Ni(OH)2.  FeOx applied in this way is shown to deposit on the surface of α-

Ni(OH)2, without modifying the bulk properties of α-Ni(OH)2 nor decomposing α-Ni(OH)2 

during the deposition.  Selective deposition of iron at these atomic sites allows for the role of 

surface iron to be deconvoluted from the effect of iron incorporated throughout the 
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Ni(OH)2/Ni(OOH) structure.  It is determined that iron deposited on the surface of Ni(OH)2 

results in high OER activity, characteristic of Ni-Fe(OOH) catalysts.  In addition, the results 

show that iron incorporation throughout the Ni(OH)2/Ni(OOH) structure plays a key role in long-

term stability and geometric activity of thicker, high surface area Ni(OH)2/Ni(OOH) 

electrocatalysts.  Lastly, direct growth of ternary Ni-FeOx by ALD is performed and the material 

is tested for OER activity; the resulting catalyst exhibits high OER activity and stability, making 

it a potentially promising nanocoating for photoanodes.   

 

Section 2. Experimental 

2.1: FeOx Film Deposition by ALD 

 FeOx ALD was performed in a custom-built, perpendicular-flow ALD reactor, which was 

comprised of a showerhead design to introduce reactants over a heated substrate stage.  Nitrogen 

was used as the carrier gas (Praxair, 99.998%) with a flowrate of 100 sccm.  Tert-butyl ferrocene 

(TBF, Strem Chemicals, 98%) was used as the iron organometallic reactant.  A stainless-steel 

sample cylinder (25 mL) equipped with an ALD valve housed the TBF.  The sample cylinder 

was heated to 85oC to obtain sufficient vapor pressure of TBF.  Ozone, used as the counter 

reactant, was generated from oxygen (Praxair, 99.6%) with an IN USA OG 5000 Series ozone 

generator.  Ozone concentrations were maintained between 120-130 g Nm-3.  The substrate stage 

and walls of the reactor were heated to 150oC for all depositions.   

 TBF was dosed into the reactor using the vapor draw method (i.e. no carrier gas flow in 

sample cylinder).  During TBF dosing, the reactor was held static, with nitrogen and pumping 

suspended, and the TBF was allowed to soak in the reactor for 60 s prior to evacuation and 

purge.  After sufficiently purging the TBF from the reactor with a 60 s purge, an ozone dose of 
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25 s was used followed by a 25 s purge.  These deposition conditions resulted in a FeOx growth 

per cycle of 0.75 Å/cycle on a reference Si coupon.   

 

2.2: Ni(OH)2/Ni(OOH) Catalyst Preparation 

 Ni(OH)2/Ni(OOH) catalysts were prepared using a previously reported Ni(OH)2 

electrodeposition27,56 on fluorine-doped tin oxide (FTO) coated glass (Hartford Glass, TEC 8). 

Prior to electrodeposition, FTO was cleaned by sonicating in soap solution, acetone, ethanol, and 

MilliQ water (18 MΩ-cm) for 20 min each.  After sonicating in the various solvents, FTO was 

dried over a stream of dry air or nitrogen and then used without further modification.  For 

Ni(OH)2 electrodeposition, 0.1 M nickel nitrate hexahydrate (Alfa Aesar, 99.9985%) was 

dissolved in MilliQ water (18.2 MΩ-cm) and used as the electrolyte.  Using a two electrode, 

parallel plate electrochemical cell, FTO was used as the electrodeposition substrate and platinum 

served as the counter electrode.  The platinum counter electrode was periodically cleaned in 30% 

nitric acid.  Prior to electrodeposition, the electrolyte was sparged for 30 min with N2.  N2 

sparging was stopped and the electrolyte allowed to settle for 30 s prior to applying a cathodic 

current.  Ni(OH)2 was then electrodeposited on FTO with a constant current density of -0.5 

mA/cm2 for varying amounts of time to obtain different loadings.  Following electrodeposition, 

the freshly deposited films were rinsed with MilliQ water to remove any residual electrolyte 

followed by drying over dry air or nitrogen.  Prior to OER testing, further modification of this 

electrodeposited Ni(OH)2 was performed.  Electrodeposited Ni(OH)2 either was annealed for 1 

hr in vacuum at 150oC to simulate the ALD time and temperature conditions, or was annealed for 

15 min in vacuum at 150oC followed by ALD of FeOx at 150oC.  The processing time for ALD 

of FeOx varied depending on the number of cycles performed, ranging from approximately 15 



 8

min for depositions of less than 5 cycles to 2 hr for 40 cycles.    

 

2.3: ALD of Ni-FeOx Catalysts 

 The ternary deposition of Ni-FeOx was performed using traditional ALD cycles for NiO 

and FeOx. For the NiO ALD chemistry, nickelocene (NiCp2, Strem Chemicals, 99%) and ozone 

were used as reactant and counter reactant.24,25  Nickelocene was heated to 80oC to produce 

sufficient vapor pressure.  For FeOx, TBF and ozone were used as reactant and counter reactant.  

Ozone for both ALD cycles was produced by an IN USA OG 5000 series ozone generator with 

the ozone concentration being maintained at 200 g Nm-3. The sample stage was heated to 250oC 

for the ternary deposition of Ni-FeOx, with the walls maintained at 150oC.  This higher 

deposition temperature was chosen to allow for growth of nickel oxide and iron oxide at a 

common temperature.  A 10s ozone dose was used for both NiO and FeOx ALD cycles, with 

saturating doses of NiCp2 and TBF.  This ozone dose resulted in a growth per cycle of 0.5 

Å/cycle for NiO and 1.0 Å/cycle for FeOx.  ALD of Ni-FeOx was performed using the supercycle 

method.  A supercycle is a larger cycle composed of traditional ALD cycles.  The ratio of ALD 

cycles in a supercycle is chosen to obtain a desired composition, while the total number of 

supercycles performed is selected to obtain the desired thickness.  In this work, the total number 

of individual ALD cycles performed in each supercycle was held constant at 10, and the number 

of NiO to FeOx ALD cycles was varied to change composition.  ALD cycles of NiO in a 

supercycle were performed consecutively followed by the ALD cycles of FeOx.  For example, 

for a ratio of 7 NiO cycles to 3 FeOx cycles, 7 NiO cycles were performed followed by 3 FeOx 

cycles.  The supercycles were then repeated for a total of 10 times.    
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2.4: Electrochemical Measurements 

 Electrochemical measurements were carried out in a 3-electrode compression cell 

fabricated from polytetrafluoroethylene (PTFE),as previously described.24,25  Annealed, 

electrodeposited Ni(OH)2 and FeOx ALD-modified electrodeposited Ni(OH)2, both on FTO-

coated glass, were used as working electrodes. The electrode was separated from the solution by 

an O-ring and only the resulting 0.5 cm2 area of the working electrodes was exposed to the 

electrolyte. A coiled platinum wire was used as a counter electrode, and a Ag/AgCl electrode 

was used as a reference electrode (Accumet, 4M KCl, saturated Ag).  A solution of 0.1M 

TraceSelect KOH (Fluka Analytical TraceSelect, ≥30% diluted with 18.2 MΩ-cm MilliQ water) 

was used as the electrolyte.  According to the manufacturer, this electrolyte contained < 5 ppb 

iron.  N2 (Praxair, 99.998%) was continuously bubbled during experiments using a gas 

dispersion tube.  The reference electrode was calibrated to the reversible hydrogen electrode 

(RHE) for each tested sample.  This calibration was performed using a freshly cleaned platinum 

wire (cleaned by 30% nitric acid) and bubbling ultra-high purity hydrogen gas (Praxair, 

99.999%).   

 Cyclic voltammetry (CV) was performed to measure kinetics for the OER and 

characterize catalyst behavior.  For measuring OER kinetics, a scan rate of 10 mV s-1 was used.  

Electrochemical impedance spectroscopy (EIS) was performed between 100 kHz and 1 Hz to 

determine uncompensated series resistance, RU.  Typical values for RU were 30-45 Ω. 

Electrochemical data was corrected for this measured uncompensated series resistance.  In 

addition, EIS was used to measure double layer capacitance (CDL) of Ni films at 550 mV vs. 

Ag/AgCl reference, a potential above the oxidation of Ni2+/Ni3+.  The experimentally measured 

EIS data was fitted to a modified Randles circuit shown in Figure S1 (see supporting 
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information), which allowed for determination of CDl and RU.   

 The turnover frequency (TOF) was calculated by dividing the oxygen evolution rate by 

the number of electrochemically-active nickel atoms determined by integration of the Ni3+/Ni2+ 

reduction peak.  The oxygen evolution rate was estimated based on experimentally measured 

current density (4 e- per O2) and assuming an OER faradaic efficiency of 100%.  It was assumed 

that each electrochemically-active nickel atom contributed 1 e- to the Ni3+/Ni2+ reduction peak.  

Previous work has shown that this assumption is a lower bound (i.e. >1 e- /Ni atom contributes to 

this feature),57,58 and thus the calculated TOF can be considered a lower bound.  Nickel may not 

be the active site in Ni-Fe(OOH) catalysts; however, the active site should scale with the amount 

of electrochemically-active nickel.  For example, to determine the turnover frequency based on 

an iron active site, the TOF calculated here would need to be multiplied by the ratio of  
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 Electrochemical characterization of annealed Ni(OH)2 and FeOx ALD-modified Ni(OH)2 

was performed using a combination of EIS and CV.  After loading the working electrode into the 

electrochemical cell, EIS was performed at the open circuit potential to determine RU, followed 

by 10-30 CV scans from 0V-0.75V vs. Ag/AgCl for the annealed Ni(OH)2 samples or from 0V-

0.66V vs. Ag/AgCl for FeOx ALD-modified Ni(OH)2 with a scan rate of 10 mV s-1.  Following 

the CV scans, EIS was performed at 550 mV vs. Ag/AgCl to determine CDL.  Subsequently, the 

working electrode was held at 0V vs. Ag/AgCl to reduce nickel back to the 2+ oxidation state for 

1 minute.  Next, the working electrode was removed from the electrochemical cell and rinsed 

with MilliQ water (18.2 MΩ-cm) and dried over dry air or nitrogen.  Ex situ characterizations 

were then performed following the electrochemical experiments.    
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2.5: Film Characterization 

 A PHI VersaProbe V3 X-ray photoelectron spectrometer (XPS) with Al Kα radiation 

(E=1486eV) was used to probe the chemical states of nickel, iron and oxygen. XP spectra were 

shifted with respect to adventitious carbon as a reference, Ebinding= 284.8 eV.  Atomic 

compositions were determined by integration of high-resolution scans of the Ni 2p3/2, Fe 3p and 

O 1s.  While the Fe 2p3/2 is the dominant Fe X-ray photoelectron peak, overlap with nickel Auger 

electrons prohibited its use.  Thicknesses of deposited films on reference Si coupons were 

determined by variable-angle spectroscopic ellipsometry (VASE).  Growth per cycle (GPC) was 

calculated as the total thickness (measured by VASE) divided by the total number of ALD cycles 

performed. 

Electrodeposited Ni(OH)2 on FTO was imaged using an FEI Magellan scanning electron 

microscope (SEM).  Micrographs were collected by a secondary electron detector and an 

incident electron beam energy of 10 keV.   Secondary electrons were detected using the 

instrument’s in-lens detector.  

 

Section 3. Results and Discussion 

3.1: Surface Decoration of Electrodeposited Ni(OH)2 by ALD FeOx  

 Ni(OH)2/Ni(OOH) catalysts were electrodeposited on FTO substrates using the well-

studied cathodic electrodeposition of Ni(OH)2 from 0.1M Ni(NO3)2.18–20,23,26,27,29,56,59  To confirm 

the chemical character of the electrodeposited Ni(OH)2, high resolution scans of the Ni 2p3/2 and 

O 1s photoelectron spectra were collected (see Figure S2).  The high resolution scans agree well 

with previous reports of Ni(OH)2.60,61  In addition, grazing incidence XRD patterns were 

collected after annealing to 150oC and subsequent ALD deposition (See Figure S3).  A broad 
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peak centered at Q=0.8  Å-1  was observed for the annealed Ni(OH)2 film, indicative of the 

disordered α-Ni(OH)2 phase.16–18  The observed stability of the α-Ni(OH)2 phase under the 

annealing conditions agrees well with previous literature reports, which indicate stability up to 

240oC.18,62,63  XRD patterns of FeOx ALD-modified Ni(OH)2 showed no appreciable difference 

compared to the annealed Ni(OH)2, indicating that ALD of FeOx did not result in decomposition 

of the bulk structure, α-Ni(OH)2.   

 To characterize the deposition of FeOx by ALD on electrodeposited Ni(OH)2, high 

resolution scans of the Ni 3p, Fe 3p, Ni 2p3/2 and O 1s photoelectron spectra were collected for 

150oC-annealed Ni(OH)2 and ALD-modified Ni(OH)2, and compared with as-deposited 

Ni(OH)2, as shown in Figure S2.  These scans indicate that nickel remained in the Ni(OH)2 

chemical state after annealing and after FeOx ALD, agreeing well with the analysis of the XRD 

patterns in Figure S3. In Figure 1, the Ni 3p and Fe 3p spectra are shown for increasing numbers 

of ALD cycles performed.  These high resolution scans indicate the uptake of measurable 

amounts of FeOx on Ni(OH)2 following a single ALD cycle.  Increasing the number of ALD 

cycles resulted in increased amounts of FeOx deposited, as expected.  Based on the observed 

steady growth per cycle of FeOx, approximately 1/3 of a monolayer is deposited per ALD 

cycle.64       
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Figure 1: High resolution XPS scans of the Ni 3p and Fe 3p photoelectron peaks for 
increasing numbers of FeOx ALD cycles (0-40) performed on electrodeposited Ni(OH)2 at 
150oC.  The 0 cycles sample represents a 150oC annealed-Ni(OH)2 sample.     
 

The observed stability of α-Ni(OH)2 following FeOx ALD is important in understanding 

the nature of the ALD deposition.  Dehydration of inter-sheet water of the α-Ni(OH)2 phase 

results in the decomposition of the phase.18,62,63  This decomposition occurs when water is 

removed because water is intrinsic to the structure of the α-Ni(OH)2 phase, existing in the inter-

sheet space separating adjacent Ni(OH)2 2D sheets.  For the iron organometallic precursor, TBF, 

to deposit on lattice sites, TBF would need to access the inter-sheet space.  However, we do not 

believe FeOx ALD reaction took place at the lattice sites for the following reason. If the ALD 

precursor were to react with water in the inter-sheet spacing, decomposition of the α-Ni(OH)2 

phase would be expected, resulting in changes to the XRD pattern.  The observed stability of α-

Ni(OH)2 following FeOx deposition (by both XRD and XPS) strongly indicates that TBF did not 

react with water in the inter-sheet spacing. Moreover, we would not expect reaction to occur due 

to steric considerations, i.e. access is restricted due to the bulkiness of TBF and the presence of 
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water in the inter-sheet space. TBF’s smallest dimension is approximately the same length as the 

Ni(OH)2 sheet spacing, and TBF’s smallest dimension is greater than the distance separating the 

Ni(OH)2 sheets and the inter-sheet water.  Thus, we conclude that rather than reacting with 

intersheet water, TBF most likely deposited on the surface of Ni(OH)2.  This conclusion is 

further supported by electrochemical CV data that will be presented in Section 3.2, which 

indicates that nickel redox properties, which are dominated by lattice nickel atoms, were 

unaffected by ALD FeOx.   

 

3.2: Electrochemistry of FeOx ALD-Modified Ni(OH)2: A Model Case for Surface Iron 

 Annealed Ni(OH)2 and FeOx ALD-modified Ni(OH)2 samples were subsequently 

characterized electrochemically by CV in 0.1M TraceSelect KOH (<5 ppb iron).  This electrolyte 

was chosen to limit the effect of trace iron in the electrolyte.  Iron-free electrolyte can be 

obtained by purification with precipitated Ni(OH)2;20,29,36 however, recent reports have indicated 

that electrolytes saturated with nickel cations can hinder OER activity of Ni-Fe(OOH) 

catalysts.65,66  The TraceSelect KOH electrolyte chosen in this study was thus a compromise to 

limit the effect of iron in the electrolyte, without introducing side-effects of saturated nickel 

electrolytes.   

The initial 1st, 2nd, and 10th CV scans for annealed-Ni(OH)2, 1 cycle FeOx ALD-modified 

Ni(OH)2 and 3 cycles FeOx ALD-modified Ni(OH)2 are shown in Figure S4.  Although the 

Ni2+/Ni3+ redox feature (for all three samples) initially appeared as a broad peak at a more anodic 

potential in the 1st scan, it returned to the expected position and shape by the 2nd and subsequent 

scans.  The initial redox behavior was found to be related to heating the Ni(OH)2 to 150oC in 

vacuum, which occurs during annealing and ALD depositions, because non-annealed samples 
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did not experience this initially high anodic redox position but instead resembled the 2nd scan of 

the annealed sample (see Figure S5 for CV behavior of non-annealed Ni(OH)2).  This effect may 

be due to slight dehydration of the as-deposited Ni(OH)2, which has been reported in literature at 

temperatures above 100oC.17 

The 2nd scans for annealed-Ni(OH)2 and for 1- and 3-cycles FeOx ALD-modified 

Ni(OH)2 are shown in Figure 2.  While the Ni2+/Ni3+ redox behavior appeared similar for all 

three samples, the OER behavior was significantly different between the annealed sample and 

the FeOx ALD-modified samples.  The annealed-Ni(OH)2 sample resembled the behavior of 

literature reports of iron-free Ni(OOH), with low OER activity and the appearance of an 

additional oxidation feature at an overpotential of 0.33V (1.56V vs. RHE) for thicker Ni(OH)2 

films (see Figure S6).  In contrast, the 1 cycle FeOx ALD-modified Ni(OH)2 possessed much 

higher OER activity, with onset occurring near an overpotential of 0.25V (1.48V vs. RHE).  

Further increasing the amount of iron deposited on the surface of Ni(OH)2 (3 cycles FeOx ALD-

modified Ni(OH)2) resulted in even more increased OER activity.  Increasing the ALD cycles 

from 1 to 3 cycles resulted in an approximate doubling of the OER current, correlating with the 

amount of additional iron deposited.  Based on this observation, increasing the number of iron 

sites on the surface is the dominant effect driving OER activity.  It is important to note that the 

high OER activity observed with 1 and 3 cycles FeOx ALD was achieved without incorporation 

of iron throughout the structure of Ni(OH)2/Ni(OOH).  As described in Section 3.1, the XPS and 

XRD results, combined with the geometric constraints of the interlayer spacing, strongly indicate 

that the TBF precursor used during FeOx ALD deposits on the surface of Ni(OH)2 and that iron 

is not incorporated throughout the Ni(OH)2/Ni(OOH) structure.  Moreover, the redox behavior in 

Figure 2 provides additional support for this conclusion: if iron were taken up into the lattice 
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sites at a composition of ~1% or greater, the observed nickel redox properties for the 1 and 3 

cycles ALD-modified Ni(OH)2 would not resemble the nickel redox properties of the annealed-

Ni(OH)2 control sample, because it is known from literature that as little as 1-2% iron 

incorporation results in an observable nickel redox shift to more anodic potentials.29  Hence, we 

conclude that iron is not incorporated into lattice sites and that iron at the surfaces and sheet 

edges of Ni(OH)2 has a dramatic effect on OER activity. 

 

Figure 2: The 2nd CV scan of 150oC annealed-Ni(OH)2 and 1- and 3-cycles FeOx ALD-
modified Ni(OH)2 performed at 150oC in 0.1M TraceSelect KOH.  

 

 Continued cycling of the annealed-Ni(OH)2 sample resulted in small improvements in 

OER activity (see Figure S4).  This improvement is attributed to the incorporation of small 

amounts of iron from the electrolyte into surface sites of the catalyst material over time.  

Although iron incorporation from the 0.1M TraceSelect electrolyte did impact OER activity in 

these measurements, the change in OER activity was slow due to the low concentration of iron in 

the electrolyte (<5 ppb iron).  In contrast, continued cycling of the 1 and 3 cycles FeOx ALD-

modified Ni(OH)2 resulted in minor decreases in OER activity within the first 5-25 min of CV 
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cycling.  In addition, the nickel redox feature for 3 cycles FeOx ALD-modified Ni(OH)2 

underwent shifts in anodic potential with increased scan number, an effect which was not 

observed for the annealed Ni(OH)2 control sample.  The anodic shifts in the nickel redox feature 

indicate that iron was being incorporated into lattice sites at concentration levels of at least 1%.29   

A much more subtle shift was also observed for the 1 cycle FeOx ALD-modified Ni(OH)2 

sample. While trace iron present initially in the electrolyte is expected to be incorporated into the 

Ni(OH)2 over time, this incorporation was slow as evidenced by non-observable changes to the 

nickel redox peak position in this same time frame (Figure S4a, scan 2 versus scan 10) for the 

annealed-Ni(OH)2 sample.  The significant anodic shifts in the 3 cycles FeOx ALD-modified 

Ni(OH)2 indicate a greater amount of iron being incorporated into lattice sites.  We thus propose 

that dissolution of ALD deposited surface iron followed by its incorporation into the lattice sites 

explains the observed CV behavior. Loss of iron from the surface into the lattice sites or the 

electrolyte is consistent with the observed decrease in OER activity upon increased cycling.  

After approximately 10-20 CV scans (see Figure S4b) OER activity stabilizes; this stabilization 

in OER activity is attributed to the surface iron approaching an equilibrium with trace iron in the 

electrolyte.   

 In summary, two principal effects by iron were observed. First, the immediate 

observation of high OER activity by Ni(OH)2 catalyst samples for which iron was deposited on 

the surface of Ni(OH)2 indicates that iron on the surface was responsible for the observed high 

OER activity.  The deposition of more iron on the surface (1 cycle vs 3 cycles FeOx ALD) 

resulted in increased activity.  Second, corrosion of this surface iron and subsequent 

incorporation into lattice sites resulted in decreased OER activity. These two observations are 

consistent with iron on the surface being the OER active site.  
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3.3: Effect of Ni(OH)2 Film Thickness on OER Activity 

 While thin films (1-10 ML thick) are important for studying intrinsic activity of OER 

catalysts due to minimizing confounding effects (e.g. conductivity or mass transport),19,25,29 

thicker, high surface area catalysts are more relevant for commercial devices.  For 

Ni(OH)2/Ni(OOH) catalysts, increasing the catalyst thickness effectively increases the surface 

area of the catalysts since the catalysts are so porous.  As a result, thicker films of 

Ni(OH)2/Ni(OOH) are used to obtain the highest OER activity per geometric surface area.  To 

understand the effect of film thickness on observed OER activity, thicker films (up to 80 ML 

thick) were electrochemically deposited and subsequently modified with 1 and 3 cycles of FeOx 

ALD.  Thicker films were deposited by increasing deposition time.  The nickel loading was 

found to increase linearly with Ni(OH)2 deposition time (Figure S7).  SEM images of these 

electrochemically deposited films after electrochemical testing are shown in Figure 3 with 

increasing thicknesses.  In Figure 3a, a blank FTO substrate was imaged, where its topography 

consisted of large smooth grains.  With a 1.6 x 1016 Ni/cm2 loading (Figure 3b), a new texture 

was observed on the FTO grains, attributable to the electrochemically deposited Ni(OH)2.  With 

larger Ni(OH)2 loadings of 4.5 x 1016 Ni/cm2 and 1.06 x 1017 Ni/cm2 (Figure 3c, 3d, 

respectively), the Ni(OH)2 film became visibly thicker with noticably rougher topography and 

higher surface area.   
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Figure 3: SEM images of (a) a bare FTO substrate, and (b-d) varying loadings of 
electrodeposited Ni(OH)2 modified with 3 cycles FeOx ALD following OER characterization, 
(b) 1.6 x 1016 Ni/cm2, (c) 4.5 x 1016 Ni/cm2 and (d) 1.06 x 1017 Ni/cm2.   

 EIS was performed on these films at 0.55 V vs. Ag/AgCl to quantify the double layer 

capacitance (CDL), which is proportional to surface area.  At this potential, the Ni(OH)2 films are 

fully oxidized to the more conductive Ni(OOH) state, allowing for reliable measurement of CDL.  

The CDL was confirmed to linearly increase with nickel loading (Figure S8, validating that 

increased Ni(OH)2 loading resulted in increased surface area.   

The 2nd scan of the CVs performed on these varying thicknesses of 3 cycles FeOx ALD-

modified Ni(OH)2 are shown in Figure 4a.  While higher Ni(OH)2 loadings increased the surface 

area, it is clear that the OER activity did not proportionally increase with surface area.  At 

thicknesses near and above that of the 1.6 x1016 Ni/cm2 sample (approximately 8 ML thick), the 

OER current collapsed onto nearly a single current-potential curve, indicating that not all of the 

added surface area was contributing equally to the OER current.   This result is more clearly 

observed in a TOF vs. thickness plot, shown in Figure 4b.  The TOF, which normalizes the OER 

current to the electrochemically-active surface area, was found to decrease with increasing 

thicknesses for the 3-cycle and 1-cycle FeOx ALD modified samples.  We note that annealed 

Ni(OH)2 catalysts experienced the same phenomena (see Figure S9) of decreasing TOF with 

thickness, indicating that a similar effect was present in that system.  In contrast, films with 

much higher iron incorporation (40 cycles FeOx plus lattice iron incorporation) showed a 
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constant TOF with increasing Ni(OH)2 equivalent thickness (vide infra).  

We consider three possible explanations for the decrease in TOF with increasing 

thickness for the 1- and 3-cycle samples: sub-saturated FeOx ALD, mass transport limitations 

thru the porous catalyst, and poor charge conductivity thru the catalyst film. To probe whether 

saturation of TBF was achieved for thicker Ni(OH)2 films, CV scans were collected as a function 

of TBF exposure and the results are summarized in Figure S10.  The CVs collected for TBF 

exposures ranging from 30 s to 600 s all closely resembled each other, suggesting that saturation 

of TBF was reached by 30 s pulse time.  Hence, we conclude that sub-saturated FeOx ALD does 

not explain the TOF behavior. Regarding mass transport, the results of OER studies at a range of 

overpotentials indicate that mass transport is not limiting in this system, since the thickness 

dependence persists at even low reaction rates (see Figure S11).  That leaves us with the 

hypothesis that low conductivity was the cause of the observed TOF dependence on thickness. 

To assess this explanation, incorporation of iron into lattice sites of Ni(OOH) was explored to 

improve conductivity; these studies will be discussed in Section 3.4.   
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Figure 4: (a) The 2nd CV scans of 3 cycles FeOx ALD-modified Ni(OH)2 for varying Ni(OH)2  
loadings.  While catalyst loading was increased, OER activity did not proportionally increase.  
(b) TOF at η = 300 mV vs. equivalent thickness for 1 and 3 cycles FeOx ALD-modified 
Ni(OH)2 and 40 cycles FeOx ALD-modified Ni(OH)2 following lattice site iron incorporation.  
The TOF for 1 and 3 cycles FeOx ALD-modified Ni(OH)2 was determined from the 2nd CV 
scan.  The TOF for 40 cycles FeOx ALD-modified Ni(OH)2 was determined from the 20th CV 
scan, which allowed for iron to be incorporated into the lattice sites.  Equivalent thickness in 
monolayers (ML) was determined by integration of the nickel reduction peak and the 
assumption of 2 x 1015 Ni/cm2/ML.  Because TBF was allowed to saturate on the Ni(OH)2 
surface during ALD cycle, the amount of Fe deposited per surface area should be constant for 
each data set.   
 

3.4: The Role of Lattice-Iron in High Surface Area Ni(OOH) Catalysts  

 From the experiments performed with 3 cycles of FeOx ALD on Ni(OH)2 described in 

Section 3.2, we concluded that iron can get incorporated throughout the material due to surface 

corrosion of the surface FeOx followed by uptake of the dissolved iron back into the catalyst.  

Because only 3 cycles of ALD FeOx were performed (depositing approximately 1 monolayer 

based on the growth per cycle of 0.75 Å/cycle), only relatively small amounts of iron were 

available to be brought into lattice sites of the material.  To determine if a higher amount of iron 

could be incorporated throughout the Ni(OH)/Ni(OOH) structure from ALD FeOx, excess iron 

was intentionally deposited using 40 ALD cycles.  From XPS spectra of Ni 3p and Fe 3p shown 
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in Figure 1, 40 ALD cycles resulted in attenuation of the Ni 3p photoelectron peak, indicative of 

a thick over layer on top of Ni(OH)2.  In addition, a new peak in the O 1s spectra at 529.8 eV 

was observed (see Figure S12a). This peak was absent for smaller ALD cycle numbers (<5 ALD 

cycles) which possessed only an O 1s peak at 531.7 eV, attributed to a convolution of Ni-OH and 

Fe-OH. The new peak is indicative of Fe2O3.67   

Successive CV scans for the 40 cycles FeOx ALD-modified Ni(OH)2 are shown in Figure 

5.  In the 1st scan, the OER activity was much lower compared to the 1 and 3 cycles FeOx ALD-

modified Ni(OH)2, as seen by the lower measured current density for any given potential in the 

scan.  The lower activity is attributed to the Fe2O3 over layer blocking active sites. In the 1st and 

2nd scan, the nickel redox feature for the 40 cycle FeOx ALD-modified Ni(OH)2 resembles that 

of the samples shown in Figure 2 of annealed-Ni(OH)2 and of 1 and 3 cycles FeOx ALD-

modified Ni(OH)2.  Because the presence of iron throughout Ni(OH)2 would result in an anodic 

shift of the nickel redox feature, the similar nickel redox behavior indicates that the excess iron 

deposited by ALD was deposited on the Ni(OH)2 surface and not throughout Ni(OH)2.  With 

increasing CV scans, the 40 cycle FeOx ALD-modified Ni(OH)2 underwent anodic shifts in the 

nickel redox feature.  These shifts were larger in magnitude compared to the shifts observed for 1 

and 3 cycles FeOx ALD-modified Ni(OH)2 (Figure S4), indicating a greater amount of iron 

incorporation throughout the material for the 40-cycle sample compared to the 1- and 3-cycle 

samples.  Moreover, the nickel reduction peak for the 40-cycle sample broadened with increasing 

CV scans, which suggests that iron incorporation into the lattice sites was inhomogeneous.   

Changes were also observed in the OER activity with increased CV cycling of the 40-

cycle sample. The OER activity in the 2nd scan was improved over the 1st scan, suggesting that 

the ALD Fe2O3 overlayer allowed access to more active sites following a single CV scan.  This 
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observation may be the result of the overlayer forming cracks due to the expansion and 

contraction of the underlying Ni(OH)2 which occurs during CV cycling. In addition, the OER 

activity was found to increase with increasing scans as opposed to the 1 and 3 cycles FeOx ALD-

modified Ni(OH)2 which lost activity.  The increase in activity for the 40-cycle sample is 

attributed to incorporation of iron throughout Ni(OH)2/Ni(OOH), likely resulting in improved 

conductivity thru the catalyst, without sacrificing OER active iron sites on the surface (due to the 

excessive deposition of iron on the surface by ALD).  After approximately 8-10 scans, the OER 

activity stabilized, while small changes in the nickel redox feature continued to be observed, 

indicating that the iron concentration in the Ni(OH)2/Ni(OOH) lattice was continuing to increase.   

After CV characterization, XPS was used to characterize composition of the catalyst 

sample.  XPS performed after 50 CV scans showed that the relative intensity of iron to nickel 

had decreased compared to the starting catalyst (see Figure S12), indicating a decrease in iron at 

the surface.  In addition, the O 1s peak at 529.8 eV attributed to Fe2O3 decreased substantially in 

size, indicating that most of the surface Fe2O3 had corroded following the 1-hr experiment and 

the majority of the remaining iron existed in the Fe-OH state.  In addition, the final composition 

(
��

����	 
) was calculated from the XPS measurements to be 27% iron, near that of the upper 

stability limit of Ni-Fe(OOH) of approximately 25%.39  The loss of Fe2O3 chemical state and the 

relatively high remaining iron composition indicates that the Fe2O3 corrosion resulted in 

incorporation of iron into lattice sites of Ni(OH)2/Ni(OOH), with some potential loss of iron to 

the electrolyte. Due to the surface sensitive nature of XPS, this composition is biased by the 

surface composition and may not reflect the film’s overall composition due to inhomogeneous 

incorporation of iron.   
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Figure 5.  Successive CV scans of 40 cycles FeOx ALD-modified Ni(OH)2 in 0.1M 
TraceSelect KOH.   

 

 While the OER activity of the 1 and 3 cycles FeOx ALD-modified Ni(OH)2 decreased in 

the initial CV scans prior to stabilizing, an effect which was attributed to surface corrosion and 

loss of iron from the surface (Figure S4), the OER activity of the 40 cycle FeOx ALD-modified 

Ni(OH)2 increased in the initial CV scans prior to stabilizing, as seen in Figure 5.  In addition, 

the OER activity for the 40 cycles FeOx ALD-modified Ni(OH)2 stabilized at a higher current 

density compared to samples with lower FeOx ALD cycle numbers.  This higher stabilized OER 

activity appears to originate from having iron present throughout Ni(OOH).   

 OER activity as a function of thickness was measured for the 40 cycle FeOx ALD-

modified Ni(OH)2 (see Figure 4b).  Unlike the 1 and 3 cycles FeOx ALD-modified Ni(OH)2, 

there was no observed thickness dependence on the OER activity after allowing iron to 

incorporate throughout Ni(OH)2/Ni(OOH) (i.e. OER activity increased proportionally with 

surface area).  It is this key difference in thickness dependence which results in the higher 

observed OER activity for the 40 cycle FeOx ALD-modified Ni(OH)2 observed in Figure 5.  Due 
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to the synthesis method for the underlying Ni(OH)2 being the same for 1, 3, and 40 cycles FeOx 

ALD-modified Ni(OH)2, the morphology of these catalysts were similar for a given thickness. 

While morphology was similar across these data sets (1, 3, and 40 cycles FeOx ALD-modified 

Ni(OH)2),  suggesting similar mass transport properties, the conductivity for these catalysts was 

likely dramatically different due to the absence or presence of iron in lattice sites of 

Ni(OH)2/Ni(OOH).  Previous literature reports have shown that iron incorporation into Ni(OOH) 

results in a 30-fold increase in conductivity over that of iron-free Ni(OOH).29  While it is not 

definite, we hypothesize that the thickness-dependence observed for the 1 and 3 cycles FeOx 

ALD-modified Ni(OH)2 (Figure 4b) and annealed Ni(OH)2 (Figure S9) may be partially 

attributable to low conductivity.  In addition, dissolution of iron from the surface may contribute 

to the observed behavior.  Higher iron deposition and incorporation throughout the 

Ni(OH)2/Ni(OOH) structure improved OER stability, as no apparent loss in OER activity was 

observed while cycling the films with iron incorporated throughout.  With iron incorporation 

throughout the Ni(OH)2/Ni(OOH) structure, surface iron dissolution may be opposed by 

redeposition of iron onto the surface from iron originating from non-surface sites or from iron 

dissolved in the electrolyte.  This hypothesis is consistent with recent work by Chung et al. 

which demonstrated the importance of redeposition of iron from the electrolyte to achieve 

dynamic stability.68         

OER stability of the 40 cycle FeOx ALD-modified Ni(OH)2 was assessed with a 2-hr 

stability test, shown in Figure S13.  The catalyst demonstrated little loss in activity after a 2-hr 

chronoamperometry experiment in which the working electrode was held at η = 366 mV, 

agreeing well with previous reports of Ni-Fe(OOH) catalysts.11,12   
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3.5: ALD of Ni-FeOx for OER  

 In this work, the active site motif for the OER was identified as iron on the surface of 

Ni(OOH).  To determine if this active site motif could be obtained by direct ALD synthesis of 

the NiFeO catalyst, deposition of Ni-FeOx by ALD was explored.  ALD Ni0.8Fe0.2Ox was 

deposited using 10 supercycles consisting of 7 NiO ALD cycles followed by 3 FeOx ALD cycles, 

resulting in a thickness of 4 nm.  This targeted composition was chosen due to previous reports 

indicating optimal OER activity near 25% iron.23,39    

 In Figure 6a and b, CV scans of ALD Ni0.8Fe0.2Ox in 0.1M TraceSelect KOH are shown.  

In the first CV scan, the nickel redox feature was small, indicating that the surface initially 

contained very little of the Ni(OH)2 phase.  In Figure 6c, the integrated charge of the nickel 

reduction peak as a function of scan number is shown. Successive scans resulted in an increased 

nickel redox feature, indicating conversion of the as-deposited oxide to hydroxide.  This 

conversion, however, was observed to be very slow with respect to time.  After 12.5-hr of CV 

cycling (290 scans), the size of the nickel reduction peak indicated an equivalent thickness of ~2 

ML of Ni(OH)2.  This conversion to hydroxide was approximately 2-orders of magnitude slower 

than that of previously reported ALD NiO.24  We attribute the decreased rate of converting the 

oxide to the hydroxide in alkaline conditions to the alloying of iron in the nickel oxide.  Similar 

effects were observed in nickel-cobalt oxide, where the mixed metal oxide resulted in slower 

conversion to the hydroxide.69  The slower conversion to hydroxide may be the result of 

differences in atomic arrangement or in atomic bonding resulting in a more energetically stable 

oxide.  Due to the slow conversion of the dense oxide to the hydroxide phase, the surface area of 

the ALD nickel-iron oxide catalyst remains low as only the top few layers of the oxide film is 

converted into the porous Ni(OH)2 phase.  The majority of the film remains as bulk oxide, which 
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is inaccessible to the electrolyte. 
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Figure 6. (a) Successive CV scans of ALD Ni0.8Fe0.2Ox in 0.1M TraceSelect KOH.  Scan 290 
was acquired after ~12.5 hr of CV cycling.  (b) Expanded view of redox feature.  (c) Charge 
passed in Ni3+/Ni2+ reduction peak as a function of scan number (black trace) and current 
density measured at η = 300 mV as a function of scan number (red trace) for continuous CV 
cycling of ALD Ni0.8Fe0.2Ox.   

 

As the oxide was converted to hydroxide, the OER activity proportionally increased as 

shown in Figure 6c, indicating that the OER activity scaled with increasing surface area of 

Ni(OH)2.  A comparison of TOFs based on synthesis method is tabulated in Table 1.  The similar 

TOFs obtained for electrodeposited and ALD catalysts indicates that a similar active site was 

obtained by ALD of Ni-FeOx.   In addition, comparison to a monolayer thick ALD NiOx film25 

measured under similar conditions (i.e. 0.1M Traceselect KOH and 10 hr in electrolyte) resulted 

in much lower activity, indicating that the high activity of ALD Ni-FeOx is not just the result of 

incorporated iron from the electrolyte, but due to the co-deposition of nickel and iron.  The high 

OER TOF of ALD Ni-FeOx combined with its resistance to converting to a porous hydroxide 

film may make it an ideal coating for photoanodes, where a thin protective and catalytically 

active layer is often required for stability while reducing light absorption by the layer.   

Table 1: Tabulated TOF values at η = 300 mV for 
catalysts prepared in this work and previous reports for 
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ALD NiO and electrodeposited Ni-Fe(OOH) catalysts.   

 TOF (s-1) 
η = 300 mV 

40 cycles FeOx ALD-modified 
Ni(OH)2 

0.34 ± 0.06 
 

ALD Ni0.8Fe0.2Ox  0.35 

ALD NiO (Traceselect KOH)25 0.03 

ALD NiO (iron-saturated KOH)25 0.42 ± 0.07 

Electrodeposited Ni-Fe(OOH)19 
 

0.25-0.5 

 

Section 4. Conclusions  

 ALD of FeOx was successfully used to perform surface-directed modification of 

Ni(OH)2/Ni(OOH) catalysts for the OER.  Surface iron was found to be responsible for high 

OER activity without modification of the bulk properties of Ni(OH)2/Ni(OOH).  For sub-

monolayer amounts of iron deposited on Ni(OH)2 (e.g. 1 and 3 cycles FeOx), surface iron was 

found to experience corrosion, leadings to decreased OER activity in the initial CV scans prior to 

stabilizing.  By depositing excessive amounts of iron (e.g. 40 cycles FeOx), this initial loss of 

activity was fully mitigated. Moreover, with the deposition of excessive amounts of iron, iron 

corrosion resulted in incorporation of iron throughout Ni(OH)2. Incorporation of iron into lattice 

sites was found to increase geometric activity for the OER in thicker, high surface area 

Ni(OH)2/Ni(OOH), potentially the result of increased conductivity.  Lastly, Ni-FeOx catalysts 

fully prepared by ALD were shown to possess high OER TOF and slow conversion to porous 

hydroxide films.  These properties of ALD Ni-FeOx make it an appealing nanocoating for 

photoanodes, in which the underlying photo absorber requires a protective, incapsulating layer 

for protection from the electrolyte.   
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