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Abstract 

An Electrochemical Treatment for Improving the Activity of Nickel and Other Metals for the 

Hydrogen Evolution and Other Reactions  

 

Andrew R.T. Morrison, Ph.D. 

Concordia University, 2015 

The electrolysis of water to produce hydrogen gas may form an important part of the world’s 

future economy as a way to store the energy for sustainable sources for later use. Part of what 

will determine if this use is practical is the efficiency of the catalysts used for the two half 

reactions that make up the electrolysis reaction. Presently in industry the cathodic reaction, the 

hydrogen evolution reaction (HER), is catalysed by nickel most commonly. Thus, there is a 

motivation to increase the activity of nickel toward the HER. Traditionally this was done by 

creating a high specific surface area or by increasing the intrinsic activity of nickel through 

alloying with other metals. Recently the importance using bifunctional catalysts for the HER was 

seen, this opened up a new line of investigation for methods to increase the activity of nickel 

HER catalysts. In this work a novel procedure to modify a nickel surface into highly active 

bifunctional catalyst is presented. The method is an electrochemical treatment that works by 

applying an alternating voltage to the nickel surface in a mildly acidic environment that causes it 

to oxidize in a manner similar to platinum. The platinum-like oxidation of the surface yields the 

Ni(OH)x structure (with x=0-2 across the surface), and allows a way to side step the problem of 

clumping of phases which is seen in bifunctional catalysts. The surface created by the treatment 

not only catalyses the HER, but also the urea electrooxidation, among other reactions. In this 

thesis the treated nickel surface is characterized and shown to be a highly active stable 

bifunctional catalyst, when the optimal parameters for the treatment are used. The 

characterization also shows that treated surfaces conform to the expectations of the novel 

Ni(OH)x structure. The treated surface is also seen to be active toward urea electrooxidation, but 

for slightly different parameters than the optimal parameters for a HER catalyst. Several practical 

elements of implementing the treatment in an industrial setting are dealt with. Finally, after 

concluding remarks, several new lines of enquiry that have been opened by this novel technique 

are briefly discussed.  
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1 

 

1 Introduction 

Electrocatalysts are important in several areas of research and industry. Electrochemical 

reactions are comprised of two half reactions, each reaction occurs on one of the two electrodes. 

The surface of these electrodes is actually the electrocatalyst for the respective half-reaction that 

occurs on it. Having an active electrocatalyst (electrode) for a half-reaction can be important for 

maximising a signal from an electrochemical sensor [1]. More obviously, active catalysts are 

important for saving energy. Energy savings by active catalysts are important in fuel cells [2], 

batteries [3], waste water treatment [4], and the device that will be discussed here, water 

electrolysers [5]. 

Water electrolysers are electrochemical devices that use electricity to generate hydrogen gas on 

the cathode, and some other product on the anode (oxygen, chlorine, etc.). Water electrolysis can 

be thought of as a way to store energy. Electricity can be converted to hydrogen gas and then 

back to electricity again through a fuel cell. The ability to store energy efficiently is actually of 

an important concern to the world. This is because of the need to transition the energy economy 

away from fossil fuels to a renewables based economy [6, 7]. The generation of energy from 

renewables is often more periodic (e.g. solar cells, wind turbines, tidal farms) than traditional 

power sources, so there is a need to make hay while the sun shines, and store energy for when it 

is required. Water electrolysers may play a large role in the future green energy economy in this 

capacity [8]. However, challenges must be overcome to make them more efficient at cost 

effective prices first [6]. 

A major challenge facing electrolysers is developing better noble metal free catalysts for both the 

anodic reaction and the cathodic reaction [6]. The performance of a water electrolyser catalyst 

depends on the type of water electrolyser, but the most common water electrolyser is the alkaline 

water electrolyser [9]. For this type of electrolyser the most often used material for both 

electrodes is nickel [5, 10]. Generally speaking the oxygen evolution is harder to catalyse than 

the hydrogen evolution reaction (HER) [5]. However, some non-traditional anode reactions are 

possible in the context of alkaline water electrolysers. For example, using the urea oxidization 

instead can both increase the efficiency of alkaline water electrolysers and give a use for the 

common pollutant urea, and nickel is again an active catalyst for this reaction.  
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All of this motivates research into Ni as a catalyst for these reactions. In addition to this, alkaline 

water electrolysers are already being used on an industrial scale [9, 11, 12]. This makes the 

appeal of finding better Ni electrolysis catalysts not only a matter of some-day, but also of today, 

because there are real applications that motivate their study.  

In this thesis, following some background information, a literature review of nickel hydrogen 

evolution catalysts is presented. For the main work, an electrochemical treatment that increases 

the activity of catalysts through a unique process is described and investigated. The use of the 

treatment is seen to be more widely applicable than only for HER, and indeed other reactions, 

such as the urea oxidation, are also catalysed. 
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2 Background 

2.1 Tafel Equation 

If one had to pick an aspect of electrochemical reactions that makes them particularly interesting 

compared to other reactions, the obvious answer is that they have an extra control parameter: the 

electrode potential, which allows the manipulation of the reaction rate. The Tafel equation is a 

way to describe the relationship between the potential and the rate of an electrochemical 

(electrical current) reaction. The Tafel equation is written [13, 14]: 

𝜂 = 𝑏 log
𝑗

𝑗0
, (2.1) 

with  being the overpotential, which is the difference between the potential of the electrode (V) 

and the equilibrium potential Veq of the electrode. Veq of a reaction is the potential at which the 

electrochemical reaction does not proceed in either the forward or reverse direction in net. This is 

a dynamic equilibrium and both directions of an electrochemical reaction are always occurring. 

More precisely, the equilibrium potential is the potential at which the reaction rates in both 

directions cancel out. 

The variables b and j0 are called the Tafel parameters. b is the Tafel slope, it is a measure of how 

much a change in the voltage will change the current. j0 is the exchange current density. It is the 

amount of current that would flow at Veq in the hypothetical of eliminating the reverse reaction. 

Taken together, these parameters are often used as a short hand for the activity an electrocatalyst 

has for a given reaction. If one desires the reaction to go faster, a higher j0, and a lower b are 

desired.  

The Tafel equation is only true for high current densities or high overpotentials (because the 

Tafel equation is a simplification of the Butler-Volmer equation that eliminates negligible terms 

[13, 14]). This is not the only limitation of the Tafel equation. At high currents the solution 

resistance and mass transport limitation become significant, both of which are not modeled in the 

Tafel equation. This leaves a region between high and low overpotentials where the Tafel 

equation is accurate (sometimes called the Tafel region).  
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In the literature the Tafel Equation is also widely used in situations where competing or coupled 

reactions (electrochemical or not) take place. Strictly speaking, the Tafel equation would not be 

valid in such cases. However, its use is standard, as it allows a first overview of the activity of a 

given electrode, thorough the two simple parameters j0 and b.  

2.2 Electrochemically Active Surface Area 

In the fundamentals laws of electrochemistry the relevant quantity is current density (current 

normalized by surface area). However, the quantity accessible to measurement is the current. It 

immediately raises the question of how to measure the surface area. How surface area is 

measured is often dependant on the context. The context in this case is electrochemistry. 

Electrochemically active surface area is the surface area available for electrochemical reactions. 

The concept is fuzzy to a certain extent because it does depend on the reaction under study. It is 

probably best to think of this value as a measure of the number of active sites a surface contains 

(although expressed as an area). This value is usually determined through electrochemical 

means, by the deposition and removal of a mono-layer of some substance (e.g Ni(OH)2 [15] or 

Hads [16]) or by trying to measure of the double-layer capacitance that exists between the 

electrode and the bulk electrolyte [17].  

 

2.3 Hydrogen Evolution 

The hydrogen evolution reaction is the cathodic half reaction of water electrolysis.  

2H2O + 2e- → H2 +2OH
-
(aq). E

0 
= 0 V[18] (2.2) 

The standard presentation of the HER has it happen in two steps. In the first step, hydrogen is 

adsorbed onto the surface of the electrode. The second is the desorption step, where the adsorbed 

hydrogen is released from the surface in the form of molecular hydrogen (H2). The adsorption 

proceeds through what is known as the Volmer reaction, which in alkaline solution is  

H2O + e- → Hads +OH
-
(aq). (2.3) 
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It is the water splitting step, splitting a molecule of water into an adsorbed hydrogen and a 

hydroxide ion. The next step proceeds via either the Heyrovsky reaction (also called 

electrochemical desorption) in alkaline solution: 

Hads + H2O(aq) + e
-
 → H2,ads +OH

-
(aq) , (2.4) 

or the Tafel reaction: 

2Hads → H2,ads. (2.5) 

Whether or not the desorption process is dominated by (2.4) or (2.5) depends on the surface 

concentration of adsorbed hydrogen, with high concentrations being dominated by the Tafel 

reaction, though any of the three steps could be rate limiting. 

2.4 Nickel Electrochemistry 

For discussing the electrochemistry of nickel two cases are distinguished here: the cases of 

alkaline and weakly acidic solutions. This is followed by comments on the initial surface 

structures of Ni(OH)2. Finally some general information about working with nickel is given. 
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2.4.1 Alkaline Solutions 

 

Figure 2.1: The (Cyclic voltammogram) CVs a nickel electrode in 1 M KOH. The main figure, a, shows three ranges of 

CVs, -1.66 V to -0.96 V, -1.66 V to -0.51 V and -1.25 V to 0.14 V al at 50 mV/s. The inset b shows a magnification of the 

anodic region, for a scan done at 10 mV/s to more clearly show II and V. The inset c shows a magnification of the same 

region as b, but after the electrode has been cycled past peaks VI and VII. 

A CV of nickel in alkaline solutions is shown in Figure 2.1. The HER occurs at very cathodic 

potentials (region I, cathodic of −1.47 V vs MSE). The surface of the electrode is metallic nickel 

in this potential range. When the potential is scanned in the anodic direction, the surface is 

converted into α−Ni(OH)2 through peak II, which is a reaction with the OH
-
 ions: 

𝑁𝑖 + 2𝑂𝐻− ⇆ 𝛼 − 𝑁𝑖(𝑂𝐻)2 + 2𝑒− . E
0
=-0.72 V [18] (2.6) 

If the potential is inverted at a value cathodic of region IV (starting at about −0.96 V vs MSE) 

the reverse of reaction (2.5) can be seen in peak III. Since α−Ni(OH)2 is easily reducible (2.5) 

will reverse completely in this case [15]. If instead the potential is raised into region IV the 

surface starts to convert to β−Ni(OH)2: 

𝛼 − 𝑁𝑖(𝑂𝐻)2 → 𝛽 − 𝑁𝑖(𝑂𝐻)2 . (2.7) 

The difference between the alpha and the beta forms of nickel hydroxide is that the alpha is more 

commonly amorphous, and when crystalline its layers are less densely packed and have 
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intercalated ions [19-22]. In fact, the dichotomy between these two forms of Ni(OH)2 is a 

simplification, as forms that are neither are known [21]. Even if the dichotomy is false, it is still a 

widely used and useful classification. The conversion from the alpha form to the beta form 

occurs through a dissolution-redeposition process in alkaline media [19, 21] (note the lack of 

charge in the equation and corresponding current wave as this is a not an electrochemical 

process). In mildly alkaline to neutral solutions the aging still occurs, but through a topotactic 

anion leaching mechanism (the intercalated ions leaching out) [19, 20].  

From region IV, if the potential is returned to the cathodic condition it started in, peak III can 

still be apparent. However, it is less distinct, having shifted cathodically and merged partly with 

the HER current. This is because β-Ni(OH)2 is harder to reduce than α-Ni(OH)2 [15, 23]. In fact, 

traces of β-Ni(OH)2 are found on electrodes even after hours of reduction at highly cathodic 

potentials [24, 25]. The β-Ni(OH)2 on the surface can also catalyse the hydrogen evolution [23], 

for reasons that are explained in section 3.4. The addition of β-Ni(OH)2 to the surface also 

introduces peak V, which is associated with the hydrogen desorption [23].  

Anodic of region IV is peak VI, and its inverse VII. These correspond to the oxidation of nickel 

hydroxide to nickel oxyhydroxide: 

𝛽 − 𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻− ⇆ 𝛽 −  𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒−  E
0
=0.49 V [26] (2.8) 

Similar to Ni(OH)2 there are two different forms of NiOOH:  β and γ. The γ phase will form at 

higher potentials (called “overcharging”) [27]. It has higher spacing between layers and 

incorporates water coordinated with positive ions from the solution between the layers [27]. 

There are suggestions that α-Ni(OH)2 oxidizes directly to the gamma form (because they are 

both the more disperse forms) [27, 28], but commonly one has to admit that the oxidation path of 

α-Ni(OH)2 is still unknown [29]. It is however known that β-NiOOH only reduces into β-

Ni(OH)2 [29] (peak VII). This is why cycling over peaks VI and VII will produce a thick layer of 

β-Ni(OH)2  [29, 30] with a NiO underlayer [29]. 

The final feature on the CV of the nickel electrode in alkaline solutions is region VIII, which is 

the Oxygen Evolution Reaction (OER) region. The OER is an electrochemical half-reaction that 

often makes up the other half of an alkaline electrolysis cell (opposite the HER). In alkaline 

solutions it combines OH
-
 ions into H2O and O2. 
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After cycling the electrode from peaks VI and VII back to peaks II and III a large difference is 

seen. Peak II and peak V are no longer visible. In their place there appears a wide peak that is a 

combination of H-desorption and oxidation of the surface. Also, the activity of the electrode for 

the HER is seen to be reduced in the CV. These changes are a result of the entire surface 

becoming the slowly reducible β-Ni(OH)2. 

2.4.2 Weakly Acidic Solutions 

 

Figure 2.2 A CV from -0.93 V to -0.18 V at 50 mV/s in pH 2.8 sulfuric acid. The CV shows the principle reactions of 

concern here. Different inversion potentials and scan speeds would also include the OER, transpassive nickel dissolution 

to anodic potentials and Ni deposition and the HER to cathodic potentials.  

In acidic conditions the oxidation mechanism of a nickel electrode changes due to the lack of 

OH
-
 ions. According the Pourbaix (potential-pH) diagram of nickel, in acidic conditions Ni(OH)2 

or other oxidized states of Ni are not stable [31]. However, Pourbaix diagrams are computed at 

thermodynamic equilibrium, and that equilibrium will not exist at an interface. In fact, the nickel 

electrode will still form an oxidized layer even in acidic conditions, as described in this section. 

Figure 2.2 shows a CV of Ni in acidic solutions. At very cathodic potentials, the surface is the 

same as in alkaline conditions. Despite the lack of OH
-
 ions in the acidic solution, peaks I and II 

correspond to oxidation of the nickel surface to Ni(OH)2, plus a NiO underlayer [32-34]. The 

overall process is summed up by: 

𝑁𝑖 + 𝐻2𝑂 ⇆ 𝑁𝑖/𝑁𝑖𝑂/𝑁𝑖(𝑂𝐻)2 .  (2.9) 
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The actual mechanism that leads to the layered NiO/Ni(OH)2 is complicated. It is explained by 

Barbossa et al. [35], and the following is largely a summary of their reaction mechanism. The 

first step is the adsorption of water.  

𝑁𝑖(𝑠) + 𝐻2𝑂 ⇆ 𝑁𝑖(𝑠)𝐻2𝑂𝑎𝑑𝑠  (2.10) 

This can occur at potentials just cathodic of peak I. The adsorbed water then splits into an 

adsorbed OH group and an H
+
 ion: 

𝑁𝑖(𝑠) + 𝐻2𝑂𝑎𝑑𝑠 ⇆ 𝑁𝑖(𝑠)𝑂𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑞
+ + 𝑒− .  (2.11) 

From this stage the reaction mechanism becomes more complicated, splitting into two paths. In 

one path the adsorbed OH forms a complex with a surface Ni, and further oxidizes to precipitate 

Ni(OH)2 or an Ni
2+

 ion: 

𝑁𝑖(𝑠)𝑂𝐻𝑎𝑑𝑠 → 𝑁𝑖(𝑠)𝑁𝑖𝑂𝐻𝑎𝑑𝑠
+ + 𝑒−

𝑁𝑖(𝑠)𝑁𝑖𝑂𝐻𝑎𝑑𝑠
+ → 𝑁𝑖(𝑠) + 𝑁𝑖𝑂𝐻𝑎𝑞

+ → 𝑁𝑖(𝑠) + 𝐻2𝑂 + 𝑁𝑎𝑞
2+

𝑁𝑖(𝑠)𝑁𝑖𝑂𝐻𝑎𝑑𝑠
+ + 𝐻2𝑂 → 𝑁𝑖(𝑠) + 𝑁𝑖(𝑂𝐻)2 + 𝐻𝑎𝑞

+

  (2.12) 

In the second path the surface accommodation process (also called “place exchange”) causes OH 

group and a Ni to swap places: 

𝑁𝑖(𝑠)𝑁𝑖𝑂𝐻𝑎𝑑𝑠 ⇆ 𝑁𝑖(𝑠)𝑂𝐻𝑁𝑖  .  (2.13) 

The buried OH group further oxidizes in place or releases a Ni
2+

 into the solution: 

𝑁𝑖(𝑠)𝑂𝐻𝑁𝑖 + 𝐻2𝑂 ⇆ 𝑁𝑖(𝑠)𝑁𝑖(𝑂𝐻)2 + 𝐻𝑖𝑛𝑡
+ + 𝑒−

𝑁𝑖(𝑠)𝑂𝐻𝑁𝑖 ⇆ 𝑁𝑖(𝑠) + 𝑂𝐻− + 𝑁𝑖2+ + 𝑒−    (2.14) 

The Ni
2+

 from (2.12) and (2.14) can be combined with the OH
-
 from reaction (2.14) to form 

Ni(OH)2 on the surface: 

𝑁𝑖(𝑠) + 𝑁𝑖2+ + 2𝑂𝐻− → 𝑁𝑖(𝑠)𝑁𝑖(𝑂𝐻)2 . (2.15) 

Note that for (2.15) to work part of the surface must dissolve, because at most only one OH
-
 is 

generated for every Ni
2+

. As the potential is increased further (into peak II), the lower layers of 

the film convert to NiO through: 

𝑁𝑖(𝑠)𝑁𝑖(𝑂𝐻)2 → 𝑁𝑖(𝑠)𝑁𝑖𝑂 + 𝐻2𝑂 𝑖𝑛𝑡 E
0
=0.49 V [36] (2.16) 
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Peak II is thought to be largely made from (2.11) and (2.12), but direct dissolution of the nickel 

surface has been observed [33] and could play a part. Current in peak II is associated with (2.14). 

Peak III is much smaller than I and II because there is chemical dissolution of the Ni(OH)2 layer 

in addition to the electrochemical dissolution. See Figure 2.3 for a diagram representation of the 

described reaction pathway. 

 

Figure 2.3: The pathway for the anodic oxidization of Ni suggested in Barbosa et al [35] (Reproduction by permission of 

the Electrochemical Society). 

After the surface is well covered in the passive film (to several layers thick), a more specialized 

theory like the point-defect model may be more appropriate to describe the reactions which occur 

and the growth of the film [32]. One final important note is that all these mechanisms were 

determined in a sulphate solution, which has no special interaction with the Ni surface. There are 

certain ions that can disrupt this process. For example addition of Cl
-
 to the solution is known to 
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promote dissolution of the surface, the surface develops pits, and then the solution can attack the 

surface through these pits [37]. 

2.4.3 Initial Surface Structures of Ni(OH)2 

In the initial phases of growth in acidic solutions, experimental evidence shows Ni(OH)2 grows 

as 3D islands [38, 39]. In weakly alkaline conditions the easily reducible α-Ni(OH)2 can nucleate 

in a 2D form, but on conversion to β-Ni(OH)2, 3D islands growth is apparent [25]. Growth in 3D 

islands can be described as a Volmer-Weber nucleation and growth mechanism, and is also how 

Ni(OH)2 nucleates if it is deposited out of a solution [40, 41]. This is as opposed to a Frank–van 

der Merwe (layer-by-layer), Stranski–Krastanov (layer-by-layer followed by island growth) 

mechanisms, or formation of a surface alloy (mixing of the deposit and substrate to a depth of 

several atomic layers, occurs when a place-exchange reaction occurs quickly) [42]. Volmer-

Weber growth occurs because the interaction between the new phase and itself is greater than the 

new phase and the substrate [42]. For this reason after the initial nucleation in the Volmer-Weber 

mechanism the islands will grow larger as more material is deposited (until the islands connect 

forming a full layer). These can be essentially hemispherical in nature [40, 41], or more 

complicated shapes are possible (discs [43], “flowers” [44, 45]) under specific conditions, but 

always the existing agglomerates are increased in preference to starting new ones.  

An important consequence of the nucleation and growth mechanism of Ni(OH)2, is that it leads 

to clumping of the Ni(OH)2 which means that the creation of well dispersed Ni/Ni(OH)2 

structures is challenging. Such a structure would however, have important applications as an 

electrocatalyst for the hydrogen evolution reaction, as discussed later. 

2.4.4 Practical Concerns 

Pristine nickel surfaces exposed to air oxidize very quickly to a structure of 2-5 NiO layers, 

which is terminated with OH groups (it has also been described like the layered Ni/NiO/Ni(OH)2 

structure) if the air is humid [29, 46, 47]). Upon insertion into an alkaline solution these layers 

will grow, and the OH termination will become β-Ni(OH)2 if the electrode’s potential is left to 

float [46]. However, the air formed oxides can be reduced by applying a potential to the 

electrode in the HER region [29, 39]. 
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Consistent experimental results are difficult to achieve with nickel electrodes. There are large 

drifts in current if the same electrode is continually used. This is attributed to the interstitial H
+
 

ions that are built up as a product of several of the surface oxidation or reduction reactions, or are 

inserted into the Ni matrix during HER [19]. For this reason, Hall et al. [19] recommend 

continually refreshing the electrode by cutting and/or ablating used material in order to get 

consistent results. This is very much in agreement with the author’s personal experience, and was 

applied systematically in the present work. 

2.4.5 Ni(I) Species 

As seen in the proceeding section, Ni generally oxidizes to the 2
nd

 oxidation state in both acidic 

and alkaline conditions. Stable Ni(I) compounds are rare but still know e.g. [48, 49]. However, 

there is very little mention of Ni(I) as a form of electro-oxidized Ni electrode in the literature 

(aside from the Ni(I) transition states seen above). It has been put forth that a species referred to 

as “reduced Ni(OH)2“ can be present on a Ni surface in alkaline conditions, in the HER region 

[23]. This could be a Ni(I) species if it exists. 

2.4.6 HER activity 

The Ni electrode is considered active for the HER, and is stable in severe alkaline conditions. For 

these reasons, and for the price, it is the preferred electrode material in alkaline water 

electrolysers for HER electrode (cathode) [5, 10]. Table 2.1 shows a selection of activity 

parameters measured for Ni from the literature. 

Table 2.1: Activity of pure Ni. J0 and b are the Tafel parameters, conditions shows what conditions the measurements 

were made in, and Intrinsic indicates if the j0 parameter was normalized by geometric (no) or electrochemical active (yes) 

surface area. 

Preparation/ 

Reference 

J0 

(mA/cm
2
) 

b Conditions Intrinsic 

Polished Ni plate 

[50] 

6e-2 80 30% wt KOH, 28 °C no 

Deposited Ni [51] 1.1e-1 184 28% wt KOH, 25 °C no 

Polished Ni [5, 52] 1.1e-3 121 1 M NaOH, 20 °C yes 

Ni Foil [15] 3.3e-3 123 0.5 M KOH, 25 °C yes 
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Ni Foil [15] 6.83e-2 136 0.5 M KOH, 70 °C yes 

3 Nickel as Electrocatalyst for the Hydrogen Evolution Reaction 

Broadly speaking, Nickel based electrocatalyst can be dived into two categories. The first 

category contains catalysts that are active due to high specific surface area, and the second 

catalysts that are active due to a high intrinsic activity toward the HER.  

Specific surface area is the true surface area divided by the geometric surface area (alternatively 

other normalization factors like mass are used). The concept of true surface area in 

electrochemistry is discussed in section 2.2. To create a highly active catalyst one aims to 

fabricate a material that has a large true surface area per geometrical surface area. 

Intrinsic activity, on the other hand, is the true activity of the catalyst. It is the activity of a 

surface, divided by its true surface area. To explain how a high intrinsic activity is achieved one 

must understand why catalysts are active at all toward the HER. The general idea in 

heterogeneous catalysis is that the catalyst-reactant interaction must be not too strong, nor too 

weak. This is called the Sabatier principle, which is represented in the famous volcano curve 

[53]. In the case of the HER, the interaction between catalyst and reactant is historically taken to 

be the metal-H bond strength [54]. 
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Figure 3.1 Volcano plot showing relation between metal-hydrogen bond strength and the rate of the HER. (Aside: If this 

is a volcano, where is the caldera?) (reprinted with permission from [55]) 

More recent works suggest that the character of the d-band of the catalyst’s surface electronic 

structure is important [56, 57]. This is following similar work in gas phase heterogeneous 

catalysis where the d-band position relative to the Fermi level determines the bond strength [58] 

(and thus activity of a catalyst by the Sabatier principle). In electrochemistry the situation is 

more complicated. The Sabatier principle is still relevant and an optimized H bond strength is 

important. But having a d-band crossing the Fermi level and having a strong, long range, 

interaction with the orbitals of the H ion is equally important [56, 57]. 

In the following these two families of catalyst are described in more detail. 

3.1 High Surface Area 

High surface area Ni catalysts are grouped here by the strategy that is used to generate a high 

surface area. Each section explains the strategy, and briefly discuses the variations, if any, found 

within the group. Following this, activities of the catalysts are compared. 

3.1.1 Raney Nickel and Raney Nickel-like 

Raney Nickel was first developed in 1926 by Murray Raney by submerging a nickel-silicon alloy 

(and soon after a Ni-Al alloy) in a sodium hydroxide solution, for the hydrogenation of vegetable 

oils [59]. The alloying material in the nickel is leached out leaving a highly porous metallic 



 

15 

 

nickel material with a very high specific surface area (up to 100 m
2
/g [60]). The methodology 

can be applied to a large variety of Nickel alloys. Catalysts like these are also referred to as 

sponge nickel, skeletal nickel, or sometimes just Raney nickel, after the first of the type. 

Originally Raney nickel was synthesized in powder form, a limitation for electrochemical 

systems, but this was addressed early. In terms of the hydrogen evolution reaction there have 

been several Raney nickel catalysts developed [61-65]. Other metals such as Cu [66], Zn [67-

70], Mo [63, 65, 71], and Sn [64] have been used as the leeched material instead of, or in 

combination with, Al. 

The primary effect, so far identified, on the activity toward the HER of Raney nickel catalysts is 

the ratio of material in the precursor alloy. A 1:1 ratio for Zn:Ni has been suggested as the 

optimum [68, 69]. However, various ratios of Ni to alloying material in the precursor have 

successfully generated high activity catalysts e.g. [69, 72, 73]. The trade off in terms of 

concentration of the leached metal in the precursor is that lower amounts produce a less porous 

surface, while high amounts produce no cracks in the structure [68]. Cracks are thought to be 

important because they facilitate access to inner layers of the catalyst [70].  

3.1.2 Salt Melt  

More recently sponge nickel catalysts have been fabricated by heating nickel salts under nitrogen 

for several hours. The result is a sponge-like metallic nickel structure like Raney nickel [74, 75]. 

3.1.3 Template Deposition 

In template deposition a porous material is interposed between a surface and a deposition media. 

This leads to porous, high specific surface area catalysts. This technique has been used in a 

variety of ways to create high surface area nickel catalysts [76-81]. The templates can be made 

of a large variety of materials including plastics (pre-deposited on the surface [76], or co-

deposited with the nickel [77]), liquid crystals [78], or alumina oxide [79-81]. The template can 

create stochastic surfaces [76-78] or regular patterns [79-81] (e.g. creating nanowires).  

3.1.4 Deposition onto Pre-existing High Specific Surface Area 

Another way to generate a high specific surface area nickel catalyst is to deposit nickel on to a 

substrate that already has a high specific surface area [82-88]. This has been achieved on 

conductive polymers [82-84], carbon nanotubes [87], and meso-porous-carbon [88]. Deposition 
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onto the conductive polymer can be onto pre-existing conductive polymer [83], or the polymer 

and the nickel can be co-deposited [84]. 

3.1.5 High Surface Area Performance 

HER catalyst performance can be summed up in the Tafel parameters (exchange current density 

and Tafel slope), but not all studies measure the Tafel parameters. Other possible ways of 

measuring a catalyst’s activity are the voltage required to attain a certain current (or visa-versa), 

or the total amount of H2 produced over a period of time. Table 3.1 shows a comparison of the 

activity of several high surface area catalysts referenced here. It can be seen that in some cases it 

is difficult to compare the values in this table directly, since different measurements are listed. 

The measurements listed are those reported from the cited references. In fact, the difficulty in 

comparability of these values can be considered an issue with the way electrocatalysts are 

reported on in the literature. Interestingly, Raney nickel and Raney Nickel-like electrodes are 

clearly much better than the recent attempts at high surface area catalysts. 

Table 3.1: Activity Comparison of Increased Surface Area catalysts. The table shows the activity of the best catalyst found 

in each listed reference. Each row shows, a short name for the catalyst, and a measure of the catalysts activity. This is 

taken to be preferentially exchange current density, but other reported values are also included.  

Catalyst/ 

Reference 

J0 

(mA/cm
2
) 

Alternate Activity Measurement Conditions 

Raney, NiZn/Ni, 

[67] 

 50.10mA/cm
2
 @ -300mv , 

83ml H2 @ 3 V in 1h 

1 M KOH @ 27 °C 

Raney, NiAl,  

Pressed [61] 

 -211 mV @ 100 mA/cm
2
 30% wt KOH @21 

°C 

Raney, NiZn, 

deposition [61] 

 -253 mV @ 100 mA/cm
2
 30% wt KOH @21 

°C 

Raney, NiAl, 

ArcSpray [62] 

0.727 -260 mV @ 250 mA/cm
2
 1 M NaOH @ 25 °C 

Raney NiAlMo 

plasma sprayed 

[65] 

274 -67mV @ 250 mA/cm
2
  

 

1 M KOH @ 30 °C 
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Raney, NiAl  

Plasma Spray 

[63] 

 -82 mV @ 250 mA/cm
2
 25% wt KOH 

@70°C 

Raney NiAlMo, 

Plasma Spray 

[63] 

 -39 mV @ 250 mA/cm
2
 25% wt KOH 

@70°C 

Raney, NiAl, 

Melting [64] 

4.02 -247 mV @ 250 mA/cm
2
 1 M NaOH @ 30 °C 

Raney, NiAlSn, 

Melting [64] 

2.7 -150 mV @ 250 mA/cm
2
 1 M NaOH @ 30 °C 

Raney, NiCu 

deposition [66] 

0.55  1 M NaOH, room 

temperature 

Raney, ZnNi, 

Deposition [68] 

1.58  6.25 M NaOH, room 

temperature. 

Raney, ZnNi, 

Deposition [69] 

 -145 mV @ 400 mA/cm
2
 10 M KOH @ 

100°C 

Raney, ZnNi, 

Deposition [70] 

 -150 mV @ 250 mA/cm
2
 40% wt KOH @ 

100 °C 

Sponge NiMo 

(1:1) [71] 

99 -311 mV @ 250 mA/cm
2
 1 M NaOH @ 25 °C 

Raney, ZnNi, 

Deposition [72] 

30 -206 mV @ 250 mA/cm
2
 1 M NaOH @ 25 °C 

Salt Melt [74]  -360 mV @ 10 mA/cm
2
 0.1 M KOH @ room 

temperature 

Deposition 

through random 

template [76] 

 -300 mV @ 100 mA/cm
2
 0.5 M NaOH @ 20 

°C 

Deposition 

through random 

template [77] 

 250 mA @ -1.66 V vs MSE 0.5 M NaOH @ 25 

°C 
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Deposition 

through random 

template [78] 

 100 mA @ -1.64 V vs MSE 0.5 M NaOH @ 

room temperature 

Nanowire array 

20µm x 200nm 

[79] 

 30 mA @ -1.73 V vs MSE 1 M NaOH @ room 

temperature 

Nanowire array 

45µm x 400nm 

[80] 

 30 mA @ -1.63 V vs MSE 1 M Na2SO4 @ 

room temperature 

Ni Deposit on 

high surface 

polymer [83] 

0.047 -175 mV @ 1 mA/cm
2
 0.5 M H2SO4 @ 

room temperature  

Ni Deposit on 

high surface 

polymer  [84] 

0.239 -82 mV @ 1 mA/cm
2
 0.5 M H2SO4 @ 

25°C 

Ni Deposit on C 

nanotubes [87] 

0.011 -220 mV @ 20 mA/cm
2
 1 M KOH @ room 

temperature 

 

3.2 Intrinsic Increase in Activity 

3.2.1 Alloys 

Alloying a metal with low H binding energy to a metal with a high H binding energy is one of 

the first guiding principles for creating active alloy catalysts for the HER, and is often referred to 

as the Miles principle [89]. This principle is visualised by the so called volcano plot of the HER 

(see Figure 3.1) [55]. 

The Miles principle can be justified as the result of alloying hypo-hyper d-band metals [90]. This 

process should produce an alloy which has an H binding energy somewhere in between the two, 

which will be a better catalyst for the HER than the constituents. An alternate view to this is the 

“spillover effect”, where the adsorption and desorption portions of the HER would happen on 

respectively the high and low H bond strength material [91]. Regardless, the guidelines to 

synthesize an active electrocatalyst for HER by following the Miles principle or the Spillover 

effect are the same. The Miles principle has been followed many times to produce active HER 

catalysts. Some of the most common elements alloyed with nickel for an HER electrode are 
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molybdenum [85, 92-98] and tungsten [95, 99-101], which both have complimentary h-binding 

energies to that of Ni according to the classic volcano plots for the HER [54, 55] (Figure 3.1). 

It is apparent, however, that designing an alloy catalyst is not quite as simple as that. Several 

alloys that seem to violate the Miles principle have been reported [95, 96, 102-107]. Metals that, 

according to classic volcano plots, have similar H bond strength to nickel, including cobalt [102, 

106-109], cadmium [96], zinc [106], copper [105], silver [104], iron [95, 102, 103], 

vanadium[101], and several rare earth elements [110]. A reason for this could be that the classic 

volcano curves appear to be incorrect according to more modern simulations of H-binding 

energy by ab initio methods [57, 111]. However, this only partially saves the Miles guideline, as 

there are still counter examples on revised volcano curves. 

An issue with the Miles strategy is it does not address all three of the qualities thought to be 

relevant for highly active HER catalysts (the metal-H bond strength, having a d-band that crosses 

the Fermi level, and having a strong, long range interaction with the H
+
 orbitals, as discussed in 

the opening of section3.2). There is some relation between the three (e.g. a surface that has an 

optimal H bond strength is more likely to have a d band that crosses the Fermi level), but they 

are not strongly correlated and sometimes the effects compete [57]. The interplay between the 

three qualities makes designing a high activity HER catalysts more complicated than if it were 

just the metal-H bond strength. So, although ideas like those suggested by Miles clearly have had 

their use, there is no easily understood explanation for what should produce a highly active Ni 

Alloy HER catalyst. The remaining solution is high throughput screening, where DFT and other 

computational techniques are used to evaluate potential catalysts before they are synthesized 

experimentally [112-114]. These have produced results with nickel, for example an AgNi 

catalysts [104].   

A large variety of techniques for producing alloys exist, and several of them have been employed 

to create HER catalysts. The main one found in the literature is electrodeposition [95, 95-97, 

102, 106]. Electrodeposition is preferred because it is an electrochemical fabrication technique 

that can produce a wide range of alloys with equipment that is readily available in 

electrochemical research laboratories. Other studies look at alloys that are alloyed mechanically 

by ball milling [93, 94, 98], thermal decomposing of salts [96], magnetron sputtering deposition 

[99], or by mixing at high temperature under inert atmosphere [92]. The fabrication technique 
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selected should make a difference in the final product. This can be inferred from the fact that 

even the catalytic properties of pure Ni are varied by these techniques (e.g. ball milling time of 

pure Ni effects activity [115]). However, there seems to be little consistent thought on why 

certain fabrication techniques are used beyond ease of use or novelty.  

3.2.2 Long Term Stability 

One possible issue with alloy catalysts, contrary to pure nickel catalysts, is that the alloying 

metal may not resist attack by the conditions in electrolysers, specifically known with Mo under 

industrial electrolyser conditions [96, 97]. Stability analysis of HER alloy catalysts is not always 

seen in the scientific literature (e.g. [99, 102]). However, more recent works with other alloying 

metals suggest that W and Co may not suffer from this problem [100, 106, 116]. In fact, long 

term polarization has been seen to increase the activity of some catalysts, in cases were initially 

low activity is caused by a substance that can be reduced in the HER region [106]. Deposition 

under increased gravity also seems to make a stable catalyst due to a difference in the crack 

structure of the films [100, 117]. These recent works do make the stability question look better 

for alloyed catalysts, but the lack of data from most reports leaves this as a mostly open question 

at best.  

3.2.3 Nickel Nanostructures 

Nanoparticles have been widely studied for catalytic applications (including the HER) in other 

metals with effects such as their size and shape coming under study [118]. For example, 

platinum nanoparticles with high miller index ((730), for example) facets have higher HER 

activity [119]. In pure nickel, indices this high have not been studied, but the (111) plane of bulk 

nickel is more active than other low index planes [120]. However, this does not seem to have 

been exploited explicitly. For nickel, in general, it has been recently (2013) noted that studies on 

nanoparticles as HER catalysts are rare [121], and this continues to be the case. There is some 

preliminary work, looking at how various qualities of their fabrication affect their activity (e.g. 

fabrication method, stabilizing agent etc.) [122, 123].  

Lattice strain is a property nanostructures can alter that is not available in bulk nickel, and it is a 

property that theoretically affects HER activity [124]. The more recent effort to of Pătru et al. 

[121] has investigated Ni nanoparticles for this property, and produced positives results. This 
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work may also explain the older result that ball milling time (and the associated nanocrystaline 

structure changes) affects HER activity [115].  

3.2.4 Performance of Intrinsic Catalysts 

Due to the difficulty of measuring precisely the electroactive surface area, the quantitative 

evaluation of performances of intrinsic catalyst is challenging. In fact accurate measurement of 

surface areas is an important aspect to look at critically when attempting to compare the success 

of any study purporting to raise intrinsic activity. This is especially true when alloys often end up 

with roughened surface area. A not uncommon conclusion in Ni alloy studies is that HER 

activity is high mainly due to high specific surface area, but that there is still an intrinsic effect 

e.g. [95, 97, 102, 109]. Surface area is most commonly measured by EIS (Electrochemical 

Impedance Spectroscopy). One can also use deposition and stripping of α−Ni(OH)2 [15] or 

CO[125]. The two later techniques involve the charge required to electro- deposit or strip a 

monolayer of the species in question on a Ni surface. For Ni(OH)2 this charge is found by CV in 

the range of peaks II and III in Figure 2.1, with an anodic inversion potential which is just 

cathodic of the potential of the formation of β-Ni(OH)2.  

EIS can, with a proper model, certainly give accurate surface areas (e.g. comparing rough and 

smooth Ni [126]). However, proper model selection is a major challenge in EIS [127]. It is 

dependent on several factors, including the features of the surface. Hence, one often faces the 

situation of  trying to determine a property of the surface (the surface area) by a method that 

requires the knowledge of the surface’s properties. In the main EIS surface area measurements 

are likely fine (and a full accounting of the quality of EIS data in studies is outside the scope of 

this review), but this wrinkle in comparing activities of catalysts is worth noting. 

Table 3.2 shows the activity for several different Ni alloy electrodes. The issue discussed in 

section 3.1.5 of the incomparability of the reported activity measurements is again apparent, and 

compounded by the surface area measurement question. Quite frequently the activity shown in 

papers are not intrinsic (i.e. normalized by the electrochemical surface area). In those papers the 

value of the alloy as a catalyst is usually shown by comparison with some standard within the 

paper. Unfortunately, these practices make electrodes difficult to compare to one another, unless 

there has been some care taken to make a smooth surface. In sources where the electrochemical 
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surface area is taken in account, the exchange current density tends to be on the order of 10
-3

-10
-2

 

mA/cm
2
. This is on the same, or one higher than that of pure Ni (Table 2.1). 

Table 3.2: Activity Comparison of intrinsically active catalysts. Each row shows a short name for the catalyst, and a 

measure of the catalysts activity. This is taken to be preferentially exchange current density, but other reported values are 

also included. In the miscellaneous activities any potential which is not reference to a particular reference electrode is the 

overpotential. The last column “intrinsic” indicates whether the value has taken the true surface area into account 

directly (also noted if the surface was highly polished). 

Catalyst J0 

(mA/cm
2
) 

Misc. Activity Measures Conditions Intrinsic 

NiMo arc melting 

then polished [91] 

5e-2  0.5 M H2SO4, 

room temperature  

n (but 

polished) 

NiMo arc melting 

then polished [92] 

7.9e-2  1 M KOH, 25 °C N (but 

polished) 

NiMo 

deposited[95] 

5e-6 1.49e-2 mA/cm
2
 @ -150 

mV 

0.5 M H2SO4, 

295 K 

y 

NiW deposited[95] 3.1e-5 3.11e-1 mA/cm
2
 @ -150 

mV 

0.5 M H2SO4,295 K y 

NiFe deposited 

[95] 

5.6e-5 1.8e-3 mA/cm
2
 @ -150 

mV 

0.5 M H2SO4,  

295 K 

y 

NiMo 

deposited[96] 

 -1.66 V vs MSE @ -200 

mA/cm
2
 

10 M KOH 25, 298 

K 

n 

NiMoCd 

deposited[96] 

 -1.51 V vs MSE @ -200 

mA/cm
2
 

10 M KOH, 298 K n 

NiMo thermal 

deposition[96] 

 -1.45 V vs MSE @ -200 

mA/cm
2
 

10 M KOH, 298 K n 

NiMo depsited[97] 1e2 -1.769 V vs MSE @ -300 

mA/cm
2 

1 M KOH, 298 K n 

NiMo ball milled 

[98] 

2.9e1 59 mV @ 250 mA/cm
2
 30% wt KOH, 70 

°C 

n 

NiW  sputter 

deposited [99] 

5.6e-2 172 mV/ dec (Tafel 

slope) 

1 M KOH, 303 K ? 

NiW deposited at 

high gravity[100] 

2.94e-3 

(7.5e-1) 

0.32 mA/cm
2
 (82 

mA/cm
2
) @ -150 mV 

10% NaOH, room 

temperature 

y (n) 

NiW thermal 

decomposition  

 134 mV @ 1000 mA/cm
2 

30% KOH, 70 ◦C n 
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NiV thermal 

decomposition 

 120 mV @ 1000 mA/cm
2
 30% KOH, 70 ◦C n 

CoNiFe 

electrodeposited 

[102] 

4.43e-2  1 M NaOH, 298 K n 

NiFe deposited 

[103] 

1.31e-1 265 mV @ 10 mA/cm
2
 1 M KOH, 25 °C n 

NiAg E-beam 

deposited[104] 

 150 mV @ 0.15 mA/cm
2 

 

 n (but 

highly 

smooth) 

NiCu, 

deposited[105] 

 -2 V vs SCE @ 130 

mA/cm
2
 

6 M KOH, room 

temperature 

n 

NiCoMo, 

deposited [107] 

4.6e-1 210 mV @ 300 mA/cm
2 

30% wt KOH, 25°C n 

NiCo, 

deposited[108] 

5e-2 275mv @ 100 mA/cm
2 

30% wt KOH, 40°C y 

NiDy, arc melting, 

polished [110] 

3.67e-3  8 M KOH, 25°C n (but 

polished) 

NiSm, arc melting, 

polished [110] 

3.65e-3  8 M KOH, 25°C n (but 

polished) 

 

3.3 Combined Surface Area and Intrinsic Effect 

For further increase in activity it is desirable to have methods combining both strategies: i.e. a 

high surface area catalyst with intrinsic activity. As already noted, alloyed catalysts tend to have 

high specific surfaces areas as a result of the alloying process. Additionally, nanoparticles will 

always have a high specific surface area. Finding scientific value in these is more challenging, 

since changing both the surface area and the intrinsic activity at the same time makes it more 

challenging to know where causes are, but the practical effects cannot be ignored. It should not 

be surprising that several studies have tried to optimise these aspects, for example by creating 

Raney nickel-like catalyst from Ni alloys [106, 109, 128]. From the other side, studies of Raney 

nickel note that having 5-6% Al remaining unleached produces optimal catalytic results [64], 

which could potentially be an intrinsic effect. 
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3.4 Bifunctional and Decorated Nickel 

The principles discussed so far to create an active HER catalyst have not taken into account one 

important aspect and it is the main difference between the alkaline HER and acidic HER. That 

difference is that a water molecule must be split in (or prior to) the adsorption step of the HER 

(the Volmer reaction, reaction (2.3)). This leads to the activity of certain catalysts beings 

different in the two environments. It was recently noted by Subbaraman et al. [40]  that while 

metal surfaces, such as Pt (and to a lesser extent Ni and other metals), show great efficiency at 

adsorbing and combining hydrogen atoms, they do not show good activity at cleaving a H-O-H 

bond (splitting water), while several metal hydroxides have this property [40]. This was shown 

initially by studying catalysts composed of a smooth surface of Pt decorated with islands of Pt or 

Ni(OH)2. The surfaces with a higher ability to cleave H-O-H bonds perform better (Pt < Pt + Pt 

islands < Pt + Ni(OH)2 islands). In fact it was shown later that this trend continues to varying 

metal hydroxide groups. Similar surfaces decorated with a metal hydroxides have HER activity 

as a function of the metal hydroxide’s water splitting activity (which is itself a function of the 

metal hydroxide–OH bond strength, like metal–H bond strength for acidic HER) [129]. 

Knowledge that metal hydroxides could catalyse the HER is older than this [23], but the reasons 

were not appreciated. From the other direction, keeping the metal hydroxide a constant (as 

Ni(OH)2), and varying the substrate metal recovers similar activity trends for the metals seen in 

acid, in alkaline solutions [41]. 

Bifunctional catalysts must work like regular catalyst, i.e. increases in the region where the 

reaction occurs cause the overall activity goes up (see section 3.1). Unlike traditional catalyst 

where the relevant area is the whole surface, the important area on bifunctional catalysts is the 

intersection of the component active for water splitting (the metal hydroxides) with the 

component active for the HER (the metal). In the present text it is called a triple phase boundary 

(TPB) in analogy to other types of catalysts (the third phase being the electrolyte). To maximize 

the TPB of a metal−‘metal-hydroxide’ should be the goal of any technique fabricating them.  

So far, the fabrication procedure for decorating these bifunctional catalysts with metal 

hydroxides has been to deposit islands either potentiostatically or chemically, both from a bath of 

one of the metal’s salts [40, 41, 129]. The resulting metal hydroxide islands are hemi-spherical, 

10-50nm wide, and they cover 30-40% of the surface , depending on the substrate and metal 
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hydroxide. These islands are noted to grow by the Volmer-Webber nucleation and growth 

mechanism [40], as more fully explained in section 2.4.3. This island growth mechanism 

becomes a limiting factor of catalysts of bifunctionality kind. It limits how the TPB can be 

increased because some of the catalyst’s surface must be used as Ni(OH)2 islands.  

There are alternate examples of bifunctional Ni HER catalysts. One alternative fabrication 

technique is to mix nanomaterials of the phases together, like Wang et al. [130] do with 

commercial nanoparticles and sheets of Ni(OH)2. In principle this could overcome the difficulty 

discussed in the previous paragraph if the nanomaterials were of sufficiently small size, and well 

mixed. It is not clear that this was achieved. The results are difficult to interpret due to the  

choice of keeping the loading of Pt nanoparticles (NP) constant and varying the Ni(OH)2 sheet 

loading (leading to a varying total amount of catalyst). Another bi-functional catalyst is made by 

creating Ni nanoparticles on carbon nanotubes (CNTs) from Ni(OH)2 [131]. The authors of the 

study fabricated Ni nanoparticles partially covered by NiO. They suggested that these are bi-

functional catalysts for the HER. This technique only works with CNTs as substrate, without 

CNTs a Ni nanoplate is formed instead. The need for CNTs during fabrication is not desirable. 

The clumpedness the NiO is, is not clear, but there is no reason to think it is well dispersed.  

The stability of catalysts that use Ni(OH)2 for the HER is questionable. As seen in section 2.4.1 

Ni(OH)2 will be reduced in the potential range of the HER. For β-Ni(OH)2 the process is slow, 

happening over the course of hours, but it still happens. Contrary to this, there is still Ni(OH)2 

islands even after four hours at -100 mV overpotential HER  [40], which reflects positively on 

the stability. However, this is the harshest stability test for these types of electrodes that the 

author is aware of, and it is in no way close to industrial conditions. Despite the slow reducibility 

of β-Ni(OH)2, it must eventually reduce in alkaline electrolysers, which will reduce the activity 

the electrode. 

3.5 Conclusions 

Strategies of creating highly active Ni HER catalysts were reviewed. More traditional methods 

were broken down into those that had high specific surface area, and those that attempted to 

increase Ni’s intrinsic activity. 
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The high surface area catalysts have a long and well developed history stretching back dozens of 

years, through Raney nickel catalysts. The pursuit of this goal is straight forward: increase the 

specific surface area. However, there are several fine points to consider, like the access to the 

inner layer of the catalyst. Beyond Raney nickel there are more recent methods (salt melt, 

nanowires etc.) that attempt to accomplish the same goal. Interestingly, these attempts could not 

get performances as high as Raney Nickel, which may indicate that it is very challenging to 

make any further significant improvement on this type of HER catalyst. 

Studies that report on increasing intrinsic activity have a shorter history than in Raney nickel 

catalysts, but are still numerous. In terms of alloyed catalysts, it seems like every combination of 

metals and fabrication technique has a corresponding HER catalyst study. This is obviously a 

hyperbole (though not so far from the truth). The situation stems from the difficulty in 

understanding theoretically all involved effects. Indeed, unlike high surface area catalysts, the 

pursuit of intrinsic activity is much less clear. Although early strategies, like that of Miles, have 

produced valuable results, they do not mesh with all the research. To go further than the simply 

stated strategies one must consider all the effects on the electronic structure of the surface in the 

way only a computer simulation can. One of the major practical concerns of alloyed catalyst is 

its long term stability in the harsh environment of industrial electrolysers, although some work is 

beginning to address this concern. Nanostructuring seems to be a ripe field for investigating the 

basis of intrinsic activity in nickel, but nanostructured catalysts producing high activity (for 

example by selectively exposing appropriate facets, or other strategies) as in other metals are 

mostly unknown for nickel. 

The newest strategy, the bifunctional catalysts, may be considered a new angle on increasing 

intrinsic activity. Those bifunctional catalysts highlight the importance of having a phase active 

for the water splitting reaction, which is a clear paradigm change. A very promising aspect of 

these catalysts is that they can potentially be combined with the very high surface area catalysts 

of the Raney type. However, bifunctional catalysts may only become interesting if one can 

address two major issues. First, because in this type of catalyst performance will be given by 

how large the TPB can be made, one must find ways to maximise the TBD. But, Ni(OH)2, the 

preferred water splitting phase, grows by a Volmer-Weber mechanism, whether deposited from 

solution or oxidized directly on a Ni electrode. This mechanism directly causes clumping which 
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makes maximization of the TBD impossible. In fact, to develop a new methodology which could 

grow Ni(OH)2 on Ni bypassing the Volmer-Weber mechanism would be a significant advance in 

the field. Second, the stability of bifunctional electrodes remains poorly addressed in the 

literature, and should be a concern due to its reliance Ni(OH)2, which will eventually reduce if 

used as a cathode in the environment of an alkaline water electrolyser. Creating a bifunctional 

catalyst that is stable would be an important advance, and merely addressing the stability of 

electrodes like these would provide valuable information. 
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4 Objectives 

Platinum is the best catalyst for the hydrogen evolution reaction as can be seen from Figure 3.1  

[5]. However platinum is very expensive, additionally it is in very limited supply on earth, with 

the world’s reserves in danger of running out if it is put to wide scale use [132]. Extra-terrestrial 

sources of Pt (from near-earth asteroids) are not currently economical, though may become 

accessible in the future [133]. In the meantime, other materials must be made do with for HER 

catalysts.  

Nickel is generally the material made do with for commercial electrolysers. Increasing the 

electroactive surface area is currently the best method for creating a highly active nickel catalyst. 

However, the surface itself is not as intrinsically active as platinum by far (typically two orders 

of magnitude, as seen in Figure 3.1). To approach this ideal, a process is required that can 

modify a nickel surface to increase its activity. In this way, that process may be applied to a 

Raney-nickel electrode to obtain a high surface area catalyst with high intrinsic activity catalyst. 

Due to the recent advances in bifunctional catalysts these could be the way forward in this 

regard. However, these catalysts face two issues. First, they may not be stable at the cathodic 

potentials required for the HER. Second, there is the major issue of maximizing the TPB. As 

discussed in section 3.4 a major limiting factor is the nucleation and growth mechanism of 

Ni(OH)2 which prevents the maximization of the TPB and therefore limits the activity of the 

catalyst. Both aspects must be solved in order to get the most out of bifunctional catalysts. 

In fact, the overall objective of this work is to develop a new type of nickel based electrocatalyst 

in the novel paradigm of bifunctional HER catalysts that solves the issue of maximising the TPB. 

It will do this by the development of a strategy to side step the nucleation and growth problem, 

which is the main aim of this thesis. Essentially, Ni must be forced to oxidize in a wholly 

different manner, whereas opposed to the hydroxide phase clumping naturally it will spread out 

as it does in platinum. When platinum is oxidized the OH groups, which are incorporated into the 

surface after adsorption through place exchange, are in regularly spaced arrays [134]. To fulfil 

the aim of this thesis, nickel will be forced to oxidize in a manner similar to Platinum. This will 

be achieved by encouraging it to oxidize through the place exchange (reaction (2.13), 

section2.4.2), as opposed to any of the other mechanisms. As will be further explained in 
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Chapter 5 and 6, the trick is to exploit the fact that that the place exchange is not electrochemical, 

so its rate is independent of potential.  

4.1 Contributions 

The contributions of this thesis are 

1) Strategy: a strategy for the modification of a metal surface, Ni or others, to force it to 

oxidize in a different manner, similar to Pt. The strategy is specifically developed for Ni 

where it produces a structure called Ni(OH)x, but similarities with other metals may allow 

its extension. The strategy calls for use of a non-constant voltage waveform to regulate 

the rate of a non-electrochemical reaction step compared to other steps.  

2) HER Treatment: The application of 1) to develop a treatment for Ni which results in a 

highly intrinsically active and stable, bifunctional HER catalyst. The characterizations of 

these treated electrodes show not only both their stability and activity, but also that 

validity of 1). 

3) Urea Electrooxidation Treatment: The application of 1) to develop a treatment for Ni 

which results in a highly active Urea oxidation catalyst. The developed treatment is the 

same as 2), but with adjusted parameters for the different requirements of the Urea 

oxidation.  

4.2 Thesis Organization 

Following this chapter the main work of this thesis begins, starting with three chapters which are 

presented as manuscripts (chapters 5-7). Chapter 8 is a normal chapter, and is followed by the 

conclusions and outlook, chapter 9. 

Chapter 5: The first manuscript is a case study of the treatment of contribution 2, the HER 

treatment. In this chapter the characteristics of treated electrodes are seen to be consistent with 

contribution 1. Also, treated electrodes are seen to be very active and stable for the HER.  
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Chapter 6: The second manuscript further investigates the HER treatment in a function of its 

parameters.  

Chapter 7: The third manuscript discusses the details of treatment of contribution 3, the urea 

oxidation treatment. An electrode which is very active toward Urea oxidation is seen. How the 

treatment parameters must be adjusted to create active urea oxidation electrodes is presented. 

Chapter 8: This delves into the practical elements of using the HER treatment. It addresses issues 

of cost and consistency that application as an industrial process must need care about.  

Chapter 9: The conclusions of this thesis are presented, and an outlook on the future paths of 

research which may be inspired by this work is given. 
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5 Platinum-like Oxidation of Nickel Surface by Rapidly Switching Voltage 

to Generate Highly Active Bifunctional Catalysts 

5.1 Forward 

In the paper presented in this chapter a case study of the effects of an electrochemical square 

wave treatment on Ni with parameters that produce a highly active catalyst for the HER is 

presented. This paper was published in Electrochemistry Communications [135]. It is important 

to note that this limited the length of the paper. The afterward (Section 5.3) contains some 

elaborations on the concepts presented. The following chapter (6) contains also contains a fuller 

development of some concepts (e.g. parameter selection), than found in this chapter.  

5.2 The Paper 

Platinum-like Oxidation of Nickel Surfaces by Rapidly Switching Voltage to Generate Highly 

Active Bifunctional Catalysts 

Andrew R.T. Morrison, 

Seyed Schwan Hosseiny,  

and Rolf Wüthrich 

5.2.1 Abstract 

Recently the importance of catalyzing the water splitting step of the hydrogen evolution reaction 

(HER) was highlighted. We demonstrate here a treatment to modify a nickel surface into a highly 

effective bifunctional HER catalyst (i0 = 0.18 A/m
2
, Tafel Slope = 106 mV/dec) that has a good 

distribution of both water splitting sites and Hads combination sites. The resulting surface is 

characterized electrochemically, and with SEM, EDX, XPS and AFM. The data is found to be 

consistent with the treatment oxidizing the Ni surface in a novel way creating the hypothesized 

“Ni(OH)x” structure (x between 0 and 2). 

5.2.2 Introduction 

The world is expected to transition to a renewable energy economy in the future [6, 7]. The 

Hydrogen Evolution Reaction (HER) is expected to play a role in this, but new materials are 

required for catalysts [6]. The most common type of electrolyser for HER today is alkaline [9]. 
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The accepted mechanism of the alkaline HER consist of two steps: the “Volmer” step (water 

splitting in alkaline media) resulting in adsorbed hydrogen Hads  (H2O + e
−
 → Hads + OH

−
), 

followed by the combination step via either the “Heyrovsky” reaction, a second electron transfer 

reaction ( Hads+H2O+e
−
→H2+OH

−
), or the “Tafel” reaction, a chemical recombination reaction 

(2Hads→H2). The importance of the water splitting step in this reaction was recently highlighted, 

in addition to the previously-known Hads combination step [40, 41, 129]. To achieve a high 

reaction rate both steps must be catalyzed [40].  

With the knowledge that two different types of surface sites are important for catalysing the 

HER, the challenge of developing HER electrodes is to maximize the triple phase boundary 

(TPB) between electrolyte, water splitting, and hydrogen recombination site. In previous work, 

Ni(OH)2 was used to catalyse the water splitting, and a bifunctional catalyst was synthesized by 

covering a metal with nano-sized islands of Ni(OH)2 [41, 129]. To realize a better catalyst a 

larger TPB is desirable, which implies a more uniform mixture of sites is necessary. However, 

obtaining a good dispersion with Ni(OH)2 is challenging, because it forms via a Volmer-Weber 

nucleation and growth mechanism, resulting in the formation of islands [38, 136]. 

In the present paper we propose a novel surface: Ni(OH)x, with x varying between 0 and 2, as an 

inherently bifunctional structure that sidesteps the nucleation and growth problem. Such a 

structure could be created by forcing a nickel surface to oxidize more like a platinum surface. 

Platinum oxidizes by incorporation of OH groups through place-exchange [136]. Place-exchange 

still occurs on nickel, but it is slow compared to nickel’s other oxidation mechanisms. Nickel 

oxidation in weakly acidic solutions results in a Ni/NiO/Ni(OH)2 structure [38, 39, 46] but start 

with the quick adsorption of OH
 
groups. At the potentials where OH groups adsorb, there are two 

subsequent paths between a metallic nickel surface and the layered Ni/NiO/Ni(OH)2 structure 

[35]. The first is through continued oxidation of NiOHads groups, and the second is through the 

place-exchange process of Ni/NiOH
+

ads→Ni/OHNi, which is a slow reaction compared to the 

other pathways [35].   

Application of a square wave potential is used in this work to oxidize a Ni surface. It is 

hypothesized this will cause it to progressively form the targeted Ni(OH)x structure by exploiting 

the slow place exchange.  During the anodic portion of each cycle a few OH groups will be 

buried in the electrode by place-exchange. Then, during the cathodic portion, all newly oxidized 
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species will be reduced except the buried OHs. This is because the place-exchange is not 

electrochemical, so is slow in both directions. With each subsequent cycle more OH groups will 

be buried. With properly selected parameters, the end result could be the proposed Ni(OH)x 

structure. This work explores the results of such a square wave treatment on Ni, especially for 

HER activity. 

5.2.3 Materials and Methods 

Experiments were performed using an AMEL 7050 potentiostat, using a standard three electrode 

cell [13]. Potentials are with reference to the Hg/HgSO4 electrode in saturated K2SO4. Solutions 

were prepared using ultrapure deionised water (18 MΩ▪cm). 

Nickel wire (99.98% purity, Alfa Aeser) of 0.5 mm diameter was used for the electrode 

preparation. Before each experiment an unused segment of wire was polished using 600 grit 

abrasive paper (Mastercraft), followed by rinsing with ultrapure deionised water (fresh polished 

wire avoids drift [29]). A 2 mm portion of the wire was exposed to the solution (remainder 

wrapped in Teflon tape). Unless otherwise noted, the pre-treatment surface area, measured by the 

method explained in [15], is used throughout as it is challenging to measure the surface area of 

Ni electrodes with high coverage of hydroxides [137]. Using the pre-treatment surface area is 

justified by the similar roughness before and after treatment.  

The treatment was done by applying a square wave (frequency 8 Hz, high voltage of −125 mV 

and low voltage of −770 mV) for 40 minutes (longer times produce no further effects, shorter 

times produce proportionally less effect)  in a 24 mM ascorbic acid and 0.2 M Na2SO4 solution. 

The counter electrode was a high surface area nickel wire coil. 

The electrochemical characterization of the sample consists of cyclic voltammograms (CVs), 

chronoamperometry (two step polarizations, Tafel plots), and chronopotentiometry (stability test 

in the hydrogen region). Each point in the Tafel plot is from a 2 minute polarization at a given 

potential. For the two step polarization, the initial potential was −1.7 V, the first step was to a 

varied potential, and the second step was back to −1.7 V. The electrode was held at each 

potential for five minutes. All electrochemical characterizations were done in a degassed (by 

nitrogen bubbling for 15 minutes prior to each experiment and throughout) solution of 1 M KOH 

(Fischer, ACS grade). The counter electrode was a high surface area platinum coil.  
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XPS spectra were taken on a Thermo Scientific Theta Probe instrument. The X-ray source was 

monochromatized Al K (1486.7 eV). The X-ray beam size was 400 μm and the energy resolution 

corresponds to Au3f7/2. XPS spectra were analyzed according to Biesinger [138] where only the 

Ni 2p3/2 region was fit, with the background line covering the entire Ni 2p region, and an offset 

added according to the iterative fitting method. 

AFM micrographs were taken on a Multimode 5.3 with NCHR tools. The SEM micrographs 

were taken on a Hitachi S-3400N SEM. The EDX spectroscopy was performed in the SEM using 

an Oxford EDS & WDS elemental Analysis Unit. For the AFM and SEM characterization, 

samples were prepared by e-beam deposition of Ni onto glass, instead of nickel wire samples. 
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5.2.4 Results and Discussion 

SEM micrographs (Figure 5.1 A, B) reveal black spots, possibly pits, formed post-treatment, 

indicating dissolution. However, the natures of such features are difficult to determine by SEM 

micrograph. Further analysis by atomic force microscope (AFM) of the surface roughness of the 

treated (Ra 2.17 nm) and untreated surfaces (Ra 2.20 nm) shows that they are almost identical 

(Figure 5.1 C, D) while the surface chemistry has changed after treatment (oxygen content 

increased as seen by EDX analysis from 3.7 wt% to 21.7% wt%). XPS data of the surface was 

best fit with a Ni/NiO/Ni(OH)2 model [138]. This analysis indicates an increase in Ni(OH)2 

content (untreated: 62% Ni, 14% NiO, 24% Ni(OH)2.; treated 10% Ni, 27% NiO, 63% Ni(OH)2 

;Figure 5.1e, f). The XPS spectra of Ni(OH)x is unknown, but it is surmised to be similar to 

Ni(OH)2. Also, the wide range XPS scan shows no activation of trace elements.  
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Figure 5.1: Microscopy of samples. a) untreated Ni SEM b) treated Ni SEM c) Untreated Ni AFM (Ra 2.20 nm), d) 

Treated Ni AFM (Ra 2.17 nm). e) XPS 2p data fit to Ni/NiO/Ni(OH)2 model [16]. f) Wide range XPS data. 

 

Figure 5.2a compares the CVs of untreated nickel with treated nickel. The single anodic peak in 

nickel (III) is attributed to the oxidation of Ni to -Ni(OH)2, the cathodic peak IV is its reverse 
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and wave V is the HER [15, 29, 139]. After the treatment, peak III and Peak IV are still present, 

but two new anodic peaks are visible. Peak I corresponds to the hydrogen desorption, and can be 

observed in untreated nickel, if -Ni(OH)2 is present [15, 23]. The yet unexplained peak has no 

analogue in untreated nickel to the authors’ knowledge (peak II). Peak II is anodic of peak I and 

cathodic of peak III. This indicates an oxidation of a species that is easier to oxidise than metallic 

nickel, which would be consistent with the oxidation of the proposed Ni(OH)x structure. The 

continued presence of peak III either indicates that the treatment does not exclusively create the 

Ni(OH)x structure, or it may be due to the areas of the surface where x=0.  

 

 

Figure 5.2: Electrochemical characterization: a) cyclic voltammograms of untreated (solid) and treated nickel (dashed) 

wires where the roman numerals indicate different areas of interest; inset: magnification showing the main anodic peaks 

b) Tafel plot of the treated and untreated nickel for the HER region; for untreated nickel a Tafel slope of 121 mV/dec and 

exchange current density of 0.01 A/m2 was found, which is in close agreement with other work [19, 20].  For the treated 

electrode a Tafel slope of 106 mV/dec and an exchanged current density of 0.18 A/m2 was found. c) Relationship between 
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Tafel slope and pH with constant conductivity of 39 mS (lines freely drawn). d) The potential response of the untreated 

and treated nickel wires at −835 mA/cm2(geometric) for a week.   

Increased HER activity is already seen in the CVs. To further investigate the activity, the kinetic 

behavior of the catalysts was evaluated by Tafel plots (Figure 5.2b). The Tafel parameters 

measured for untreated nickel agree with the literature [5, 52] while the Tafel parameters for the 

treated surface show the higher activity, with an increase in exchange current density of more 

than one order of magnitude, and a lower Tafel slope. These results are also in agreement with 

the catalytic performance in the CVs. Additional polarization curves were done in solutions of 

various pHs (Figure 5.2c). The treated electrode demonstrates a strong dependence of Tafel slope 

with pH in contrast with the untreated electrode. This dependence is expected as the treated 

electrode derives its high activity from a bifunctional effect, the importance of which will 

decrease with pH (water splitting is only important for alkaline HER [40, 41, 129]). 

Since the stability of HER catalysts is important, the treated electrode was tested at high current 

density of −835 mA/cm
2 

(geometric area) for seven days (Figure 5.2d). At the start, the 

overpotential of the treated electrode was of 0.25 V lower than that of the untreated nickel, which 

widened to 0.6 V at the end of the experiment. Both treated and untreated stabilized 3 days and 

little loss of activity was seen after that.  

To further investigate the modified Nickel surface, a series of double potential step experiments 

were undertaken. The aim was to identify the potentials at which there are reactions that modify 

the surface and affect the rate of HER. Therefore we use the ratio I(E2)/I(Ei) of sampled currents 

from the double step experiment. Figure 5.3a shows that when the first step potential E1 is anodic 

of −1.3 V the ratio I(E2)/I(Ei) sharply decreases, indicating loss of activity relative to the start of 

the double potential step experiment. The value of −1.3 V is just cathodic of the new peak (II) in 

Figure 5a, indicating that the species oxidised at peak II is responsible for the increase in activity. 

For values of E1 cathodic of −1.3 V, there is no significant change in I(E2)/I(Ei), indicating 

reduction has no effect on the activity of the electrode. This is consistent with the stability of the 

treated electrode in the hydrogen region over 1 week in Figure 5.2d as reduction does not affect 

activity. 
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Figure 5.3: Summary of a series of double potential step experiments. The potential begins at Ei= −1.7 V, then is stepped 

to a variable value E1 where the current is sampled after five minutes, and finally to E2= −1.7 where the current is 

sampled after five minutes. The ratio of initial to final current, I(E2)/I(Ei), is plotted along the y-axis against the different 

values of E1 (x-axis). The inset shows the voltage waveform.  

Untreated nickel shows a totally different pattern. Unlike the treated electrode, nothing 

significant happens for E1 anodic of −1.3 V. In fact, in contrast with the treated electrode, there is 

an increase in the ratio I(E2)/I(Ei) at E1 anodic of −0.85 V. Potentials anodic of −0.85 V are the 

range in which -Ni(OH)2 forms on Ni [15]. The increase in activity due to the formation of -

Ni(OH)2 has been previously observed [23], and is consistent with the more recent results noted 
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above from Danilovic [41]. Importantly, this increase in activity is minor compared to the effect 

of the treatment (40 times the current at −1.7 V vs 4 times). Re-examining Figure 5.3a, E1 values 

anodic of −0.85 V have no effect on the treated electrode. If the treated electrode were being 

modified by the generation of -Ni(OH)2 some evidence of this should be seen in the ratio 

I(E2)/I(Ei) at E1 values anodic of -0.85 V. This indicates the surface is in a state where -Ni(OH)2 

cannot be formed, such as Ni(OH)x.   

5.2.5 Conclusions 

We have shown a method to create a highly active and stable HER catalyst from a nickel surface. 

The method presented is based on our hypothesis of exploiting the slow place-exchange process 

to create a good dispersion of sites for both the water splitting and combination steps of the HER. 

Based on SEM and AFM images, the treated surface displayed morphology similar to the 

untreated material, while at the same time having a significantly higher activity toward the HER 

(increasing the exchange current density by more than an order of magnitude, and decreasing the 

Tafel slope). The Ni shows an electrochemical difference post-treatment by the appearance of a 

new CV peak (peak II in Figure 5.2). Double step polarizations identified this peak as related to 

the surface species that increased the activity, hypothesized to be a Ni(OH)x structure. Further 

work is suggested to fully elucidate the treatment mechanism and resulting surface, and also to 

investigate other applications: to other reactions that require bifunctionality (e.g. [140, 141] ), 

and to other metals that have place-exchange reactions [134, 136, 142]. 

5.3 Afterward 

5.3.1 Anodic CV 

For completion, the anodic side of the CV of the treated electrode is examined here. Figure 5.4 

reveals that peaks VI and VII, corresponding to the oxidation of Ni(OH)2 to NiOOH and the 

reverse [139], completely disappear in the first cycle post-treatment. The shoulder VIII seems to 

take their place, but after cycling several times the peaks re-appear, and the shoulder remains. 

Since the surface is expected to be in the proposed Ni(OH)x phase, there would be no Ni(OH)2 to 

oxidise to NiOOH, and the reappearance of the peaks indicates that on cycling the electrode will 

slowly revert to the more traditional hydroxide. Thus, the shoulder VIII is attributed to further 

oxidation of the Ni(OH)x structure. 
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Figure 5.4 CVs going to the anodic side showing untreated Ni (solid), and the first and tenth scan after treatment (dashed 

and dotted, respectively). 

5.3.2 XPS Spectra 

Additionally, for more detail, the XPS spectra mentioned in the paper is shown in Figure 5.5. 

The usual course of analysing XPS data holds that each atom on the surface in a certain chemical 

state will have a single Gaussian peak associated with it, and the binding energy the peak is at 

determines what the chemical state is, while the magnitude determines how much of that state 

there is. To analyse an XPS spectra it is fit to a sum of Gaussians by adjusting their magnitude. 

However, the fitting the Ni 2p 3/2 region is not quite this text book procedure, as was shown by 

Biesinger et al [138] where the spectra of Ni, NiO, and Ni(OH)2 are identified. Unlike the 

described case, the Ni in each of these states actually corresponds to a sum of Gaussian peaks, 

not a single one. So, the fit is done by adjusting the magnitudes of these sums of peaks, instead 

of peaks individually. As mentioned in the paper a model for the XPS spectra for Ni(OH)x is not 

known (it is novel phase). This is why it cannot be accounted for directly in the analysis, but it 

can be surmised that the spectra must be similar to Ni(OH)2 Which is why the fit was done for 

substances which are known, but similar to Ni(OH)x. 
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Figure 5.5: The XPS spectra fit as described in the paper presented in this chapter. The percentage of each phase given in 

the paper corresponds with the percentage the curves for that phase make up in the plot. The lower curve is the treated 

electrode with 10% Ni, 27% NiO, 63% Ni(OH)2 and the upper curve is untreated nickel with 62% Ni, 14% NiO, 24% 

Ni(OH)2. 

5.3.3 SEM and AFM Images 

As mentioned in the article the Ra of the pre and post-treatment surfaces are very similar. The 

AFM data was analysed using the software Gwyddion [143]. The Ra is the average roughness. 

Essentially, it is the standard deviation of the height. Higher order statistics such as the skewness 

(3
rd

 order statistic) or kurtosis (4
th

 order statistic) can also be used to compare surface in 

quantitative ways. In the case of the AFM data presented in Figure 5.1 the treated surface has a 

skewness of -0.706 and the untreated has -0.842. Since they are negative the surface has more 

extreme low values than high values, but there is not much to separate the two. The kurtosis of 

the treated surface is 0.113 and 0.916 for the untreated. These numbers were computed using the 

standard that a Gaussian distribute surface would have kurtosis of 0. Positive kurtosis indicates 
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that the roughness is due to peaks more so than bumps. This parameter shows the largest 

difference of any of these stats, but they are still very close together. The final statistic that can 

be interesting is the estimated surface area based on creating triangular polygons out of the 

points measured by the AFM [143]. In this analysis the 1x1 µm area the treated surface had 1.18 

µm
2
 of area and the untreated 1.15 µm

2 
of area (a 2% difference). So, even in the high order 

statistic no or little change in morphology can be detected.  

5.3.4 The Ni(OH)x Structure 

In the manuscript the Ni(OH)x structure is described as having x vary from 0 to 2 across the 

surface, this will be elaborated slightly here. The treatment is burying OH groups at random. In 

some locations there will be no buried OHs (x=0), and the surface will be metallic nickel. In 

some locations only a few will have been buried (0<x<2), while in others the saturated amount 

will be buried (x=2). Values greater than 2 are not considered likely because as more OH groups 

are added past this it should cause a usual Ni(OH)2 structure to spread, rather than increase the 

density of OH groups. 

5.3.5 Context 

The success of the treatment in creating an active and stable HER catalyst is clearly seen in this 

paper. The treatment increases the exchange current density to 0.18 mA/cm
2
 and the Tafel slope 

is decreased. The evidence also ties the characterization of the treated electrode to the general 

strategy, and the Ni(OH)x structure. As noted in the conclusion, the double polarization 

experiment links the new peak in the CV to the change in the surface which increases the 

electrode’s activity, and this is hypothesised to be Ni(OH)x because it oxidizes easier than a 

metallic Ni surfaced. There is also the fact that activity of the treated electrode depends on the 

pH, which was not directly mentioned in the conclusion of the paper. This is exactly what you 

would expect from a bifunctional catalyst because bifunctional catalysts are only important for 

the HER in alkaline solutions. 
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6 Optimization of the Square Wave Treatment of Nickel to Produce Highly 

Active Bifunctional Catalyst for the Hydrogen Evolution 

6.1 Forward 

Although examining one case did provide important and interesting data, the question rises about 

how to tune the treatment parameters for a given application. Obviously left out of the paper in 

chapter 5 was the selection process of the parameters for the treatment. In this paper that 

optimization process is detailed, some of the effects of the treatment at non-optimal parameter 

are seen.  

6.2 The Paper 

Optimization of the Square Wave Treatment of Nickel to Produce Highly Active Bifunctional 

Catalyst for the Hydrogen Evolution 

Andrew R.T. Morrison,  

Louis Juillac, 

Sébastien Guyomart,  

Rolf Wüthrich 

6.2.1 Abstract 

The hydrogen evolution reaction (HER) is important both for its relevance to current industrial 

electrochemical process and for its potential future use in a renewable energy economy. Recently 

an electrochemical treatment was reported that modifies a nickel surface to create an electrode 

that is highly active toward the HER. The treatment was hypothesized to oxidize the nickel in a 

platinum-like manner creating a Ni(OH)x surface. Herein the method used to optimize the 

parameters of the treatment for the resulting electrode’s HER activity is presented. The 

dependence of the activity of the treated electrode surface is very sensitive to the parameters: 

each parameter has a narrow range from which a highly active surface will result, and the 

transitions into these ranges are sharp. This offers insights into the mechanism of the treatment. 

Electrodes treated with optimal and other parameters are analysed electrochemically. The 

optimally treated electrode is shown to maintain its high activity over the course of long 
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polarization in more severe conditions (high current density, high concentration, and in a two 

electrode cell). 

6.2.2 Introduction 

Alkaline water electrolysis is a mature technology relevant in several industrial fields [9, 11, 12]. 

Alkaline water electrolysers break water down into hydrogen gas and hydroxide ions at the 

cathode, the hydrogen evolution reaction (HER). At the anode hydroxide ions are combined to 

form oxygen gas and water, the oxygen evolution reaction (OER). Industrial electrolysers most 

often use nickel as a cathode material [5, 10]. Electrolysers’ efficiency can be improved by 

providing a better catalyst for the half reaction that occurs at either electrode. Thus, the industrial 

relevance of increasing the activity of nickel toward the HER is seen. Further, in the coming 

years the world will be expected to make a transition to an energy economy based on more 

renewables [6, 7]. The exact form this future economy will take is still an open question [6], but 

production of hydrogen via water electrolysis can be expected to play a role if some important 

challenges are overcome [8]. The creation of cheap (i.e. noble metal free) and effective 

electrocatalysts has been identified as among the major challenge [6]. Thus, a way to increase the 

activity of nickel based electrodes towards the HER while avoiding the addition of expensive 

noble metals would not only benefit a present industry, but could contribute to solving the 

problem of arranging the future’s energy economy. 

A significant amount of research has gone into finding highly active nickel based HER catalysts. 

Traditionally two paradigms are used. The first approach aims to increase the specific surface 

area of the catalysts. High specific area catalysts can be made by selectively leaching nickel 

alloys, originally aluminium [59] (Raney Nickel), but later with other metals like zinc [67] or 

molybdenum [71]. Other examples of high specific surface area electrode fabrication methods 

are deposition of nickel through a template [78, 80] or onto an already high specific surface area 

substance [88], but they do not reach Raney Nickel levels of specific surface area. The second 

approach focuses on attempts to optimise the hydrogen-metal binding energy by alloying Nickel 

with other metals (originally suggested by Miles et al. [89]) such as Mo [85, 95-97, 144, 145] or 

W [95, 99, 117]. More recently the importance of having a bi-functional catalyst, favouring the 

water splitting step in alkaline media, has come to be highlighted [40, 41, 129, 130, 146], 

particularly the use of Ni(OH)2 as a catalyst for the water splitting step. Within this optic, an 
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electrochemical treatment for generating a highly active, stable, bi-functional catalyst on nickel 

was designed [135]. The treatment was developed to generate a catalyst with a high dispersion of 

the two functional phases. Before that work, high dispersion was challenging as Ni(OH)2 is 

grown by a Volmer-Webber nucleation and growth mechanism, tending to form islands rather 

than a high dispersion of phases [38, 136].  

Here, the parameter space of this novel treatment is explored. Optimal values are found, and the 

implications of the form of the parameter space are discussed.  

6.2.3 Theory of the Treatment 

The treatment aims to create a surface of Ni(OH)x, where x varies across the surface from 0 to 2. 

Creating this surface with a static polarisation is not possible because oxidation of a nickel 

surface under a static polarisation creates a layered Ni/NiO/Ni(OH)2 structure [38, 39, 46]. The 

mechanism for the growth of this structure follows two main paths [35]. In both paths, when 

anodic polarization begins, the nickel surface Ni(s) is quickly covered with OHads in 

𝑁𝑖(𝑠) + 𝐻2𝑂 ⇆ 𝑁𝑖(𝑠)𝑂𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑞
+ + 𝑒−  . (6.1) 

In the first path the OHads groups and a surface Ni oxidize into NiOH
+

ads groups, transitioning to 

Ni(OH)2 either directly on the surface (by adsorbing another OH
-
), or via creation of a Ni

2+
 ion 

and further oxidation in solution. This side of the reaction is formalized by the equations 

𝑁𝑖(𝑠)𝑂𝐻𝑎𝑑𝑠 → 𝑁𝑖(𝑠)𝑁𝑖𝑂𝐻𝑎𝑑𝑠
+ + 𝑒−

𝑁𝑖(𝑠)𝑁𝑖𝑂𝐻𝑎𝑑𝑠
+ ⇆ 𝑁𝑖(𝑠) + 𝑁𝑖𝑂𝐻𝑎𝑞

+ ⇆ 𝑁𝑖(𝑠) + 𝐻2𝑂 + 𝑁𝑎𝑞
2+

𝑁𝑖(𝑠)𝑁𝑖𝑂𝐻𝑎𝑑𝑠
+ + 𝐻2𝑂 → 𝑁𝑖(𝑠) + 𝑁𝑖(𝑂𝐻)2 + 𝐻𝑎𝑞

+

 (6.2) 

The second pathway begins with the OHads groups participating in the non-electrochemical 

place-exchange reaction of 

 𝑁𝑖(𝑠)𝑁𝑖𝑂𝐻𝑎𝑑𝑠 ⇆ 𝑁𝑖(𝑠)𝑂𝐻𝑁𝑖,   (6.3) 

and is followed by further adsorption of OH
- 
progressing toward the Ni(OH)2 structure. 

Eventually the lower layers are converted to NiO (leaving interstitial water as well) via. 

𝑁𝑖(𝑠)𝑁𝑖(𝑂𝐻)2 → 𝑁𝑖(𝑠)𝑁𝑖𝑂 + 𝐻2𝑂 𝑖  (6.4) 
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To prevent creation of the usual layered structure, the non-electrochemical nature of reaction 

(6.3) is exploited by switching the potential quickly. The rate of reaction (6.3) does not depend 

on the electrochemical potential contrary to (6.2). Thus, applying a reducing potential to the 

surface after oxidation will eliminate the intermediaries from (6.2), but not the buried OH groups 

from (6.3) [135].  

 

Figure 6.1: Labeled form of a square wave.   

Guided by these remarks, a treatment applying a square wave potential (Figure 6.1) is used to 

create a Ni(OH)x, structure. In each cycle, during the high potential, a few OH groups are buried 

via the second path of oxidation. During the low portion of the cycle all of the intermediaries 

from (6.2) are reduced. Thus each cycle adds buried OH groups to the surface. In this way the 

Ni(OH)x structure is built successively, each cycle moving the surface a small step toward the 

proposed structure [135].  

6.2.4 Experimental 

Experiments were done using an AMEL 7050 potentiostat. Potentials are with reference to the 

Hg/HgSO4 electrode (MSE) in saturated K2SO4. Solutions were prepared using ultrapure 

deionised water (18 MΩ▪cm). 

Nickel wires (99.98% purity, Alfa Aeser) of 0.5 mm diameter were used for the working 

electrode. Before each experiment, the wire was polished using 600 grit abrasive paper 

(Mastercraft) followed by cleaning with ultrapure deionised water by rinsing. Only a small 

portion of the wire is exposed to the solution by wrapping all but the tip in PTFE tape. For the 

initial set of optimization experiments the exposed portion is 4.3mm±0.7mm. For the second set 

(and all other experiments), the tolerance and length are decreased and a 2mm ± 0.05mm portion 

of the wire is used. A fresh portion of wire is used for each experiment (to encourage consistent 

results  [29]). Surface area is measured by an electrochemical method based on the charge 
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associated with the formation of a mono-layer of α-Ni(OH)2  on the surface [15]. Surface areas 

used are always pre-treatment surface area throughout this article, as it is challenging to measure 

the surface area of Ni electrodes with high coverage of hydroxides; values for surface area 

measure with high coverage of hydroxides have high error values [137]. This simplification is 

justified as according to AFM and SEM images of treated surfaces the morphology does not 

change [135].   

The electrode treatment was performed using a variety of parameters of square wave and 

concentrations of ascorbic acid (CAA) and sodium sulphate (CSS). The parameters of a square 

wave are high potential Vh, low potential Vl, high time th, low time tl, and duration (L) (as shown 

in Figure 6.1). Alternately, the time parameters may be expressed as period (T) and duty cycle 

(D=th/T). The treatment was performed in a 100ml beaker, always filled with 40ml of solution. 

In the first set of experiments the electrode positions were not accurately controlled. In the 

subsequent experiments the working electrode was always placed 5mm below the surface of the 

electrolyte, the reference electrode within 1mm the working electrode, but not touching. The 

counter electrode, a high area nickel wire coil, was positioned at the bottom of the beaker, at 

least 30mm away from working electrode. The working electrode was well rinsed with de-

ionized water prior to, and following each treatment.  

The primary mode of electrochemical characterization was a polarization at -1.7 V for 5 minutes 

before and after a treatment. The results of these measurements are summarized in this work by 

plotting the ratio of current at -1.7 V before to current at -1.7 V after treatment. This is taken to 

be a measure of the activity. The higher the ratio, the more active the electrode has become 

following the treatment. This measure of activity is used to optimize the parameters of the 

treatment. Further electrochemical characterization of the sample consisted of cyclic 

voltammograms, two step polarizations [13], Tafel plot (chronoamperometry), and long term 

stability tests in the hydrogen region. 

For all further characterization a pre-polarization of −1.7 V for five minutes was applied. For the 

two step polarization the initial potential was −1.7 V, the first step was to a potential which was 

varied, and the second step was back to the initial potential at −1.7 V. The electrode was held at 

each potential for five minutes. The Tafel plots were done by polarizing at each potential for 2 

minutes and sampling the current at the end of that 2 minute polarization. A fresh electrode was 
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treated for every five points on the Tafel plot (to minimize drift from long polarization), and the 

plots represent a combination of several such experiments. The long term experiments were done 

in a two electrode cell.  All electrochemical characterizations were performed in a solution of 1M 

KOH (degassed by nitrogen) except the long term polarizations, which were done in 5M KOH. 

The counter electrode was a high surface area platinum coil, except for the long term 

polarization, where it was a nickel wire with 10x the geometric surface area as the electrode 

under study (but otherwise polished and wrapped with Teflon as other electrodes).  

6.2.5 Results and Discussion 

The results of the first set of experiments, with the aim to explore the parameter space of the 

treatment, are shown in Figure 6.3 (an example of the chronoamperometry that each point in the 

figure represents can be seen in Figure 6.2). This first set varied each parameter in the order 

listed in Table 6.1, starting with the values stated there. Based on the graphs in Figure 6.3, the 

optimal values within the explored parameter space were determined and are listed in Table 6.2 

(referred to throughout as “optimal”, though they are only the best found so far, not strictly 

globally optimal). Selection was based on how effective the treatment was, except for duration. 

For the duration 40 min was selected, as only marginal gains are seen above this value.  

Parameter Initial Value 

Vh −150 mV 

Vl −810 mV 

th 50 ms 

tl 50 ms 

CAA 30 mM 

CSS 100 mM 

L 40 min (19200 cycles) 

Table 6.1 Initial parameters for treatment. The parameters are listed in the order which they are varied during the initial 

set of experiments.  

Parameter Optimal Value 

Vh −125 mV 

Vl −770 mV 

th 41.25 ms 
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tl 83.75 ms 

CAA 24 mM 

CSS 200 mM 

L 40 min (19200 cycles) 

Table 6.2: Optimal  parameters, as determined by the initial run of optimization (Figure 6.3) (note: these are not 

necessarily the globally optimal values, just the best found) 

 

Figure 6.2: An example of a five minute polarization before (black) and after (blue) treatment. (note the different scale on 

the y-axis) Each point on Figure 6.3 and Figure 6.4 represents an experiment like this, and the treatment in-between. The 

parameters used for this example were the optimal ones. 

There are additional aspects of interest to these initial experiments than the optimal parameters, 

such as the narrow range of values that produce the optimum for most parameters. For example, 

for Vh (Figure 6.3 b) the optimal parameter is around -125mV, but just 125mv anodic or cathodic 

produces an electrode that is at least seven times less effective. The same is true for Vl, the 

optimal value is -770mV but ±125 mV away results in at least five times less activity (Figure 6.3 

a). In fact, a similar pattern can be seen throughout all the parameters studied, except duration 

and Na2SO4 concentration.  

To investigate this pattern further a second set of experiments was conducted for selected 

parameters. In these experiments one or two treatment parameters are tuned away from their 

optimal values, keeping all other parameters optimal. These experiments also served to indicate 

that no subsequent improvement to the optimal parameters would be readily found.  
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Figure 6.3: Initial pass of parameter exploration. Freely drawn trend lines were added. 

The additional set of experiments confirmed the observation that generally each parameter has a 

narrow range of values for which the treatment produces results near the optimum. In fact, the 

additional experiments show how sensitive the effectiveness of the treatment is to the 
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parameters. For example, in terms of T, the effectiveness of the treatment rises sharply from T = 

0 ms till it reaches a maximum at T = 50ms (Figure 6.4 c). The activity continues at the 

maximum until T = 175 ms, and then falls to a small value. A similar pattern is seen in the 

graphs for duty cycle (Figure 6.4 d & e), tl (Figure 6.4 a) and Vh (Figure 6.4 b). All three graphs 

have sharp edges between the maximum value attained and surrounding values. The exception is 

duration (Figure 6.4 f) which has the same continually growing pattern observed in the initial 

pass of experiments. Figure 6.4 d &e additionally show plots of activity versus duty cycle, but 

with different values of period for comparison. These graphs illustrate that the parameters are not 

independent of one another; change the period and the range of values of duty cycle that produce 

highly active electrodes also changes. 

The sensitivity to parameters is expected based on the understanding of the treatment mechanism 

explained in section 2. In each cycle of the almost 20k cycles that comprise a treatment, a step is 

taken toward the final structure. If the parameters are such that the step taken is not in the correct 

direction the surface will never progress toward the structure. Thus the sensitive and binary 

nature of the activity is explained in a general manner. Explanations for the specifics are 

discussed below. 
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Figure 6.4 The effect of adjusting several parameters away from the optimum parameters a) The effect of low time on the 

treatment effectiveness (Vh=-125 mV, Vl=-770, th= 41.25ms, CAA=24mM, Css=200mM, L=19200 cycles). b) The effect of 

High Potential on the treatment effectiveness (Vl=-770, D= 33%, T=32.25 ms CAA=24mM, Css=200mM, L=19200 cycles). 

c) The effect of period on the treatment effectiveness (Vh=-125 mV, Vl=-770, D=33%, CAA=24mM, Css=200mM, L=19200 

cycles). d) and e) The effect of Duty Cycle on the treatment effectiveness (Vh=-125 mV, Vl=-770, T= as labeled in figure, 

CAA=24mM, Css=200mM, L=19200 cycles). f) The effect of Duration on the treatment effectiveness (A: Vh=-125 mV, 

Vl=-770, D= 33%, T=(A:32.25 ms ,B: 12.5ms), CAA=24mM). 

To start, the reasons why certain parameters result in poor increase of catalyst activity are 

broadly divided into two categories: oxidation biased (e.g. Vh too high, tl too low, etc.) and 

reduction biased (e.g. tl too high, Vh too low etc.). Interpreted through the theory in section 2, it 

can be seen that when the treatment parameters are oxidation biased the unwanted 
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intermediaries, from reaction (2), are allowed to build up cycle to cycle. This inexorably leads to 

a Ni surface with a traditional hydroxide structure on it. For reduction biased parameters all, or 

too many, of the OH groups are removed during the low portion of a cycle. Further, keeping the 

surface free of hydroxides should promote the dissolution of the nickel [147]. If the surface is 

dissolving fast enough, the Ni(OH)x  structure cannot develop as the surface is continually 

stripped away. To probe this further, the radius of the electrode was measured before and after a 

treatment for different parameters using a 36 hour treatment duration. It was found that reduction 

biased parameters dissolve the electrode (decreasing the radius by 0.15 mm in 36 h), while 

optimal and oxidation biased parameters do not have a measurable effect on the radius in that 

time.  

Categorizing poorly performing parameter sets into oxidation or reduction biased only accounts 

for parameters that directly affect the amount of oxidation or reduction occurring in a single 

cycle. Parameters that do not have this direct effect are the concentration of Na2SO4, cycle 

period, and treatment duration. The treatment duration is the simplest to explain. For short 

durations, the structure has not completely covered the surface. For long durations there is no 

observed decrease in effect because the treatment reaches equilibrium once the structure is fully 

built. 

The effect of the concentration of Na2SO4 is discussed next. First note that since the treatment is 

sensitive to the parameters, non-uniform electric fields over the surface of the electrode will also 

reduce the effectiveness of the treatment. This is because only a portion of the electrode surface 

will actually be subject to the specified parameters. A higher conductivity of electrolyte will 

increase uniformity of field due to reduced electrical resistance of the solution and consequently 

improve the treatment efficiency. Since Na2SO4 does not interact with the electrode surface at 

these potentials [35], no further effects are expected from the concentration of Na2SO4. Indeed 

this is seen in the results, when the concentration of Na2SO4 is increased, the effectiveness of the 

treatment increases (Figure 6.3 h). The effect can also be seen when treating large nickel 

electrodes where the field is less likely to be uniform over the entire surface. Experiments 

showed that the treatment on longer wire electrodes was less effective. 

Cycle period is the only one of the three non-categorized parameters that shows poor 

performance for both too high and too low values. For very short periods, the problem is that 
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there is not enough time for any relevant reaction to occur on the surface, except double layer 

charging and discharging. For long periods, the surface will start to take on its steady state 

structures. During high potentials islands of standard Ni(OH)2 will form. They will be reduced 

(fully or partially) at the low potential, but the damage will have been done. Any location where 

an island forms will have its Ni(OH)x structure converted to Ni(OH)2. The nucleation sites of 

these islands will move cycle to cycle, so no location will have time to develop the Ni(OH)x 

structure. 

A final interesting observation from all these experiments is that, even for parameters that show 

poor treatment results, there is still an apparent increase in nickel activity. Nickel naturally forms 

a Ni(OH)2 layer under multiple conditions. It is reasonable to suggest that when the treatment 

does not have the desired effect, a Ni(OH)2 layer still forms. Thus, the mild increase in activity is 

consistent with the increase in activity that is expected for the presence of Ni(OH)2 as noted 

in[23] and expected from [41]. 

Properties of the optimal parameter treated surfaces were further examined. First polarization 

curves (Figure 6.5) were recorded. The treated electrode was found to be a substantial 

improvement on the untreated, both in terms of exchange current density (18 times higher), and a 

lower Tafel slope. The lower Tafel slope indicates a change in the mechanism of the HER. This 

was expected due to catalysis of the water splitting reaction. As the potential is increased outside 

of the Tafel region, the difference between the treated and untreated catalysts becomes less 

pronounced, but is still significant. This is important for practical applications where the current 

will generally be higher than the Tafel region. 
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Figure 6.5: Polarization curve of treated (red) and untreated nickel (black), with fits of the Tafel region shown (blue). For 

untreated nickel a Tafel slope of 121 mV/dec and exchange current density of 1e-2 A/m2 (which is in close agreement with 

[5, 52]).  For the treated electrode a Tafel slope of 106 mv/dec and an exchanged current density of 0.18 A/m2. 

The cyclic voltammogram (Figure 6.6 a) for the treated electrode was explained in previous 

work [135]. Peak I represents the hydrogen desorption (which is visible in untreated nickel, with 

β-Ni(OH)2 present [23]), peak II is unique to the treated electrode, peak III is oxidation of Ni to 

Ni(OH)2, peak IV is the reduction of Ni(OH)2 to Ni, and current wave V is the hydrogen 

evolution. Figure 10b shows CVs for two other electrodes, one treated with oxidation biased 

parameters (Vh=75 mV), and one treated with reduction biased parameters(Vh=-175 mV). The 

electrode treated with reduction biased parameters has a CV that is essentially identical to 

untreated nickel. This is unsurprising, the treatment at these parameters is dissolving the surface, 

and keeping the surface free of hydroxide build up, hence no new reactions. The CV for 
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oxidation biased parameters on the other hand show the emergence of peak I. This is expected on 

an electrode that has a hydroxide layer, as noted above [23]. 

 

Figure 6.6 a) CV of nickel electrode treated with optimal parameters (red) and an untreated nickel wire (black) b) CVs of 

nickel electrode treated with oxidation biased (red) and reduction biased(black). Scan speed in both 10 mV/s. 

To further elucidate peak II observed in previous work [135], double potential step experiments 

were done with parameters that are on the edge of being optimal (Vh=50mV; Figure 11). The 

double potential step experiment for these parameters shows a combination of the features from 

the treated and untreated electrodes. There is the decrease in the I(E2)/I(Ei) ratio for E1 anodic of 

-1.4 V that corresponds with the oxidation the Ni(OH)x structure. There is also the increase in the 

ratio for E1 anodic of -0.8V that is seen in untreated nickel, corresponding to the creation of β-

Ni(OH)2. This is consistent with the hypothesis that the structure on the surface of catalysts 

treated with parameters that are on the edge of the optimal region is both traditional Ni and the 

Ni(OH)x.  
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Figure 6.7 Summary of double potential step experiments (the inset shows the potential profile for this experiment), 

normalized as explained in the experimental section: A: Untreated Nickel, the edge at 0.7 V corresponds with creation β-

Ni(OH)2  [15, 23] B:Treated nickel, the edge is thought to correspond with the oxidation of Ni(OH)x [135]  C: Off-standard 

parameters, note how they are a combination of treated and untreated (Vh = 50 mV all other parameters standard).  

Finally, to see treated electrodes in more realistic conditions, long term polarizations at high 

current densities were done (Figure 6.8). Note that a two electrode cell was used for this 

experiment, so part of the potential comes from the counter electrode (i.e. part of the loss of 

activity will be on the anode). The untreated electrode loses activity rapidly over the course of 2 

days increasing the cell voltage by 0.3 V to stabilize at 3 V. The treated electrode loses activity 

quickly for half a day increasing by 0.125V to stabilize at 2.65V. This experiment was also done 

on electrodes treated with oxidation and reduction biased parameters. For oxidation biased 

parameters the cell voltage starts lower than the untreated electrode, but within a day it increases 

to a level similar to the untreated electrode and stays there for the duration. This could be 

because the hydroxide layer created by the oxidation biased parameters (hypothesized to be β-

Ni(OH)2) is totally reduced within a day, while the Ni(OH)x layer is more stable. The electrode 
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treated with reduction biased parameters shows a very similar pattern to the treated electrode, 

except shifted up by 175 mV. This could be because small islands of Ni(OH)x on the surface are 

sufficient to have some effect on cell voltage, these islands could exist for reduction biased 

parameters close to the active region.  

The treated electrode gains 14mV/day of cell potential. This gives stability of a level to be useful 

above an untreated electrode for multiple weeks at this current density (and perhaps longer at 

lower densities). Importantly, the treatment process is repeatable on the same electrode. After 12 

days of polarization, the treated electrode was retreated with the same parameters, and returned 

to the two-electrode cell. The cell potential of the retreated electrode was very similar to the 

activity of the first experiment for that electrode.  
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Figure 6.8 Long term stability in 5 M KOH at 1A/cm2
 (geometric) with curves from a treated wire, an untreated wire, a 

wire treated with oxidation biased parameters (oxy. biased), a wire treated with reduction biased parameters (red. 

biased), and the treated wire re-treated (all labeled on plot). The discontinuities are from the introduction of fresh KOH 

into the cell.  Note that the cell potential is a two electrode potential. 

6.2.6 Conclusions 

An efficient experimental method was used to explore optimum parameters for use during the 

square wave treatment of nickel for increasing its activity toward the hydrogen evolution. 

Optimal parameters were determined. These values produced a stable, highly active HER 

catalyst (an order of magnitude increase). Additional exploration of the parameter space failed to 

find better values than the initially determined optimal parameters. 

Further, the optimization procedure yielded valuable evidence for the nature of the treated 

surface. Most parameters have a narrow range where the treatment yields results comparable to 

the optimized results. Further investigation in some parameters showed that there are sharp edges 
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to the ranges where good results can be obtained (producing a nearly binary plot of effectiveness 

vs treatment parameter). This sensitivity to the parameters supports the previously hypothesized 

mechanism of the treated which results in the Ni(OH)x structure where OH groups are 

incorporated cycle by cycle. The hypothesised mechanism was also used to explain the effect of 

parameters being out of the acceptable range primarily by considering the ratio of oxidation to 

reduction occurring.  

6.3 Afterward 

6.3.1 Context 

The process by which the optimal parameters were determined was presented, and further 

evidence on the stability of the treated electrode was seen. The stability was seen to be imperfect, 

but still good, lasting several weeks. However, treated electrodes may be re-treated to recover 

their activity, which is relevant to considerations of their stability. The selection process for the 

parameters of the treatment was simple brute force optimization. The initial parameter selection 

was an educated guess based on the reactions required to occur during the treatment. However, 

the overall parameter-activity space takes a shape consistent with the theory of the treatment 

strategy. The activity of treated electrodes was seen to be very sensitive to treatment parameters, 

and have quite narrow ranges of parameter values that produce high activities. Additionally, the 

characterization of electrodes treated by oxidation or reduction biased parameters was seen to be 

quite different than electrodes treated with optimal parameters, which is expected since their 

surface chemistry is changing (or not changing) in different ways.  
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6.3.2 Other Reactions and Metals 

As mentioned in section0, the applicability of the treatment to other metals and reactions would 

be not be surprising. However, finding the correct parameters would be required (as was done for 

the HER in this chapter). In fact some limited success has been obtained with the treatment on 

Co, as can be seen in Figure 6.9. Not unexpectedly, the parameters needed to treat Co are very 

different from Ni.  

 

Figure 6.9: The effect of using a square wave treatment on Co in 1 M KOH. The solid line is before treatment, and the 

dotted line after. There chronoamperometry clearly shows increased activity, and the CV shows a new peak (II). The 

treatment parameters were: Vh=-850 mV, Vl=-1600 mV, T=125, Duty Cycle=33%, L= 5760000 cycles.  

This represents only initial results, as a proof of concept. More may be possible especially when 

combined with on-line monitoring (see section 8.3). Another proof of concept is seen in Figure 

6.10, the results of an optimally treated Ni being used as a nitrate reduction electrode (along with 

an untreated electrode for comparison). There is a clear benefit to using the treated electrode, but 

again this is simply a proof of concept. It is expected that further improvement is possible.  
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Figure 6.10: A comparison with an optimally treated electrode and an untreated electrode for the nitrate reduction.  
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7 Electrooxidation of Urea with Square Wave Treated Nickel Catalysts 

7.1 Forward 

In the afterward of the previous chapter (chapter 6), the applicability of the treatment toward a 

non-HER reaction is shown: the nitrate reduction. The nitrate reduction is similar to the HER in 

one respect, they are both cathodic reactions. This chapter more fully explores the possibility for 

using a treated electrode as an anode, specifically for the Urea electrooxidation.  

7.2 The Paper 

Electrooxidation of Urea with Square Wave Treated Nickel Catalysts 

Andrew R.T. Morrison,  

Rolf Wüthrich 

7.2.1 Abstract 

Urea is a harmful pollutant found in the wastewater of some industry and common sewage. In 

the past few years there has been interest in the urea electrooxidation reaction (UOR) because it 

not only addresses the pollutant problem, but could also allow the more efficient production of 

hydrogen through electrolysis. A recently designed electrochemical treatment for creating highly 

active hydrogen evolution electrodes is tuned to create high activity catalysts for the UOR. The 

properties of these catalysts are examined, and it is found that their high activity toward the UOR 

is due to fast regeneration of the sites active toward the UOR. This fast regeneration is 

hypothesized to be due a surface structure where highly active sites are surrounded by areas for 

urea and products to adsorb, preventing them from blocking the active sites. 

 

7.2.2 Introduction 

The urea electrooxidation reaction (UOR) has a wide variety of applications among them 

wastewater treatment. Urea makes up a large portion of wastewater coming from industrial Urea 

production plants, as well as common sewage [148, 149]. Urea naturally slowly breaks down 

into CO2 and Ammonia [150, 151]. Ammonia is undesirable in the environment [152]. Urea 

containing waste water can be treated electrochemical, to prevent the production of Ammonia, 

and also to produce hydrogen gas at the same time [153-160]. In fact, urea rich alkaline solutions 
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can be used in an alkaline water electrolyser to reduce the cell potential required for electrolysis, 

therefore improving the efficiency over tradition alkaline water electrolysers [161]. UOR also 

plays an important role in urea sensors [162], artificial kidneys [163], and urea fuel cells [164]. 

The overall UOR on nickel in alkaline solutions is [158-160]: 

CO(NH2)2(aq) +6OH
−
→N2(g) +5H2O(l) +CO2(g) +6e

−
 .  E

0
=-0.46 V (7.1) 

Other reaction products are possible, producing nitrates and ammonia, depending on the 

electrode material, current density and solution composition [153-155], but these products are 

not seen on nickel [161]. Nickel based catalysts for UOR has been studied in several different 

forms, and have seen a surge in interest in recent years. There have been several studies on UOR 

electrodes including on electrodeposited layers of nickel and Ni-Co alloys [160, 165], Ni(OH)2 

powders and nanostructures [157, 166, 167], multi-metallic catalysts[156, 160], Ni deposited on 

grapheme [168], nickel with other metallic deposits or nanostructures [156, 169].  

In addition to different catalysts, the details of the mechanism on nickel have also been 

investigated. The UOR on nickel has been known to be catalysed by the generation of the 

NiOOH on the surface [161]. In fact, it has been shown that this overall reaction likely goes by 

an indirect route and can be broken down into two steps [158, 159]. The first step is the 

electrochemical oxidation to nickel oxyhydroxide. This is followed by the chemical oxidation of 

the urea, the by-product of which is reducing the surface back to Ni(OH)2. The Ni(OH)2 is again 

electrooxidized, and the process repeats: 

Ni(OH)2(s) + OH
−
 ⇌ NiOOH(s) + H2O(l) + e

−
   (7.2) 

6NiOOH(s) + CO(NH2)2(aq) + H2O(l) → 6Ni(OH)2(s) + N2(g) + CO2(g) (7.3) 

The regeneration of Ni(OH)2 to NiOOH is an important step in the reaction. A limiting factor 

may be the blocking of these sites by Urea, or UOR products [158, 159], possibly CO [156, 169, 

170], which makes the regeneration step the limiting step of the reaction. Promoting the 

regeneration step, by preventing or limiting blocking of the active sites, explains the 

effectiveness of catalysts comprised of Ni combined with other materials (e.g. bimetallic 

catalysts or Ni on graphene [165, 168]), and the higher activity seen when potential cycling 

[171]. However, a pure nickel catalyst that is capable of this has never been reported so far. 
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Recently, an electrochemical treatment has been demonstrated to increase nickel’s activity 

toward the hydrogen evolution [135]. The effect of the treatment is primarily an electrochemical 

surface modification. It yields a surface that is a well-mixed, bifunctional catalyst for the HER 

[135]. The structure of the treated surface is thought to be a novel Ni(OH)x structure (with x 

varying between 0 and 2). The treatment itself consists of rapid cycles of oxidation and 

reduction, applied to the surface as a carefully tuned square wave voltage waveform. The 

treatment shows great sensitivity toward the parameters of the square [172]. The UOR concerns 

potentials more anodic to those of the HER, but the initial impression that thus it would be 

unuseful for the UOR is not correct. The bifunctional nature of the treated nickel surface will 

tend to prevent blocking of active sites, so the treated surface should show a much faster 

regeneration of these sites. Second, the treated surface is active toward water splitting (indeed 

this is what makes it an active HER catalyst), and equation (7.3) shows this is a required part of 

the UOR. In this paper the use of square wave treated electrodes for the UOR is investigated by 

synthesising treated nickel wires, and performing electrochemical characterization in the UOR 

region. 

7.2.3 Methods 

Experiments were done using an AMEL 7050 potentiostat. Potentials are with reference to the 

Hg/HgO electrode in 1 M KOH, except the potentials of the treatment which are with reference 

to Hg/HgSO4 electrode (MSE) in saturated K2SO4. Solutions were prepared using ultrapure 

deionised water. 

Electrode preparation was done following our previous work [135, 172]; described here again for 

connivance. Nickel wires (99.98% purity, Alfa Aeser) of 0.5 mm diameter were used for the 

working electrode. Before each experiment the wire was polished using 600 grit abrasive paper 

(Mastercraft) followed by cleaning with ultrapure deionised water by rinsing. Only a small 

portion of the wire is exposed to the solution by wrapping all but the tip in PTFE tape ( 2mm ± 

0.05mm). A fresh portion of wire is used for each experiment. Surface area is measure by an 

electrochemical method based on the charge associated with the formation of α-Ni(OH)2  [15]. 

Surface areas used are always pre-treatment surface area throughout this article as it is 

challenging to measure the surface area of Ni electrodes with high coverage of hydroxides [137]. 
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This simplification is justified as according to AFM and SEM images of treated surfaces the 

morphology does not change [1
st
].   

The square wave treatment was performed using the procedure explained in our previous work 

[135, 172]  with the parameters of the square wave being high potential Vh of -200 mV, low 

potential Vl of -770 mV, high time th of 41.25 ms, low time tl of 83.75 ms, and duration L of 40 

min (19200 cycles). The treatment was performed in a 100ml beaker, always filled with 40ml of 

solution. The solution was 24 mM of ascorbic acid and 200 mM of sodium sulphate. The 

working electrode was always placed 5mm below the surface of the electrode, the reference 

electrode within 1mm the working electrode, but not touching. The counter electrode, a nickel 

wire coil, was positioned at the bottom of the beaker, at least 30mm away from the working 

electrode. The working electrode was well rinsed with de-ionized water prior to, and following 

each treatment.  

The electrodes were characterized by cyclic voltammetry, sampled current voltammetry, and 

chronoamperometry. For sampled current voltammetry the current was sample after 30 s at a 

given potential. Two types of chronoamperometry were done, a long term stability test of 12 h, 

and a short term experiment of 5 minutes. The short term polarization were used as in previous 

work [172]to get a measure of activity increase toward the reaction by dividing current before by 

current after the square wave treatment at the potential of interest. The potential of interest for 

UOR is -0.05 V. Similar experiments for the HER are presented as comparison, and for those the 

potential of interest is -1.7 V.  Electrochemical characterizations were performed in a solution of 

5M KOH (degassed by nitrogen) with and without sometimes 0.33 M urea, which is the same 

concentration as in urine (where one possible application for this study lies [161]). The counter 

electrode was a high surface area platinum coil.  

7.2.4 Results and Discussion  
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Figure 7.1: CVs of treated (red) and untreated nickel wires (black) in a solution of 5 M KOH (a) and in a solution of 5 M 

KOH and 0.33M Urea (b).  

Figure 7.1 shows the cyclic voltammograms for a nickel wire of treated/untreated with and 

without urea. In the urea-free solution for untreated nickel, peak I is the conversion of nickel 

hydroxide to nickel oxyhydroxide, and the reverse reaction is peak II. At IV the oxygen 

evolution reaction (OER) occurs. This reaction is enhanced on the treated electrode. Also, on 

treated nickel there is an additional shoulder/peak combination in the CV at III that is not as well 

understood as the traditional nickel CV peaks, but is proposed to be the further oxidation of the 

Ni(OH)x structure. As the treated electrode is cycled in the KOH solution peak I and II will re-

grow. 



 

69 

 

There are several differences for the CVs conducted in electrolyte with Urea. In the forward scan 

(cathodic to anodic) there is a much larger anodic peak at I that is associated with the UOR 

[161]. The current then decreases before increasing again for the OER. This behavior occurs 

because the UOR and the OER compete for the same active sites on the electrode (through the 

competition between OH
−
 and urea [170]). In the reverse scan there is again an anodic peak at I, 

which is the UOR. Finally, there is a lessened cathodic peak at II. The cathodic peak is still the 

reduction of NiOOH to Ni(OH)2, but in the presence of Urea the peak magnitude is lowered. 

This is because as part of the UOR NiOOH is constantly being reduced to Ni(OH)2 (equations 

7.2 and 7.3). When the potential is decreased only those sites going through the NiOOH part of 

the reaction will contribute to the peak’s current. 

The most obvious difference between the CV for the treated and untreated electrodes in the 

presence of urea is that the treatment does indeed significantly increase the current in the UOR 

region. As noted, the UOR has an onset potential corresponding with the peak I, and this does 

not change for the treated electrode. This indicates that III is not associated with a reaction 

forming NiOOH on the surface, or the Urea oxidation should begin sooner. Thus,  the treated 

nickel partially oxidizes into a unique state which is not NiOOH (emphasizing that Ni(OH)x is 

unique from Ni(OH)2).  

Comparing the relative magnitude of the forward and reverse anodic peak in the treated and 

untreated electrode provides a significant clue for determining why the treated electrode has such 

a higher activity toward the UOR. Note the fact that for untreated nickel the anodic peak in the 

forward scan of the CV (anodic to cathodic) is higher than the peak in the reverse scan. This is 

consistent with other studies, and is explained by the blockage of the active sites by adsorbed 

Urea or products of the electrooxidation [159]. The blocked sites are unable to re-oxidize to 

NiOOH, and so are unable to catalyse the UOR. The regeneration of active sites could also be a 

limiting step for the electrooxidation reaction itself. The relative magnitude of peaks is inverted 

in the treated electrode with the reverse scan peak having a significantly higher magnitude than 

the forward scan. The peak also has a much sharper rise than the reverse scan anodic peak does 

for untreated nickel. In the literature such a sharp rise is only seen on Ni deposited on a high 

surface area carbon foam for high NaOH concentration (4 M and above). It was attributed to fast 

oxidation of compounds blocking the active sites due to increased OH
-
 concentration [173]. In 
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the case for Figure 7.1 b there is no difference in OH
-
 concentration between the two CVs, so a 

different explanation is required. The sharp rise occurs at the point when the UOR outcompetes 

the OER for the active sites, and indicates the treated electrode’s active sites for the UOR are 

being regenerated more quickly than the untreated electrode. In the untreated electrode the 

current rises slowly as the sites are re-activated. This behavior can indicate either that the active 

sites are not being blocked, or the blockage is removed significantly faster.  Either would be 

accomplished by highly active sites for the UOR surrounded by areas where the reaction does 

not occur as readily, giving space for the Urea and the products to adsorb without blocking. This 

interpretation explains both the higher activity and the high magnitude of the anodic peak in the 

reverse scan. 

 

Figure 7.2: Sampled current experiment in 5 M KOH. The potential is held for 30 seconds then the current is sampled. 

The figure shows the experiment for untreated with 0.33M Urea (triangle), untreated without Urea (square), treated 

(circle). The inset shows the lower currents magnified to show where the untreated electrode oxidized Urea. 
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Sampled currents methods were used to further investigate the properties of the catalysts. 

Although the patterns of the CVs are largely repeated, there are interesting differences since the 

sampled current method filters out some transient elements of the signal. Without urea the 

current is negligible until the point where the oxygen evolution begins at 0.35 V (peaks I and II, 

being purely surface dynamic, do not show up in sampled current experiments). With Urea the 

current increases for both treated and untreated at the potential of peak I, and then decreases due 

to the competition with the OER, and increases again when the OER starts winning the 

competition. For the treated electrode this decrease occurs at the potential of the sharp rising 

edge of the reverse scan of peak I. This voltage was hypothesized, from the CV, to be where the 

transition between UOR and OER takes place. The maximum seen for the UOR in the treated 

electrode is also anodic of that for the reaction on an untreated electrode by 200 mv. This 

difference has a practical effect. Treated electrodes will be able to run at a higher cell voltage 

than untreated electrodes in an electrolyser containing urea. It also indicates that the treated 

electrode surface is better at regenerating the active sites for the UOR than the untreated 

electrode, as suggested in the introduction. 
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Figure 7.3: Effect of the high potential Vh during the treatment on activity of the treated electrode toward both the UOR 

and the HER. Triangles and the left axis are for the UOR, while squares and the right axis are for the HER. 

The activity of treated electrodes towards the HER is known to be very sensitive with respect to 

the parameters of the treatment [172]. It is interesting to see if this sensitivity is also true for 

activity toward the UOR. Figure 7.3 shows that UOR activity is highly dependent on Vh (in fact 

it is similarly dependant on the other parameters, but Vh is used an example herein) as in the case 

of the HER. However the location of the region that produces an increase in activity is shifted 

slightly negative of the active region for HER. The positive half the UOR active region in Figure 

7.3 overlaps he negative edge of the HER active region.  

This shift between the optimum parameters for the HER and UOR can help to explain why the 

electrodes are active for the UOR. The range of Vh resulting in high activity for UOR is slightly 
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reduction biased, in terms of the HER. For the HER, reduction biased parameters produce poor 

results because they have a tendency to dissolve the surface, but for values close to the ones 

yielding high activity small islands of active Ni(OH)x are thought to exist [172]. The Ni(OH)x 

islands are expected to be highly active sites for the UOR, because of their water splitting 

properties  [41, 135]. Isolated islands that are highly active for the UOR surrounded by less 

active areas, is exactly the interpretation given for the CV data in Figure 7.1. The active sites are 

then Ni(OH)x islands, which are dispersed on the surface with space between them.  

 

Figure 7.4: Twelve hours polarizations in a solution of 5 MKOH and 0.33 M Urea. Voltage applied is -0.05 V vs MSE.  

Long term polarisation experiments (Figure 7.4) were conducted in order to evaluate stability of 

the treated electrodes under reaction condition. The polarization was selected to be at -0.05 V, 
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which is close to the optimum voltage for the untreated electrode, but not the optimum voltage 

for the treated (Figure 7.2). This choice should show the treated electrode in the least favorable 

light. Despite this, the treated electrode’s current stabilizes at a significantly higher current than 

the untreated electrode (while the untreated electrode is still trending slightly downward). At 12 

h the treated electrode’s current density is 15.3 mA/cm
2
 while the untreated electrode only has 

0.42 mA/cm
2
.  

Figure 7.4 also shows curves for electrodes treated with non-optimal parameters, in two 

categories. The first category is for Vh close to the optimal value (Vh=-125 mv and -275 mV). 

These data show higher current density than an untreated electrode, but still significantly lower 

than the optimally treated electrode. This is consistent with the interpretation that the UOR 

activity comes from small islands of Ni(OH)x. According to this interpretation one should expect 

a minor increase in activity for square wave parameters producing some islands, but not the 

optimal concentration. The other category is for Vh far from the optimal value (Vh=-25 mV and -

375 mV), outside the range of values that have a positive effect on the UOR activity according to 

Figure 7.3. In this case one expects to form surfaces with either a fully formed Ni(OH)x layer or 

no Ni(OH)x. In both cases this is not beneficial for the UOR and indeed the data show very low 

current, even slightly lower than an untreated electrode.  

7.2.5 Conclusions 

An electrochemical square wave treatment that is known to increase the activity of nickel 

electrodes toward the HER has been shown to significantly increase the activity of nickel 

electrodes toward the UOR. This importantly shows the wider application of the previously 

reported on electrochemical square wave treatment of nickel [135] for developing catalysts.  

The increase in activity is due to the treated nickel electrode regenerating the sites active for the 

UOR very quickly. This likely comes from the surface having a dispersion of islands which are 

active for UOR with room between. The active sites are thought to be the Ni(OH)x structure 

which should catalyse the water splitting portion of the UOR. The electrode treated with the 

optimal value of Vh was found to be stable, maintaining significant higher activity over the 

course of 12 hours than nickel untreated or treated with non-optimum parameters.   
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7.3 Afterward 

7.3.1 Context 

In this paper a treatment to create a very active electrode for the UOR was reported on. The 

treatment is an adjustment of the treatment for HER electrodes, to slightly more reduction biased 

parameters. The fact that making an active UOR electrode requires different parameters than 

making an active HER electrode should not be surprising. It is a different reaction, and so has 

different requirements of the surface chemistry. More interesting is how the parameters are 

different: the parameters required to produce active UOR electrodes can be justified in terms on 

the theory of the Ni(OH)x electrode as presented in the previous two chapters. Another note on 

the UOR treatment is that it opens the possibility of using two treated nickel electrodes in an 

alkaline water electrolyser, with the addition of urea. 

It is also interesting to note here that the elbow at VIII in Figure 5.4 is not associated with the 

onset of the UOR. The UOR onset is associated with the creation of NiOOH, it is sacrificially 

reduced (and then re-oxidized) in the UOR. The fact that VIII does not correspond with the UOR 

onset signifies that the structure of the hypothesized oxidized state of Ni(OH)x created at VIII is 

not like NiOOH.  

7.3.2 Electrooxidation of Other Organics 

There are inherent similarities between the electrooxidation reactions of Urea and some other 

organics, such as Ethanol and Methanol [174, 175]. Indeed, using the UOR treatment parameters 

produces electrodes which are also good for their electrooxidation, as can be seen by the 

preliminary data shown in Figure 7.5. 
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Figure 7.5: Polarizations of Ni electrodes treated with the optimal UOR parameters used as anodes for a) methanol 

electrooxidation, and b) ethanol electrooxidation. The polarizations are at the voltages listed in the graphs vs the MSE 

electrode 

8 Practical Elements 

In this chapter different practical concerns for implementing the treatment will be discussed. 

First, the cost of maintaining the treatment’s electrolyte quality will be addressed. Then, the 

energy and equipment requirements of the treatment are considered. Also, a method to deal with 

the sensitivity to treatment parameters noted in chapter 6 is proposed. Finally, the application of 

the treatment to metals other than nickel is addressed. The scientific importance of the data 

examined here is also discussed.  

8.1 Composition of the Solution 

Throughout the preceding chapters the solution used to treat electrodes has been a combination 

of 200 mM sodium sulphate and 24 mM ascorbic acid. The use of ascorbic acid was originally 
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motivated by thoughts of its antioxidant properties. However, ascorbic acid decomposes in 

solution significantly over the course of a few days. In fact solutions more than three days old do 

not produce highly active catalysts. This is no doubt linked with the noted sensitivity of the 

treatment to its parameter noted in chapter 6. Practically, a solution that changes properties to the 

detriment of the relevant process is not desirable. Luckily, it appears that ascorbic acid is not an 

essential ingredient in the treatment. The treatment also performs well with a wide variety of 

combinations electrolytes (listed in Table 8.1), as long as the conductivity is 30mS and the pH is 

2.95. The only exception to this that was found was solutions containing chlorine. This is likely 

because chlorine attacks the passive layer on nickel electrodes, which is the kind of layer the 

treatment forms.   

Table 8.1: Salts and acids used to make solutions to treat Ni electrodes, combinations of all the items used here 

experimented with. 

Salt Used Acids Used 

Monosodium Phosphate Acetic Acid
 

Disodium Phosphate Sulfuric Acid
 

Sodium Ascorbate Hydrocholric Acid 

Sodium Nitrate Phosphoric acid 

  

 

Another important factor of the solution is its cost. Since the concentrations are fairly small the 

cost of the solution will be very low. For example, using a sulphuric acid and sodium sulphate 

treatment bath the cost of the bath would be less than a dollar litre even if the reagents were 

bought at laboratory supply prices [176]. Further the solution would be good for several 

treatments before it needed renewing. On the other side of the operation there is the cost of waste 

disposal. Since the pH is greater than 2 the solution is not considered a hazardous corrosive 

[177]. The other concern for waste treatment is the amount of nickel, if any, is left in the 

treatment solution. Although Ni is a serious waste product, treating waste water for heavy metals 

like Ni is costed in the dozens of dollars per 1000 gallons [178]. Thus the cost of the treatment 

solutions from purchase to treatment should not be significant. 
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8.2 Power Use and Peak Current 

A portion of the expenses to treat an electrode will come from the power consumption. Figure 

8.1 shows typical current data and cell voltage of a single cycle of the treatment. Cell voltage V 

and charge Q is enough to calculate the energy E consumption of a single cycle according to 

E=QV. Since the energy required will scale linearly with surface area (along with the peak 

current) a value given in energy/surface area is an appropriate metric. The energy per cycle is 

approximately 40 µJ/cm
2
/cycle. This comes out to about 1 J/cm

2
 to treat a catalyst (with 19200 

cycles, the number of cycles used with optimal treatment parameters). This translates to on the 

order of $1e-8 /cm
2
 at $0.1/kwh, a quite insignificant cost. 
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Figure 8.1 Typical examples of current density during a single cycle of the treatment with optimal parameters, for the 

anodic (a and c) and cathodic (b and d) current. a and b are from the initial portion of the treatment (30 seconds in) and c 

and d are from the end (2250 seconds). A best fit exponential curve is shown simply as a point of reference for the shape 

of the curve (clearly, these curves are not purely exponential). 

Another related cost will be the equipment used to apply the treatment, and in general the cost of 

this equipment will go up with peak current required. Typical peak current density required for 

optimal treatment parameters are, as seen in Figure 8.1, around 50 mA/cm
2
. To evaluate the 

requirements of the power supply able to apply the treatment on commercial electrodes, one has 

to know the typical size of used electrodes in industrial electrolysers. This type of information is 
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not published widely. However references can be found to 300 cm
2 

and 1000 cm
2
 size electrodes 

in the form of the IMET stack from Hydrogenics [179]. While it is not clear what type of area 

this is (geometric, etc.) it still gives an initial idea.  

Sizes up to 100cm
2
 (corresponding to currents on the order of 5 A) can be dealt with easily by 

several bench top power amplifiers. More specialized high-current supplies are available up into 

the thousands of amps peak current (for example those from Magna-Power [180]), but often with 

low bandwidths (~60hz). Low bandwidth may jeopardize optimal working conditions for the 

treatment. It is therefore very likely that custom electronics would be required for high surface 

areas (>1000cm
2
). 

Another way to deal with the treatment of high surface area electrodes consists in trying to 

optimize the treatment in order to minimise the peak current. Double layer charging contributes 

significantly to the peak current, but is not significant to the mechanics of the treatment. The 

peak current from the capacitive charging can be reduced by making the change in voltage less 

sudden. This suggests rounding off the edges of the square voltage wave as in Figure 8.2, which 

results in a reduced peak current. 

 

Figure 8.2: A diagram of a comparison between the standard treatment, and the treatment with the corners rounded off 

to reduce peak current, while keeping the same activity. 

Characterization of this treated electrode shows that the treatment still produces similar results to 

those from the optimum parameters. This is likely not the limit of how far the peak-current can 

be reduced while maintaining the activity of the treated electrode. If very large surface area 

electrodes need to be treated, this could be a promising way to minimise the currents required. 
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8.3 On-line Monitoring 

In chapter 6 it was noted that the results of the treatment are very sensitive to the parameters of 

the treatment. In fact, altering the geometry of the cell can sometimes de-tune the parameters. 

This potentially presents practical issues. The first is consistency. The sensitivity may make 

achieving a consistent result at an industrial scale challenging. The second is adaptability. It is 

desirable to be able to apply the treatment to any form factor of electrode easily, not after days of 

optimizing parameters. Both issues would be mitigated by having very precisely controlled 

conditions. However, the ideal is to have a signal that can be monitored during the treatment, 

which indicates status. The only signal that is readily available during the treatment is the 

current.  
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Figure 8.3 Typical examples of current density during a single cycle of the treatment with oxidation biased parameters 

(Th=120 mV, all else optimal), for the anodic (a and c) and cathodic (b and d) current. a and b are from the initial portion 

of the treatment (30 seconds in) and c and d are from the end (2250 second in). A best fit exponential curve is shown 

simply as a point of reference for the shape of the curve. 
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Figure 8.4 Typical examples of current density during a single cycle of the treatment with reduction biased parameters 

(Duty Cycle=20%, all else optimal), for the anodic (a and c) and cathodic (b and d) current. a and b are from the initial 

portion of the treatment (30 seconds in) and c and d are from the end (2250 second in). A best fit exponential curve is 

shown simply as a point of reference for the shape of the curve. 

The current signal during the treatment using optimal (Figure 8.1), oxidation biased (Figure 8.3) 

and reduction biased (Figure 8.4 ) are examined. The total current is the sum of several 

contributions. First, there is the double layer charging. In fact, the double layer charging is a 

significant portion of the total current. To see this, the order of magnitude of the time constant of 

an RC circuit with double layer capacitance C is analysed. We estimate the resistance R from the 
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peak current (which is ~10 mA given a surface area of 0.3 cm
2
) and peak to peak applied voltage 

(which is approximately 1 V). This gives R on the order of 100 ohms. The double layer 

capacitance of these electrodes is estimated to be 0.6 to 12 µF (specific capacitance of 2-40 

µF/cm
2 

[181] and surface area of 0.3 cm
2
). It follows a time constant of 1/RC between 0.1 to 1 

ms. This is comparable to the time constant of the decays seen for the current signal during the 

treatment.  

The second kind of contributions to the total current are the currents associated with the actual 

reactions. They will exhibit some form of exponential decay (possible with an offset in the case 

of dissolution reactions) [13]. It may be tempting to analyse these reactions as if they were 

diffusion controlled (or partially diffusion controlled). However, it is not entirely clear that the 

standard forms for analysing diffusion controlled reactions would be applicable (looking for 

linear relations in current density and t
-0.5

) as the electrodes are not shaped for such an analysis 

[13]. In any case, as can be seen in insets in Figures 8.1, 8.3 and 8.4  there is generally no such 

linear relationship. Another difficulty to be accounted for is that the significant double layer 

charging. Electrochemical reactions that take place while the double layer is charging (which is a 

non- negligible amount of time in each cycle) are not taking place under the same conditions as a 

fully charged double layer, which can affect the kinetics of the reaction.  

In summary, it appears that analysing the current signal during the treatment directly is a 

challenging prospect, and not appropriate for an on-line monitoring solution. Instead, a 

simplified quantity will be considered here. 

A convenient quantity to investigate is the charge transferred during a single cycle, split into the 

anodic and cathodic charges. The charge transfer will be correlated with the number of 

individual electrochemical reactions that occur. A large part of the charge will be due to double 

layer charging, but in each part of the cycle this component will be constant throughout and the 

anodic and cathodic double layer charge components of the signal must balance.  

Figure 8.5 shows the graphs of charge transfer per cycle.  
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Figure 8.5: Charge per cycle during the treatment for three different parameter sets. a) Optimal, b) reduction biased 

(duty cycle=20%) c) oxidation biased (Vh=120 mV). 

The three classes of signal are distinctive. The difference between the three is that in the optimal 

case the anodic and cathodic charge will tend toward balance, but not actually balance till the last 

third of the treatment. However, for the non-optimal cases, after about 3 minutes, the difference 

between the two charges will remain constant. Therefore, the different cases can be identified 

within the first five minutes (and often much faster). This is very encouraging as it can cut down 

the amount of time needed to tune parameters. The time to test a single parameter set would go 

down from an hour to something like ten minutes (depending on fixed times associated with 

replacing the electrode in the cell).  
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Figure 8.6: Charge per cycle for when the parameters of the treatment are changed 5 min into the treatment. a) From 

oxidation biased (Vh=120 mV ) to optimal. b) From reduction biased (Vh=-180) to optimal. 

An even better solution would be the ability to automatically tune parameters on-line. To do this 

the parameters need to be altered online. Going from reduction or oxidation biased parameters to 

the optimal parameters within the first ten minutes does not affect quality of catalyst. That is to 

say that for initial parameters within the ranges explored in Chapter 6 that are switched into 

optimum parameters in the first 10 minutes show characterization is identical to optimally treated 

electrodes   Figure shows the charge per cycle for changing parameters into the optimum range.  

From the five graphs of charge per cycle (Figure 8.5 and Figure) a simple online tuning heuristic 

can be stated: 
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1. Identify which category the parameters are currently in. If in the optimal category, stop. 

2. Pick one parameter that affects the bias (Vh, Vl, duty cycle, etc.) and tune it a small 

amount toward the optimal zone. (see Table 8.2 for possible actions)  

3. Repeat 2 until the charge per cycle graph looks like one of the transition examples. 

(Figure 8.6) 

4. If charge per cycle graph starts to look like the opposite non-optimal condition, reverse 

the tuning slightly. 

Table 8.2: Control action to be taken based on the condition seen. Table built based on findings from chapter 6 

Condition Possible Actions 

Oxidation Biased  Decrease Vh  

 Decrease th  

 Increase Vl 

 Increase tl . 

 Decrease duty cycle  

Reduction Biased  Increase Vh 

 Increase th 

 Decrease Vl 

 Decrease tl   

 Increase duty cycle 

 

This is clearly not an exact procedure, but a skilled operator can follow this heuristic to find the 

optimal zone of a purposefully detuned parameter set with some success. Implementing this 

heuristic as an automatic control algorithm is not addressed here, but this is a proof of 

plausibility of such an algorithm.  

An explanation of the three different types of signals seen in Figure 8.5 is now discussed. For 

reduction biased parameters there is a large amount of net charge flowing in the anodic direction. 

By combining this with the knowledge from chapter 6 that reduction biased parameters promote 

dissolution of the electrode, it becomes clear that the net anodic charge is associated to the 

electrode dissolution.  
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For oxidation biased parameters the zero net charge flowing is attributed to the reduction and 

oxidation of the same amount of the passive film. In other words, the passive film does not grow 

after the initial formation. The charge per cycle is additionally quite low compared to the other 

two states, suggesting that the passive film built in this case is difficult to grow or reduce passed 

a certain point. 

The most interesting of the three graphs is that of the optimum parameters (Figure 8.5 a). It can 

be seen as a combination of the two non-optimal cases. There is a significant net charge flow 

over the first portion of the treatment till approximately 30 minutes (14400 cycles). This time 

frame is the minimum treatment duration required to obtain optimal results (see section 6.2). In 

the first 30 minutes of the treatment the surface is converted to the Ni(OH)x structure. Once the 

final structure is reached there is a dynamic equilibrium, much like the case in the oxidation 

biased parameters. The progression toward a dynamic equilibrium when using the optimum 

parameters, is also supported by the experiments were the parameters were changed mid-

treatment. The previous non-optimum modification of the surface was able to be overwritten by 

the optimum parameters. This is a consequence of the step by step nature of the treatment. Each 

cycle of an optimal parameter treatment the surface take a step toward the desired Ni(OH)x state. 

This happens regardless of the state of the surface before the optimum parameters are applied. If 

the surface is heavily oxidized, then the treatment will tend to reduce the surface in net. If the 

surface is reduced, it will oxidize it. The step by step nature itself can be seen in the net charge 

transferred per cycle, which is never higher than a few dozen µC/cm
2

 (vanishing near the end, 

Figure 8.7).This level of charge transfer is much less than even the charge required for a single 

electron process which is 257 µC/cm
2
 [182].  
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Figure 8.7: Net Charge per cycle for the optimal treatment. 

 

It is also interesting to note is that the net charge transferred during the treatment is more than 

one monolayer of even a multi-electron process (the charge involved in generating a monolayer 

by an electrochemical process on Ni will be number of electrons involved multiplied by 257 

µC/cm
2
 ) (Figure 8.7). This opens up two possibilities. The first is that some small degree of 

dissolution occurs during the optimal treatment. This may seem inconsistent with unmodified 

morphology seen in chapter 5, but nickel normally dissolves by a step–flow process in sulphate 

solutions [183], which would leave the surface morphology unaltered. The other possibility is 

that the Ni(OH)x structure is more than one mono-layer thick. The visual appearance of treated 

nickel surface, which ranges from dull grey to a specular green or gold, would tend to support 

the treated structure containing multiple layers. However, the two possibilities are not mutually 

exclusive. Further investigations and information gathered from experiments using quartz crystal 

microbalance or electrochemical scanning tunneling microscopy are required. 

8.4 Application to Other Metals 

Being able to apply the treatment to other metals would significantly increase its practical 

importance. The treatment was also attempted on several other metals, and the charge per cycle 

was used as a guide to try to find optimum parameters on those metals. Ti, Fe, Mo, Co, 316L 

steel, Sn, Cu, and Al were all tried. Unfortunately, only some limited success was found with 
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Cobalt (see Figure 6.9). This effort did not represent an exhaustive search of the parameter space 

for these metals, so perhaps a more thorough search would find optimum parameters for other 

metals. Partly, the charge per cycle strategy was hampered by having to explore voltages that 

were within the HER or OER region (which was the case for the successful parameters for Co). 

When this was not an issue, the charge per cycle graphs for these metals fell into either the 

oxidation biased or reduction biased pattern. Further, only for Fe, of the non-Ni metals 

investigated, could both types of charge per cycle graph be seen. However, when the parameters 

were tuned from oxidation biased to reduction biased in Fe, there was always a rapid switching 

between the two modes. In Ni there are optimal parameters that can be found if the tuning is 

done carefully as demonstrated in this thesis. This suggests a point of attack in determining what 

metals the treatment is appropriate for. If the reason for this difference could be found it would 

indicate the property of Ni that allows the square wave treatment to work on it and allow this 

quality to be sought in other materials. The answer to this problem remains, at this stage, an open 

question. 

8.5 Conclusions 

Several practical concerns related to the treatment were addressed in this chapter. The cost of 

maintaining a particular electrolyte for the treatment is offset by the fact that it seems that any 

salts and acid will work, as long as the pH and conductivity is matched (and Cl
-
 is avoided). The 

running cost of treating an electrode was determined to be negligible. The cost of  The cost of 

equipment may not be negligible, if large electrodes (>1000 cm
2
) are to be treated, but this is a 

onetime cost. Additionally, it may also be mitigated by rounding the edges of the square wave. 

Online monitoring of the current signal was seen to give valuable insights into the status of the 

process. Whether or not the treatment is proceeding as planned can be gleaned from the charge 

transferred each cycle. This information can even be used to tune the treatment parameters 

during a treatment. This allows for faster adaptability to variable conditions (e.g. electrode 

geometry, changing uncontrolled environmental conditions, etc.), and opens the possibility of 

automatic control of the process.  

The online monitoring during the treatment also contributes to the understanding of the 

treatment. The dissolution of the surface caused by reduction biased parameters is evident in the 

charge per cycle graphs as the sustained net charge flow. Oxidation biased parameters, on the 



 

91 

 

other hand, are seen to form a marginally reactive layer within the first five minutes, and then 

change very little. The optimal parameters are a mix between these cases, though the net charge 

flow in this case is the construction of the Ni(OH)x. Additionally, the charge per cycle provides 

evidence of the progressive nature of the construction. Application of the treatment to other 

metals will, no doubt, be aided by on-line monitoring. 
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9 Conclusions and Outlook 

9.1 Conclusions 

9.1.1 HER Treatment 

The evidence from chapter 5 and 6 clearly shows that Ni electrodes subjected to the 

electrochemical square wave treatment have significantly higher activity than untreated nickel. 

The electrodes treated with the optimal parameters were found to have an exchange current of 

0.18 A/m
2

, compared to untreated nickel with 0.01 A/m
2
, which is one order of magnitude of 

gain. Recall that platinum has an exchange current density of 4 A/m
2
. So, it is not quite at 

platinum levels of activity, but it is only one order of magnitude off (whereas untreated Nickel is 

two orders of magnitude off). The Tafel slope was also reduced, from 121 mV/decade in 

untreated nickel to 106 mV/decade in treated nickel. This signifies that the treated electrode 

performs even better at higher potentials. The activity is also seen to be from a bifunctional 

cause. This is seen from the dependence of their activity on the pH of the solution.  

Electrodes treated with the electrochemical square wave treatment were seen to be very stable. In 

the three electrode stability experiment (Figure 5.2d) showed that over the course of 20 hours the 

electrode appears to be very stable, hardly losing any activity at all. The  lengthier two electrode 

experiment (Figure 6.8), at a higher current density, showed that a treated electrode will 

eventually return to the activity of an untreated electrode, but it will take several weeks. 

Considering that at any point a previously used electrode may be re-treated to regain the lost 

activity this loss appears to be a minor problem. 

9.1.2 Urea Electrooxidation 

In addition to being active for the HER, the electrochemical square wave treatment (with slightly 

different parameters) is capable of increasing the activity for the urea electrooxidation. A treated 

electrode can achieve 7 times the current at 0.96 V vs MSE, which increases to 35 times the 

current after 12 hours (as the treated electrode has far greater stability). 

9.1.3 Strategy 

The strategy for the modification of Nickel surface for increased catalytic activity toward the 

HER was seen to work as expected. The activity increase can be seen to be intrinsic. Indeed, 
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AFM measurements show no difference in roughness, while the increase in activity is linked 

with a new peak seen on the CV of treated Ni, indicating the activity is related to a new phase on 

the surface. Further, the fact that the activity is bifunctional denotes it is intrinsic. Finally, the 

need to adjust the parameters of the treatment to obtain the active UOR catalysts clearly indicates 

that the activity comes from modified surface chemistry, and not from an increased surface 

roughness, i.e. the activity is intrinsic. 

Further, the treated surface is the proposed Ni(OH)x state. The XPS and EDX data show that the 

surface must also be like Ni(OH)2, and it must be bifunctional. However, not identical, as seen in 

the CVs. The phase that is associated with the increased activity, identified by CV and double 

potential step experiment, is easier to oxidize than oxidizing Ni to Ni(OH)2. Combined, the 

surface must be similar to Ni(OH)2 toward XPS, be bifunctional, and have a phase which is 

easier to oxidized than a Ni surface: all a description of the Ni(OH)x structure. 

Finally, the treatment works through the promotion of the non-electrochemical place exchange 

reaction, as explained in first two papers. First, that the proposed Ni(OH)x structure has been 

created is very suggestive that the treatment works in the specified way. Further, the shape of the 

parameter-activity space can be explained by appeal to this mechanism for the treatment, for 

both the HER and the UOR electrodes. Combining these two points with the charge per cycle, 

indicating the treatment proceeds via a step-by-step process arriving in situation of a kind  of 

imposed dynamic equilibrium, leads to the conclusion that the treatment process works as 

hypothesized.  

9.2 Future Work and Outlook 

Since the treatment is a novel way to modify a nickel surface this work opens up several possible 

avenues of research. Some of them are listed here: 

 Basic Research into the structure and formation of Ni(OH)x: Further Experiment 

investigation into the exact mechanism of the treatment is important. The theory 

expressed explains the evidence well, but some details remain unexplored. The exact 

structure of Ni(OH)x, and the reactions involved its further oxidation (basically, 

explaining in detail the anodic side of the CV) would be of interest for the future 

development of the treatment. The following is suggested in decreasing priority: 



 

94 

 

o Further scanning probe microscopy (SPM) investigation. The reason these 

techniques will be important is that they can give information on an atomic 

resolution. Since the special properties of Ni(OH)x are thought to come from its 

special arrangement on the surface this technique is very applicable. The effects 

of the treatment on different planes of single crystal Ni electrodes could be 

investigated ex-situ. More ambitiously, SPM may be used to investigate the 

effects of the treatment in-situ. The challenge for this would revolve around 

magnitude of th and tl, since these are much smaller than time it takes to image a 

surface with SPM. Perhaps some sort of average image over several cycles would 

be possible. 

o Electrochemical quartz microbalance (EQCM) studies. This tool would be used in 

two ways. The first is as an ex-situ investigation. There are several current waves 

in the CV of a treated electrode that are not fully explained. Knowing the change 

in mass during these current waves would greatly aid in their understanding. The 

second way is as an in-situ technique, during the treatment. The time scale 

involved in EQCM is longer than the either th or tl, so it would not be able to show 

the anodic and cathodic mass change per cycle, but like SPM, the average over 

several cycles would still be useful.  

o In-situ spectroscopy: EIS or optical (FTIR, Raman, Ellipsometry). These 

techniques require detailed models of the surface to be effective, but when that is 

known they can provide detailed information, if further investigation is required at 

this point in development. 

 Other reactions: The treated nickel surface should be extended more fully to other 

reactions. Herein we have already seen a detailed study of treated electrodes for the UOR, 

and preliminary data has been shown for Nitrate reduction, and ethanol and methanol 

oxidation. The three reactions for which preliminary data has been presented can be 

studied in more detail, and further reactions should be tested. Practically speaking, the 

best starting point would be to look for similar reactions to those already studies. This 

would further expand the range of use of the treatment. However, scientifically speaking, 

searching for other reactions that are not catalysed is of more interest. This is because 

these will offer more insight into the exact working of the treated surfaces.  
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 Other metals: The application of the treatment to other metals would be useful. It could 

provide catalysts for other reactions, or alternatives for the reactions studied here. More 

ambitiously, since the treatment oxidizes the surface in a novel way, applying it to other 

metals could yield surfaces useful in a wide range of applications that need specially 

engineered surfaces. To find metals that the treatment can be used with, a brute force 

survey could be made over different metals and treatment parameters. Alternately, as 

suggested in Chapter 6, the cause of the difference between Fe and Ni during the 

treatment could be investigated in detail. 

 Automatic control: Implementation of an automatic control systems based on the 

heuristic presented in chapter four could be implemented. This could be important for 

producing consistent results from the treatment in variable conditions. 

 Reduction of peak current: To reduce equipment requirements of the treatment the peak 

current seen during the treatment should be reduced. This can be accomplished by 

rounding off the edges of the square wave. A thorough study must be done to determine 

parameters for the lowest possible peak current, while still obtaining optimal results from 

the treatment. 

 Rapid switching of voltage: The way that quickly changing the electrochemical 

potential was used in this work to promote a certain intermediary may be of interest 

elsewhere. Some other process that uses a switching voltage to generate a unique effect, 

other than this work, already exist. For example, preventing the buildup of H2 during 

metal electrodeposition [184], creating thick hydroxide layers [185], and prevent the 

build up a disperse titanium dioxide when growing it on a CNT [186]. Our treatment acts 

slightly differently than the methods of those studies. It promotes the production of an 

intermediate which leads to a unique final result. Finding another reaction appropriate for 

this kind of technique would be the first challenge. There should be a non-

electrochemical reaction in the overall mechanism which produces an intermediate that in 

larger concentrations than normally seen would combine to make an interesting product. 

To this end, a survey of electrochemical reactions whose mechanisms are well 

understood in the literature could be made to further this investigation.  
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