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deposition, during the oxygen evolution reaction upon water splitting
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Nickel oxyhydroxide nanolayers were synthesized on the surface of nickel foam and single crystalline silicon through Successive Ionic Layer

Deposition (SILD) method by using aqueous solutions NiSO4 and K2S2O8. The obtained nanolayers were characterized by SEM, XRD, FTIR

and XPS spectroscopy. The electrochemical properties of the electrodes were defined from polarization curves. SEM images revealed that

nanolayers are formed by nanosheets with a thickness of 6 – 10 nm. The nanolayers were shown to exhibit electrocatalytic properties during

the oxygen evolution reaction upon water splitting in the alkaline medium. By setting the number of SILD cycles, these properties can be

changed precisely. For a number of samples, synthesized after 30 – 120 SILD cycles, it was found that in the oxygen evolution reaction the

lowest overpotential value of 260 mV and the lowest Tafel slope of 54 mV/dec are achieved for the sample, synthesized after 90 SILD cycles.
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1. Introduction

One of the practical approaches to hydrogen production is the splitting of water. Recently it has grown in
importance due to the development of new methods for energy conservation, including renewable ones. The
method of energy conservation during electrolytic water splitting allows working the problems of cyclicity and
instability of energy receiving in solar and wind power areas as well as those of free capacity use during periods of
no peak hours, for instance, in the nuclear power field. One of the significant features of the energy conversion is
its environmental friendliness, since this process only requires water and electricity. Today it is important to reduce
energy consumption for water electrolysis in such devices through overpotential reduction on the electrodes which
is caused by using specific electrocatalysts. Even having been developing for more than 40 years, the history of
these electrocatalysts has recently gained interest due to production of new electrocatalysts, composed of generally
available transition metals such as Ni, Co and Fe [1–3]. It was mentioned [4] that catalysts based on nickel oxides
or hydroxides, exhibiting high stability to oxidation in alkaline medium, are among the best.

Taking into account the practical importance of challenges to synthesize electrocatalysts, to date, a variety of
methods of preparative inorganic chemistry has been used. The methods had been previously tested by producing
a wide range of other metal-oxygen compounds. Such methods include, for example, sol-gel [5], hydrothermal [6],
coprecipitation [7], electrochemical [8] etc.

Meanwhile, analysis of the literature reveals that there are few works describing Layer-by-Layer (LbL) syn-
thesis as method to obtain such electrocatalysts. These include, for example, the works, devoted to the synthesis
of electrocatalytic layers IrO2 [9] and Co3O4 [10]. This method of synthesis based on a successive and multiple
treatments of substrate in salt or colloidal solutions and polyelectrolytes, forming an insoluble nanolayers of new
compound upon interaction at the surface. The SILD method is one of LbL synthesis methods without the using
of polyelectrolite solutions. We believe there are particular advantages in using SILD synthesis to create highly
efficient electrocatalysts: the possibility to deposit nanolayers with a precisely defined thickness onto the surface
of the electrodes of complex shape, producing such nanolayers under ”soft chemistry” conditions almost at room
temperature, the use of diluted and available metal salts solutions in synthesis, etc. These features of the SILD syn-
thesis had defined its efficiency, for example, when creating new supercapacitor electrodes [11], superparamagnetic
materials [12], sensors active elements [13], etc.

The purpose of this work is to study the electrocatalytic properties of γ-NiOOH nanolayers, synthesized by
SILD method using the previously proposed synthesis scheme with salts NiSO4 and K2S2O8 [14], for the oxygen
evolution reaction upon water splitting in the alkaline KOH solution.
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2. Experimental methods

Nickel foam plates by AO (JSC) “ECAT” with a porosity of 80 PPI and a size of approximately 5×25 mm,
pressed to 0.25 mm, as well as plates of single crystalline silicon with orientation of 〈100〉 and a size of approx-
imately 0.35×10×25 mm were used as substrates for synthesis of nanolayers. Before the synthesis, nickel foam
substrates had been treated according to the method [15], namely in acetone using ultrasonication for 30 minutes
and then in 6 M HCl solution for 15 minutes to remove the oxide layer. Further, the substrates were washed with
deionized water three times and air-dried at 70◦C for 30 minutes. Single crystalline silicon wafers were washed in
acetone to remove the organic impurities and etched in concentrated HF for 15 minutes, then washed in distilled
water multiple times to remove the acid excess. After that they were treated for 20 minutes in the diluted KOH
solution with pH∼9,0.

The synthesis of nanolayers was conducted using SILD method, utilizing NiSO4 solution as the precursor
with a concentration of 0.01 M and the equilibrium pH value as well as K2S2O8 solution with a concentration of
0.01 M and pH=10.5, achieved by adding 0.5 M aq. KOH to the K2S2O8 solution dropwise. During the synthesis,
the substrates were fixed in a holder of a special automated setup and successively immersed for 30 seconds in
chemical vessels with NiSO4 solution, distilled water, K2S2O8 solution and distilled water again. Such treatment
constituted one SILD cycle, which has been repeated several times.

XRD patterns were obtained using a Rigaku Miniflex II X-ray diffractometer with Cu Kα radiation (λ=
0.154056 nm). The morphology and composition of synthesized films was investigated by SEM at accelerating
voltage 4 kV on Zeiss Merlin microscope and EDX used detector Oxford INCAx-act. FTIR transmission spectra of
synthesized films on silicon surface were registered by FCM-2201 spectrophotometer using differential technique
with respect to spectra of bare silicon plate. X-ray photoelectron spectroscopy (XPS) was obtained used ESCALAB
250Xi electron spectrometer, with Al Kα radiation (14.866 eV)

Electrocatalytic characteristics of electrodes for oxygen evolution reaction were recorded using potentiostat
Elins P-45X and a three-electrode cell, where an electrode based on the pressed nickel foam with an electroactive
substance, deposited via SILD method, and electroactive area of 0.5 cm2 was used as a working one. The
Ag/AgCl electrode and a platinum foil were used as reference electrode and counter electrode, respectively.
Overpotentials, recorded in this study, were calibrated for a reversible hydrogen electrode (ERHE) according to the
Nernst equation ERHE = Eo

Ag/AgCl+0.059·pH+EAg/AgCl, where Eo
Ag/AgCl is a standard potential for the Ag/AgCl

electrode (0.197 mV), and EAg/AgClis the potential for the Ag/AgCl electrode, obtained in the measurement. All
the measurements have been carried out at room temperature and atmospheric pressure in 1 M aq. KOH (pH=14)
solution as electrolyte. Polarization curves were usually shot at scan rate of 5 mV/sec. Overpotential (η) was
determined from the polarization curve, obtained through linear potential sweep with IR compensation, as the
difference between the recorded potential (at a current density of 10 mA/cm2) and water splitting potential for the
reversible hydrogen electrode of 1.23 V.

3. Results

As shown in the electron micrograph (Fig. 1), in the composition of the nanolayers, synthesized after 50
SILD cycles, it is possible to separate individual flat nanocrystals approximately 6 – 10 nm thick, oriented mainly
perpendicular to the surface of the substrate. We assume that the appearance of such mainly oriented nanocrystals
on the surface is a proof of the previously established model of their growth [16], which is based on the idea of
the formation of the 2D NiOOH nanocrystals arranged in the same plane on the surface after the first SILD cycles.
These nanocrystals possess the morphology of nanosheets that, as the number of SILD cycles increases, change
their planar geometry due to the repulsive interaction of areas of equal charge. These equally charged nanosheets
appear on the surface in each SILD cycle at the stages of treatment in salt solutions, when the adsorption of, for
instance, cations Ni2+ appears on the surface.

Figure 2 shows an X-ray diffraction pattern, where the peaks at 22.4, 44.6, 50.3◦ are to be noted, and which,
according to JCPDS 06-0075, can be attributed to the crystal planes (003), (102) and (105) of γ-NiOOH with
hexagonal crystal structure; as well as peaks at 22.4, 40.1, 43.3, 72.4 and 78.5◦ that, according to JCPDS 06-0144,
are related to Ni3O2(OH)4 planes (003), (100), (006), (110) and (114) and have the hexagonal structure too. It can
be noticed that in the latter compound some of the Ni cations have the oxidation state of 2+. Unfortunately, it is
impossible to determine the percentage of each compound from the X-ray diffraction pattern because of the width
of the observed peaks, which is related to the nanosize of such crystals. However, we can state that the synthesis
results in the formation of γ-NiOOH nanocrystals on the substrate surface. After being in air for several days these
nanocrystals partly transform in Ni3O2(OH)4 nanocrystals. This effect can be noted visually by observing that the
color of the as-prepared synthesized samples changes and becomes lighter after drying and storage on air. At the
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FIG. 1. The SEM micrograph of the nanolayer synthesized after 50 SILD cycles

FIG. 2. X-ray diffraction pattern of the nanolayer synthesized after 50 SILD cycles

same time, we cannot exclude the incomplete oxidation of Ni2+ cations during the sample treatment in K2S2O8

solution because the reaction proceeds in alkaline medium, where, in the first place, the hydrolysis of cations is
to be seen and only after that - their oxidation. We assume that the bi-phase composition of the investigated
nanolayers has no effect on the electrocatalytic properties of such nanolayers because in the OER the nanolayers
of the electrocatalyst is on the anode’s surface, and under electrolysis conditions the positive voltage is applied
on that nanolayers. The voltage is higher than the oxidation potential Ni2+ → Ni3+, due to which all Ni2+ ions
become Ni3+ ions and it is γ-NiOOH that is involved in the electrocatalysis.

The study of the nanolayers by FTIR spectroscopy revealed a spectrum, shown in Fig. 3. The spectrum
happens to be similar to the spectrum, recorded in [14]. As can be seen from the Fig. 3, the composition of
the nanolayers includes water molecules, corresponding to absorption bands with peaks at 3440 cm−1 and 1640
cm−1. According to [17], bands with peaks at 1470 and 1383 cm−1 can be attributed to carbon-oxygen stretching
vibrations in CO2−

3 anions, which apparently appeared on the surface due to the adsorption of CO2 molecules
upon sample contact with the atmosphere. We can also mention an adsorption band with peak at 1083 cm−1,
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FIG. 3. FTIR transmittance spectrum of nanolayer synthesized on the silicon surface after 50
SILD cycles

corresponding to S-O stretching vibrations in sulfate anions [17], remained apparently in the nanolayers after the
synthesis that involved the above mentioned reagent solutions. A band with peak at 570 cm−1 can be attributed to
Ni3+-O stretching vibrations in γ-NiOOH, and a band with peak at 420 cm−1 – to Ni2+-O stretching vibrations in
Ni3O2(OH)4 [18–20].

FIG. 4. X-ray photoelectron spectra of Ni 2p and O 1s electrons of the nanolayer, synthesized
on the silicon surface after 50 SILD cycles

Figure 4 shows X-ray photoelectron spectra in the energy range typical for Ni 2p and O 1s electrons. Broad
peaks at 855.3 eV and 860.8 eV can be attributed, similar to work [21], to the signals from Ni 2p3/2 and 2p1/2
electrons in the oxidation states of 3+ and 2+. The peaks at 531.0 eV and 532.5 eV can be attributed to the signals
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from 1s electrons of O atoms in Ni-OH and to those from adsorbed H2O, respectively [22]. When analysing XPS
results, indicating the presence of Ni of two oxidation states in the nanolayers, it should be taken into account that
Ni3+ hydroperoxides are partly unstable after being kept in air for several days, as noted in [23].

FIG. 5. LSV curve of the nickel foam electrode with nanolayer synthesized after 90 SILD cycles

FIG. 6. Tafel plot of the nickel foam electrode with nanolayer synthesized after 90 SILD cycles

As an example of the results obtained experimentally from the studying of electrocatalytic properties of obtain
nanolayers. Fig. 5. shows the change of current density vs. overpotential for the electrode based on nickel foam and
nanolayer, synthesized after 90 SILD cycles. From the figure can be observed that overpotential value at a current
density of 10 mA/cm2 is 260 mV. An important parameter characterising the microkinetics of catalytic processes
in OER is the Tafel slope, which can be measured as the current density logarithm versus overpotential. The
calculation of Tafel slope for this sample from the data obtained allowed finding its value, which was 54 mV/dec
(Fig. 6).

The analysis of overpotential and Tafel slope values has been carried out for a series of electrocatalysts samples
synthesized after various number of SILD cycles. The results of the analysis are presented in Table 1. The table
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shows that as the number of SILD cycles increases, overpotential and Tafel slope values decrease, however after
120 SILD cycles they increase insignificantly. That allowed us to choose an electrocatalyst nanolayer, synthesized
after 90 SILD cycles, as the one with the optimal properties. This effect of the properties’ change in a series of
similar samples, synthesized after various number of SILD cycles, is apparently due to the fact that as the number
of SILD cycles increases, the number of nanocrystals of the catalytically active species on the surface of nickel
foam increases as well. However, after 90 treatment cycles the nanolayers have relatively high electrical resistivity,
which leads to the increase of overpotential and Tafel slope values.

In general, it should be mentioned that the obtained results are close, and in some cases even superior, to
the electrocatalytic characteristics of similar materials, synthesized by other methods [24–26]. We can assume
that this is due to the unique morphological features of the obtained γ-NiOOH nanocrystals and to the presence
of pores between them that contribute to the more effective removal of oxygen bubbles in that electrochemical
process. The similar assumption has been made in the work [27] that studied electrocatalytic properties of Ni/Sn
layers. An important feature of the proposed synthesis method of the electrocatalytic material is the possibility to
set the conditions of the synthesis precisely. For instance, by setting the number of SILD cycles and therefore by
obtaining a series of similar samples of electrocatalysts, among which we can choose the samples with optimal
electrochemical characteristics. Undoubtedly, the properties of such materials can be further improved, particularly,
by doping the nanolayers with various electrocatalytically active metals. However, this subject is beyond the scope
of this article.

TABLE 1. A comparison of overpotential and Tafel slope values for nickel foam-based electrodes
and nickel oxyhydroxides nanolayers synthesized after different number of SILD cycles

Number of SILD
Overpotential, mV

Tafel slope, mV/dec
at current density 10 mA/cm2

30 305 63

60 293 60

90 260 54

120 278 56

4. Conclusion

The treatment of nickel foam according to SILD method by NiSO4 and K2S2O8 solutions with the equilibrium
pH value and pH = 10.5, respectively, allows synthesis a nanolayers of nickel oxyhydroxides on the surface of
nickel foam. The nanolayers contains γ-NiOOH and Ni3O2(OH)4 nanocrystals with nanosheet morphology, the
sheets are 6 – 10 nm thick and are oriented mainly perpendicular to the substrate surface. The nanolayers shows
electrocatalytic properties during the oxygen evolution reaction upon water splitting in the alkaline medium, which
can be changed precisely by setting synthesis conditions, namely, the number of SILD cycles. For a number of
samples, synthesized after 30 – 120 SILD cycles, it was found experimentally that in the oxygen evolution reaction
the minimum overpotential value of 260 mV and the minimum value of Tafel slope of 54 mV/dec are achieved for
the sample, synthesized after 90 SILD cycles.
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