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Abstract: The use of hydrogen gas as a means of decoupling supply from demand is crucial for
the transition to carbon-neutral energy sources and a greener, more distributed energy landscape.
This work shows how simple commercially available titanium nitride coatings can be used to extend
the lifetime of 316 grade stainless-steel electrodes for use as the cathode in an alkaline electrolysis
cell. The material was subjected to accelerated ageing, with the specific aim of assessing the coating’s
suitability for use with intermittent renewable energy sources. Over 2000 cycles lasting 5.5 days,
an electrolytic cell featuring the coating outperformed a control cell by 250 mV, and a reduction of
overpotential at the cathode of 400 mV was observed. This work also confirms that the coating is
solely suitable for cathodic use and presents an analysis of the surface changes that occur if it is
used anodically.

Keywords: titanium nitride; stainless steel; alkaline electrolysis; energy storage

1. Introduction

Developing high-performance electrode coatings for water splitting under room temperature,
alkaline conditions remains of paramount importance as a means of storing excess renewable energy
as hydrogen gas [1,2]. The use of hydrogen gas to decouple supply from demand is crucial for the
transition to intermittent supplies of renewable energy and a greener energy landscape [3,4]. Alkaline
electrolysis provides an alternative to Proton Exchange Membrane (PEM) electrolysis without the high
costs, whilst retaining the high efficiency [5,6]. Storing energy cheaply and efficiently by conversion into
hydrogen allows for a sustainable “Many-to-Many” energy landscape whereby multiple small-scale
distributed energy inputs feed into the system, compared to the now outdated “One-to-Many” system
whereby a single power station feeds to many houses and businesses. The “Many-to-Many” approach
is far more resilient and sustainable given the intermittent nature of green energy inputs.

This paper examines the electrode stability and lifetime potential for stainless steel and a commercially
coated titanium nitride electrode setup. The composition of stainless steels is governed by international
standards and they are widely available, making them a cost-effective source of a reliable substrate
material. Certainly, they are more widely available and cost-effective than a pure nickel substrate.
The most common grades investigated for electrolysis are 304 (304SS) and 316 (316SS) [7–9], both of
which are composed primarily of Fe, Ni and Cr, but with 316SS featuring a higher percentage of Ni,
in addition to about 2.5 wt % Mo. This affords 316SS greater resistance to corrosion, making it the first
choice for marine and medical applications, but also making it more expensive, and potentially more
difficult to obtain coating adherence. From the results reported by Carta et al. an overpotential for a
316SS cathode of −0.34 V at 10 mA cm−2 was observed [8], but it has been clear to the authors over
extended use that even 316SS will experience significant cathodic corrosion (cf. Figure 7).
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Titanium nitride is known for its high thermal and electrical conductivity, in addition to its
mechanical hardness [10], and is known to enhance electrode lifetime for the oxygen and hydrogen
reduction reactions in a proton exchange membrane fuel cell [11]. However, to our knowledge it has
not been investigated for use with intermittent alkaline electrolysis, so this work is the first study of
its kind. In addition, it is widely available as a bespoke coating service for the lifetime enhancement
of machine tools, alongside alternative coatings such as CrN, TiAlN and WS2 [12]. In this context,
the coatings are selected for their extreme hardness, and their ability to resist oxidation at the high
temperatures generated during machining (which can exceed 800 ◦C). These properties are of secondary
concern for room-temperature alkaline electrolysis, but the wide availability and accessibility of the
coatings makes them potentially cost-effective. However, it remains to be seen which (if any) of these
coatings constitutes the optimal trade-off between performance and cost. This study will focus on
titanium nitride.

Accelerated Ageing

Electrode lifetime is often studied and reported within the scientific literature by employing
constant currents, which are arguably of limited applicability in the field of intermittent renewable
energy capture. Intermittent usage is recognised to play a significant role in the breakdown of
electrocatalysts, especially ones involving nickel [13]. Therefore, to achieve rapid ageing, it was desired
not only to subject the electrodes to large total quantities of current, but also to the destructive on-off
cycling caused by the intermittent nature of renewable energy. A regime was devised that consisted
of 2 min on, followed by 2 min under open-circuit conditions, permitting the electrodes enough time
to both fully charge and discharge within each cycle, applying the corrosive stress on each change of
phase. Room-temperature electrolysis is chosen because it is more applicable to renewable energy
applications, where the demands of intermittency mean that permanent heating of the electrolyte
is unsustainable.

2. Materials and Methods

2.1. Electrodes

The electrodes used were all 316-grade stainless steel 0.9 mm thickness cut to size and shape, either
as supplied or coated in TiN using a standard commercial preparation delivering a 1 to 4 µm thick TiN
coating. The commercial titanium nitride coatings were applied by Wallwork Cambridge Ltd., UK,
and their internal specification for the coating was “TIN COAT SPEC 300 1–4 MICRONS”. In order to
respect the intellectual property of the company, no attempts have been made to reverse-engineer the
coatings, so it is not possible to report in this study how the coating thickness might affect performance.
It is not expected that differences in coating thickness above 1 µm will cause significant changes.
This is because the material is electrically conductive, and because such a thickness constitutes many
thousands of atoms, it is unlikely to affect the surface chemistry.

2.2. Ageing

All ageing experiments were conducted using a constant current power supply, connected to a
two-electrode laminated electrolytic cell, which was primarily comprised of laser-cut acrylic plastic (see
Figure 1) [14]. A Zirfon™ membrane was used to keep the evolved gases separate, and the distance
between electrodes was approximately 30 mm [5]. Two different ageing protocols were followed,
as detailed in Table 1. It was observed that at the higher current density a stronger electrolyte was
needed to keep the total voltage drop across the electrolytic cell, and with it the associated ohmic
heating, within reasonable limits. The choice to use NaOH instead of the more usual KOH was made
because it is cheaper, and therefore more practical for commercial applications. Also, even though the
safety data sheet states that it must never be disposed of down the drain, it is widely recognized and
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used as a drain cleaner, and therefore accidental spillage or leakage into the sewer is a manageable
environmental hazard.Processes 2019, 7, x FOR PEER REVIEW 3 of 12 
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Figure 1. Typical design of experimental electrolytic cell, based on laser-cut components.

Table 1. Different accelerated ageing protocols employed.

Ageing Protocol Current (mA cm−2) Cycles Electrolyte

A 100 2000 to 2500 0.5 M NaOH
B 200 2000 to 2500 1 M NaOH

Each experiment lasted between 5.5 and seven days. made up of 4-min cycles. In some experiments
the electrolyte was circulated through a single external chamber using a small brushless pump.

2.3. Three Electrode Experiments

All three-electrode experiments were conducted on an Ivium (Eindhoven, The Netherlands) n-Stat
potentiostat, connected to a similar design of electrolytic cell. The working electrode (WE) surface
area was reduced to 9 cm2 by gluing or bolting the electrode to a laser cut sheet of 3 mm clear acrylic
containing a 3 × 3 cm window. The counter electrode was a 316 stainless-steel plate (of which 6 × 6 cm
was exposed), and the reference electrode (RE) was a commercial design involving a Ag/AgCl wire
suspended in 3 M KCl. The distance between working and counter electrodes was approximately
15 mm. The electrolyte was 0.5 M NaOH (standard reagent grade) and deionised water was used
throughout. Before each experiment the RE was checked against a standard calomel electrode (SCE),
and the electrolyte was bubbled with nitrogen for 10 min to reduce dissolved oxygen. All experiments
were conducted at laboratory ambient temperature, which was 20 ± 1 ◦C.

2.4. Tafel Slope

The procedure outlined by Stevens et al. was followed to obtain measurements of the Tafel
slope [15]. This involved chronopotentiometry steps at varying current densities and durations as
specified in Table 2.

Each experimental run consisted of both ascending and descending Tafel slopes, with the whole
procedure repeated twice. The published results are taken from the descending slope of the second run.
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Table 2. Current densities and durations for Tafel analysis.

Step Current Density (A cm−2) Duration (Seconds)

1,14 1.0 × 10−5 480
2,13 3.2 × 10−5 480
3,11 1.0 × 10−4 240
4,10 3.2 × 10−4 120
5,9 1.0 × 10−3 120
6,8 3.2 × 10−3 120
7 1.0 × 10−2 120

2.5. iR Correction

In order to correct for voltage losses in the electrolyte between the reference and working
electrodes, electro impedance spectroscopy (EIS) was performed between 100 Hz and 1 MHz. The series
resistance of the electrolyte was then defined as the magnitude of the point of closest approach to the
origin of the resulting Nyquist plot. The voltage drop across the electrolyte could then be cancelled
out simply by multiplying this resistance by the total cell current.

2.6. Electron Microscope

Scanning electron microscope (SEM) imaging and energy-dispersive spectroscopy (EDX) were
performed on an Oxford Instruments (Oxford, UK) AZtecOne spectrometer attached to a Hitachi
(Tokyo, Japan) TM3030 table top microscope.

3. Results and Discussion

Cyclic voltammetry experiments revealed that the TiN coating cannot be employed as an anode,
even for brief periods, which is in agreement with previous findings [16,17]. The positive electric
potential caused the coating to change rapidly from the original gold colour to orange-brown
in just a few tens of seconds, accompanied by the loss of the great majority of the electrical
conductivity. The physical origin of this change was investigated using XPS, as described in Section 3.2.
Any TiN-coated electrodes present in a commercial electrolyser would therefore be at significant risk
of destruction should the incorrect polarity mistakenly be applied.

The electrical performance comparison of both the stainless-steel and TiN-coated cathodes is as
shown in Figure 2. These results show that the Tafel slopes for both materials are very nearly the
same. Both are largely parallel to the 120 mV/decade value (shown as a dashed line), which is the
value anticipated from theoretical calculations within the literature [18]. However, the coated electrode
requires approximately an extra 300 mV of overpotential to achieve the same current density as the
uncoated material.
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Figure 3 shows the visual representation of the electrodes after Ageing Protocol A. Here it can be
seen that the TiN-coated cathode (Figure 3e) retained much of its original golden colour, as opposed to
the uncoated stainless steel (Figure 3c), which became almost purple.
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Figure 3. Visual appearance before and after Ageing Protocol A of 316 stainless-steel electrodes both
coated in TiN and uncoated. (A) is original unaged electrode, (B) and (C) are the anode and cathode
respectively), (D) is the unaged TiN coated electrode, (E) and (F) are the anode and cathode respectively.

During these experiments, neither combination exhibited much variation in two-electrode
electrical performance, as shown in Figure 4. This indicates that both materials are electrically stable
long term, at least at this current density. Note also that the TiN cell consistently required approximately
an extra 250 mV, which agrees well with the three-electrode results presented in Figure 2. We may
therefore conclude that most of this additional voltage is a result of the TiN coating on the cathode.
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Further long-term tests were conducted at 200 mA cm−2 to test whether the electrical performance
of the uncoated stainless-steel cathode would degenerate if subjected to greater accelerated ageing,
as shown in Figure 5.

Here it can be seen that the voltage was lower in general, due to the higher concentration of
the electrolyte. Also, the initial 300 mV difference was quickly overturned, and thereafter the gap
gradually extended until finally the TiN cell outperformed the stainless-steel cell by about 250 mV.
This performance improvement is not necessarily attributable to the cathode, since it is a two-electrode
cell, and therefore does not permit an individual assessment to be made of either electrode. To assess
this, three-electrode experiments were again performed to measure the electrical performance of the
cathodes in isolation, as shown in Figure 6.
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The TiN cathode was now able to outperform the stainless cathode, although only by about 20 mV.
The improvement seen in Figure 5. is therefore likely due to factors other than the cathode alone,
such as the electrolyte, membrane or anode. Perhaps of greatest significance is the observation that
the anode used in conjunction with the TiN cathode had taken on a coppery appearance, and it is
possible that this has led to an unexpected and unexplained increase in performance. Also significant
is that both cathodes improved over the course of the experiment, with the TiN cathode overpotential
decreasing by a remarkable 400 mV.

Despite this improvement in electrical performance, both electrodes exhibited significant
deterioration in their visual appearance, as shown in Figure 7. Nevertheless, it is perhaps indicative
of their potential for real-world longevity that their appearance improved after immersion for three
days in fresh 0.5 M NaOH (see right-hand images of Figure 7), despite being almost completely black
immediately after accelerated ageing.
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Figure 7. Visual appearance before and after Ageing Protocol A of 316 stainless-steel cathodes both
coated in TiN and uncoated. (A) is original unaged cathode, (B) is immediately after aging, (C) is after
a further 3 days sitting in 0.5 M NaOH, (D) is original unaged TiN coated cathode, (E) is immediately
after aging, (F) is after a further 3 days sitting in 0.5 M NaOH.

3.1. SEM and EDX

The cathodes from Figure 7. were analysed using SEM and EDX, since their smaller design
permitted them to be mounted inside the electron microscope, with the results as presented in Figure 8
and Table 3. The SEM micrograph showed the presence of crystals, and it was apparent from the EDX
spectrum obtained that they were comprised primarily of copper. This could be attributed to the layer
of copper applied underneath the TiN during the commercial titanium nitride deposition.
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3.2. XPS (X-ray photoelectron spectroscopy) 

Figure 8. Electron micrograph at 5000x magnification (A) and EDX spectrum of the crystalline deposit
(B) for the titanium nitride cathode after Ageing Protocol B.

Table 3. Quantitative analysis of the above EDX spectrum for the crystalline deposit.

Element Line Type Weight % Sigma Atomic %

Cu L series 61.00 0.58 31.84
O K series 24.07 0.38 49.90
Ti K series 6.86 0.15 4.75
Fe K series 3.30 0.16 1.96
C K series 3.28 0.36 9.05
N K series 0.90 0.64 2.13
Cr K series 0.60 0.09 0.38

Total 100.01

For the stainless-steel cathode, the appearance was as shown in Figure 9. There was a marked
difference between the top half of the electrode (location ‘a’), which appeared unaffected, and
the bottom half (location ‘b’), which was covered in small particles approximately 500 nm across.
EDX analysis of the particles confirmed that they were 70% copper by weight.
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Figure 9. Electron micrographs at 5000x magnification of the stainless-steel cathode after Ageing
Protocol B.

This is in agreement with the coppery colour exhibited by the electrode, but is nevertheless a
surprising result, as no explicit source of copper exists in the experiment. It is therefore speculated
that trace levels of copper must have been present in the electrolyte, the membrane or the stainless
steel. This is supported by EDX results obtained by Kao et al. [19], and by experiments on samples of
316 grade stainless steel from two separate steel suppliers, where percentages of copper between 1 and
1.6 wt % were observed, even though according to official standards, 316 grade stainless steel does
not contain copper. Regardless of the source of the contamination, this result highlights the extent
to which copper can become highly concentrated on the cathode during intermittent use. There is,
however, a negligible effect on the long-term performance of the electrode.
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3.2. XPS (X-ray Photoelectron Spectroscopy)

The TiN coating undergoes rapid deterioration if used even briefly as an anode, as discussed in
Section 3. After sweeping from 0 to 0.7 V at 10 mV/s, the coating changed to a deep orange-brown
colour, and the electrical performance was drastically reduced. Examination of the original coating
using XPS before and after this alteration produced results as shown in Figure 10. It is clear that there
are more components present in the XPS signal of the original TiN coating.
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Figure 10. XPS results for the Ti 2p region before and after use as an anode.

In order to identify these components, the results were analysed using CasaXPS software, which
is able to perform peak fitting. Typically, all 2p electron orbitals produce an XPS signal consisting of
doublets, whereby the lower binding energy peak (2p1/2) has double the area of the higher peak (2p3/2),
but the same full-width half-maximum (FWHM). However, it is known that the FWHM constraint is
not entirely applicable to titanium, due to the Coster-Kronig effect, which causes a broadening of the
2p1/2 peak [20]. Nevertheless, it is still possible to perform outline peak deconvolution, the results of
which are as presented in Figure 11.
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Figure 11. XPS results and component fitting for Ti 2p region of titanium nitride.

The fitting indicates the presence of three separate components within the overall XPS signal,
which are accepted to correspond to the presence of titanium nitride and oxide [10,21], as well as
oxynitride [17,20], as indicated. Given the positioning of the remaining component in Figure 10 (at
~458 eV), it is clear that after even brief use as an anode, the surface layers of the coating lost all traces
of nitrogen and became oxidised titanium. This is understandable, since anodes are prone to oxidation
in general, and titanium is prone to oxidation in particular [20]. A similar finding has been made by
Wang et al. who observed that the higher the concentration of nitride in their oxynitride coating, the
higher its tendency to be irreversibly oxidised under anodic conditions [22].
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Since XPS is an extremely surface-sensitive analytical technique, examining exclusively the top
~10 nm, it is possible to use an ion beam to mill into the surface, and thereby obtain depth profiling
information, the results of which are as shown in Figure 12. Here the numbers 1 to 9 refer to successively
deeper XPS measurements and show that the nitrogen peak becomes progressively stronger with
increasing depth.
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The nitrogen peak reappearance indicates that the stainless steel remained protected and coated
with TiN at depth, but overall the electrode incurred a loss of electrical performance caused by the
oxide on the surface, which is insulating at these voltages [22]. It is therefore concluded that the phase
composition of the anodically altered coating changes from TiOx at the surface, to TiN at depth, via a
mixture including titanium oxynitride, as is confirmed by the change to an orange-brown colour [23]
and the changing XPS [24–26]. The practical significance of this is that incorrect wiring or fluctuations
in the polarity of the electrical input would fast render the electrolysis equipment ineffective. Therefore,
in practice some sort of protection would need to be provided against reverse polarity, for example via
the use of a diode and fuse, or alternatively a field-effect transistor (FET). Both solutions, however,
would incur some liability, either in terms of cost or reliability.

4. Conclusions

The improvement to the electrical performance and reliability of 316 grade stainless steel as a
cathode for water splitting by the application of a commercially available titanium nitride coating has
been investigated. Initially this appears to incur a 300 mV increase in overpotential, but over long-term
intermittent experiments at 200 mA cm−2, a two-electrode cell incorporating the coating was observed
to outperform the uncoated material by 250 mV. At this current density, both stainless-steel and TiN
cathodes experienced significant discolouration (cf. Figure 7). This appears to be partially reversible,
since the deposit is observed to dissolve into the electrolyte over several days. More importantly, the
coated material demonstrated a significant increase in electrical performance after such intermittent
usage, improving by 400 mV, which was enough to surpass the uncoated material. Figure 6 shows
that the coated material has outperformed the uncoated material in a three-electrode system, and
Figure 5 shows that it has also outperformed the coated material when employed as a complete system.
The SEM results in Figures 8 and 9 show that the ‘black appearance’ of both cathodes actually has
different underlying causes.
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Characterisation using SEM (scanning electron microscopy) confirmed that the migration and
deposition of copper might be responsible for some of this increase. Electron micrographs of the coated
material after ageing reveal a large number of sharply pointed copper crystals. It is theorised that
these grew from a layer of copper that was deposited by the coating supplier before the titanium
nitride coating was applied. For the uncoated material, many copper particles approximately 500 nm
in diameter were observed to have been deposited. Whilst the source of this copper contamination
remains unknown, their appearance is not associated with a decrease in performance.

It was also confirmed that TiN cannot be used as an anode at all, and characterisation using
XPS (X-ray photoelectron spectroscopy) revealed that the coating experiences a rapid conversion
to TiOx, with the loss of all nitrogen from the surface layers. Ion beam milling revealed that the
transition from TiOx at the surface to TiN at depth is gradual, and therefore will necessarily encompass
intermediary compositions of titanium oxynitride. It is possible that a ternary compound of TiAlN or
CrAlN might demonstrate greater resistance to electro-oxidation, as confirmed for thermal oxidation
by Chim et al. [27]. Nevertheless, this does little to detract from the applicability of TiN as a cathode
for electrolytic water-splitting under intermittent room-temperature alkaline conditions.
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