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Abstract
We have evaluated the applicability of Ni anodes in electrochemical conversion of  H2S to form sulfur (polysulfides) and  H2. 
Two different electrolytes containing sulfide were evaluated: a buffered solution of  Na2HPO4 at pH 9.2, and a NaOH solution 
at pH 13. At pH 9.2, deposition of sulfur on the Ni anode was observed, resulting in a significant decrease in electrochemi-
cal performance. The composition, morphology, and thickness of the sulfur deposit, as determined by Raman spectroscopy 
and SEM, was found to strongly depend on the applied potential, and ranged from dense  S8 films to highly porous spherical 
sulfur structures. Oxidation of the anode was also observed by conversion of Ni to  NiS2. The formation of the sulfur film was 
prevented by performing the reaction at pH 13 in NaOH in the range of − 1.0 V to + 0.6 V versus Hg/HgO. It is proposed 
that at these highly basic pH values, sulfur is dissolved in the electrolyte in the form of polysulfides, such as  S2

2− or  S8
2−. 

When using Ni anodes some oxygen evolution was observed at the anode, in particular at pH 13, resulting in a Faradaic 
efficiency for sulfur removal of ~ 90%.

Graphic Abstract

Keywords H2S · Ni anode · Sulfide oxidation · Sulfide selectivity · Basic conditions · Phosphate buffer · Anode 
deactivation

1 Introduction

Hydrogen sulfide is largely produced in the so-called 
hydrogen desulfurization (HDS) process for purification 
of oil [1, 2], but also present in significant concentration in 
industrial off-gas of, e.g., steel manufacturing. Hydrogen 
sulfide is highly toxic and odorous [3, 4]. Efficient and 
safe isolation using absorption, followed by desorption 
and conversion in the (super) Claus process, is therefore 
crucial [5].  H2S absorption is energy intensive and costly, 
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and a disadvantage of the Claus process is that water is the 
coproduct of formation of elemental sulfur:

It is much more appealing to utilize the chemically 
bound hydrogen in  H2S to electrochemically form  H2. This 
requires anodic electrochemical oxidation of the sulfide 
ion, which has been investigated for purification of geo-
thermal brines that accompany oil and gas extraction [4]. 
Bunce et al. [6] reported that the oxidation of sulfide ion at 
a boron-doped diamond (BDD) anode forms sulfate, with 
near quantitative chemical yield and current efficiency, in 
both the absence and presence of chloride ion. However, 
as Bunce et al. [6] argue, there are certain disadvantages 
in developing this chemistry into a prospective technol-
ogy. First, BDD is still a rather exotic material that is not 
available at low cost. Second, the 8-electron oxidation 
of sulfide to sulfate is four times as energy intensive as 
the 2-electron oxidation to elemental sulfur. Dimension-
ally stable anodes based on iridium dioxide, such as Ti/
IrO2–Ta2O5, have also been investigated in oxidation of 
sulfide [3, 7], and were found to promote the 2-electron 
oxidation of sulfide to elemental sulfur, rather than the 
8-electron oxidation to sulfate. Unfortunately, this requires 
the rare and expensive  IrO2. Ateya and Al-Kharafi [8] 
found that use of graphite anodes leads to deposition of 
sulfur, as confirmed by X-ray photoelectron spectroscopy, 
rapidly decreasing the performance of such electrode. The 
authors show that further oxidation of elemental sulfur to 
sulfur oxyanions did not occur under their electrochemical 
conditions.

A significantly cheaper alternative for  IrO2 in electro-
chemical oxidation of water in basic conditions, is known to 
be NiO, in situ forming highly effective catalytic surfaces of 
Ni(O)OH (nickel-oxy-hydroxide), promoted by small quanti-
ties of Fe [9, 10]. To the best of our knowledge, Ni(oxide) 
has not been evaluated in the electrochemical oxidation of 
sulfide, which would be much more attractive as compared 
to the use of expensive noble metals [11] or BDD [6]. We 
have therefore investigated the effect of various process con-
ditions on the electrochemical oxidation of sulfide over Ni 
electrodes, with focus on the pH of the applied electrolyte. 
In particular, mildly basic, phosphate-buffered conditions 
(pH 9) were compared to highly basic conditions, to deter-
mine the stability of the anode which is likely affected by 
sulfur deposits. Cyclic voltammetry and chronoamperom-
etry measurements were combined with gas chromatogra-
phy (GC) to identify gas formation during sulfide oxidation. 
Raman spectrometry, scanning electron microscopy (SEM), 
and energy-dispersive X-ray spectrometry (EDX) were used 
to characterize the composition and structure of thin solid 
films that were formed on the Ni electrodes, in particular at 
conditions of relatively low pH (< 10).

(1)2H
2
S + SO

2
→ 3S + 2H

2
O.

2  Experimental

All experiments were carried out in Milli-Q water. NaOH 
(Sigma Aldrich, 99.99%) and  Na2HPO4 (Sigma Aldrich, 
99.0%) were used to prepare solutions of pH 9 to 13. Ni 
electrodes (surface area ≈ 0.265 cm2, diameter 51 ± 1 mm) 
were prepared from Ni sheets (Alfa Aesar, 99.95%) and 
polished with an alumina suspension paste (1, then 0.3 µm, 
respectively). The experiments were conducted in a 
stirred, undivided cell, using platinum gauze as the coun-
ter electrode (cathode), to minimize the over-potential for 
hydrogen evolution. All potentials were measured against 
a commercially available Hg/HgO reference electrode.

The effect of electrolyte composition on solubility of  H2S 
was determined in a gas-tight reactor [12]. The feed rate of 
the gas mixture of 5 vol%  H2S in Ar to the reactor was set to 
a constant 2.5 mL min−1, introduced through a Teflon-made 
tube immersed in solution, and the concentration of  H2S in 
the reactor effluent was determined by gas chromatography, 
using a Restek™ sulfur column [13]. The volume of elec-
trolyte solution was set to 100 mL, and the head-space of 
the reactor amounted to about 25 mL. For the 0.5 M NaOH 
solution,  H2S was undetectable for 10 h, which is explained 
by the large capacity of such solution for absorption of 
 H2S, induced by the chemical reaction of  H2S with NaOH. 
The breakthrough curve for the 0.5 M  Na2HPO4 solution, 
is shown in Supplementary Fig. S1 illustrating that even 
after hours of operation, a steady state had not been reached. 
Phosphate buffer was initially used to minimize acidification 
of the solution when  H2S is purged through. Only in puri-
fied water, the gas flow exiting the reactor reached the inlet 
concentration after 24 h of purging, indicating saturation.

Since feeding  H2S to the electrochemical cell will thus 
typically induce variations in sulfide concentrations,  Na2S 
(Sigma Aldrich, 99.0%) was used to conduct voltammetry 
measurements. A flow of  H2S (5 vol% in Ar) was only 
used for the combined electrolysis/gas chromatography 
measurements, using 0.5 M  Na2HPO4, or 0.1 M NaOH 
solutions, respectively, to determine the anode selectivity 
for oxidation of sulfide, as compared to oxidation of water 
forming oxygen.

Raman spectroscopy was carried out by exposing the 
samples at ambient conditions to laser excitation at wave-
lengths of 532 nm (20 mW) and 785 nm (40 mW), using a 
Bruker Senterra Raman microscope. Before each measure-
ment, the thin film formed on the electrode was carefully 
rinsed with Milli-Q water and dried in a desiccator for 
10 min.

HR-SEM images were recorded using an accelerating 
voltage ranging of 2.00 kV to 10.00 kV. The microscope 
allowed energy-dispersive X-ray analysis (EDX) for map-
ping of the elemental composition of the samples.
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3  Results and discussion

3.1  Electrochemical oxidation of sulfide at pH 9.2

Cyclic voltammograms of the oxidation of sulfide at pH 9.2 
in  Na2HPO4 solution are shown in Fig. 1.

A positive potential scan for the 0.2 M  Na2HPO4 solu-
tion (pH 9.2) starting from − 0.8 V versus Hg/HgO, in the 
absence of sulfide (dashed line), did not show any significant 
increment in current up to 0.7 V, suggesting that oxidation 
of the Ni surface, nor water oxidation occurs significantly 
in this potential range. A significant oxidative response was 
found starting at approximately 0.9 V (not shown), which 
besides to the oxidation of water, might be attributed to the 
simultaneous oxidation of the Ni electrode. The Pourbaix 
diagram reported in literature [14] suggests that oxidation of 
Ni to  Ni2+, followed by deposition of a (passivating) film of 
Ni(OH)2, is quite feasible at 0.9 V and at a pH of 9.2.

When sulfide was present in the same electrolyte, start-
ing from − 1.0 V versus Hg/HgO (scanning in the positive 
direction), electrochemical oxidation of sulfide to sulfur 
initiated at around − 0.4 V on the Ni electrode, while two 
maxima can be observed at − 0.2 V and 0.1 V. The anodic 
current rising exponentially at potentials higher than + 0.2 V 
is likely due to continued deposition of sulfur, since the 
reference scan in the absence of sulfide hardly showed a 
current response at these potentials. The high selectivity 
of the electrode for oxidation of sulfide at 0.65 V is also 

demonstrated in Supplementary Fig. S2, by analyzing the 
products of electrolysis of a 0.5-M  Na2HPO4 solution to 
which a constant flow of 2.5 mL min−1  H2S (5% in Ar) was 
supplied. The steady-state hydrogen concentration amounted 
to ~ 1300 ppm, in good agreement with a measured cur-
rent of ~ 0.4 mA (see Supplementary Table S3). This also 
suggests soluble polysulfides (if any) were not reduced 
cathodically by the Pt Gauze. On the basis of oxygen evolu-
tion (~ 250 ppm), the anode selectivity for sulfide oxidation 
amounts to ~ 60%. It should be mentioned that this ~ 60% is 
likely a lower limit, considering comparable amounts of  O2 
were also detected in the absence of electrochemical con-
version (not shown), likely due to residual oxygen in the 
applied electrolyte. The limited water oxidation efficiency 
is in agreement with the thermodynamically and kinetically 
(lower over-potential) more favorable oxidation of sulfide.

When the potential was scanned in the reverse direction, 
a reduction peak was observed at around − 0.6 V, indicative 
of the reaction of sulfur to sulfide. When the potential was 
again increased, maximum values were observed at − 0.2 V 
and 0 V, with identical current densities as compared to the 
first scan. Now limiting the positive scan to + 0.2 V (red 
curve in Fig. 1), the minimum value and width of the peak 
at − 0.6 V in the reverse scan shows an obvious difference: 
a lower upper limit results in a shallower current minimum 
and less wide sulfur reduction peak to sulfide. This sug-
gests lower quantities of sulfur are deposited, as compared 
to scanning up to + 0.7 V, demonstrating sulfur deposition 
is indeed continued at potentials larger than + 0.2 V. When 
the positive scan was limited to − 0.4 V, the reduction peak 
was absent (Fig. 1, green line), showing sulfur deposition 
requires electrode potentials more positive than − 0.4 V. In 
addition, when the negative potential scan was limited to a 
value of − 0.5 versus Hg/HgO, to prevent reductive stripping 
of surface-sulfur deposits (forming sulfide), the oxidation 
peak around 0 V was significantly stronger in the initial scan 
than in subsequent scans (see the inset curves displayed in 
Fig. 1). This suggests that the electrode rapidly deactivates 
for sulfide oxidation, likely caused by the formation of a film 
of sulfur of significant thickness, deposited on the electrode 
in the first scan.

To investigate the dependence of the quantity of Sulfur 
deposited, on the applied potential of sulfide oxidation, 
chronoamperometry measurements were performed at dif-
ferent potentials (see Supplementary Fig. S4), followed by a 
reductive scan from − 0.35 to − 1.0 V. The electrochemical 
response is shown in Fig. 2.   

Clearly, the deposited sulfur amount increases as a func-
tion of applied potential for oxidation of sulfide, the high-
est quantity being deposited at + 650 mV, and the lowest at 
− 150 mV. The shape of the reductive wave does not change 
significantly, although the minimum shifts to more reductive 
potential, and two minima at − 0.6 V and − 0.8 V, become 

Fig. 1  Cyclic voltammograms of sulfide (10  mM  Na2S) oxidation 
on a polycrystalline Ni electrode in a 0.2  M  Na2HPO4 buffer solu-
tion (pH 9.2). The dashed line in the main panel shows the electro-
chemical response in the absence of  Na2S. The main panel also shows 
the effect of variations in the final potential of the scan, starting at 
−1.0 V and ending at − 0.5 V (green, short dash), + 0.2 V (red, long 
dash), and + 0.6 V (black, solid line). Scan rate 20 mV s−1. The inset 
shows a response to a series of identical scans starting at −0.5 V and 
ending at + 0.6 V. S values (S1–S4) denote the scan sequence, show-
ing a decreasing electrochemical response at approximately + 0.1 V. 
(Color figure online)
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apparent. The origin of the broadening (and potentially two 
minima) is not exactly known, but could be induced by the 
thickness, and different morphology of the film when formed 
at more positive potential (+ 650 mV), as is evident from the 
film characterization by SEM (see Figs. 6, 7). 

The total charge required to reductively remove sulfur 
from the surface of nickel as a function of applied poten-
tial of sulfide oxidation, is shown in Fig. 3. The required 
charge for removal of sulfur, clearly increases as a function 
of increasing oxidative potential during sulfur deposition.

When comparing the charge calculated for reductive strip-
ping of the film to the charge of sulfide oxidation at constant 
potential, these results are inconsistent. The charge accu-
mulated in the oxidative process is significantly larger. This 

suggests some sulfur is converted to soluble polysulfides, 
which may occur simultaneously to the sulfur deposition in 
phosphate buffer solutions.

3.2  Characterization of the electrode surface 
after sulfide oxidation at pH 9.2

The nature of the film deposited on the nickel electrodes is 
visually significantly different, when the potential applied 
for oxidation of sulfide is increased from 250 to 1250 mV 
versus Hg/HgO, as shown in Fig. 4.

There is a clear change in the color of the film on the 
Ni electrode when the applied potential is increased. The 
surface deposit initially is grayish-white, while it becomes 
significantly darker in color at higher potentials. At 1250 mV 
the sample shows a rough and completely black film. This 
suggests a significant change in the morphology and compo-
sition of the film. Raman spectroscopy was used to identify 
the chemical composition of the surface deposits.

Raman spectroscopy was carried out using 532 nm and 
785 nm excitation. Before each measurement, the thin film 
formed on the electrode was carefully rinsed with Milli-Q 
water and dried in a desiccator for 10 min. As shown in 
Fig. 5, the compound formed at 250 mV results in three main 
Raman peaks, located at 150 cm−1, 210 cm−1, and 580 cm−1. 
These peaks can be assigned to elemental sulfur  (S8). How-
ever, for the sample obtained from electrolysis at 1250 mV 
(Fig. 5b), additional peaks can be observed, in particular 
in a range between 300 and 400 cm−1 using the excitation 
wavelength of 785 nm, which peaks are indicative of the 
formation of a  NiSx phase, most likely  NiS2. Apparently, at 
potentials higher than 1.0 V versus Hg/HgO, oxidation of 
the Ni electrode is significant.

3.3  The ex situ characterization of the film by SEM 
and EDX

The morphology and composition of the film was further 
characterized by scanning electron microscopy (SEM), com-
bined with elemental analysis (EDX).

Initially, sulfur deposition appears to result in a rather 
homogeneous, porous film. On top of this initial film, spheri-
cal sulfur structures are formed, which appear to cluster at 
certain areas of the Ni electrode. The EDX results show 
the surface deposit primarily consists of elemental sulfur, 
along with remnants of the sodium phosphate solution 
used, explaining the peaks (of weak intensity) of Na, P, and 
O. Upon increasing the potential, the concentration of the 
spherical structures observed in SEM increases, while the 
chemical composition remains predominantly sulfur, with 
traces of sodium phosphate (not shown). Above 850 mV, 
the morphology significantly changes, as is illustrated by 
the SEM image shown in Fig. 7.

Fig. 2  Cyclic voltammograms of reductive stripping of oxidized thin 
films of sulfur on a Ni-polycrystalline electrode in a 0.2-M  Na2HPO4 
solution (pH 9.2) containing 10 mM  Na2S. Scan rate 10 mV s−1. The 
highest quantity is deposited at 650 mV, and the least at − 150 mV

Fig. 3  Charge Q (mC) required to reductively remove sulfur from the 
Ni electrode, formed by the oxidation of sulfide at variable potentials 
in chronoamperometry measurements (see Fig. S4)
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At an applied potential of 1250 mV versus Hg/HgO, 
the (black) films were found to be highly porous in struc-
ture (Fig. 7), with a morphology consisting of agglomer-
ated spherical particles. The film thickness was estimated 
to be around 24 µm. The EDX data show remnants of the 
phosphate solution, but in addition, Ni peaks of significant 
intensity (Fig. 7) show up at 850 mV and above, the potential 
at which both water oxidation and Ni surface oxidation can 
take place. It is worth noting that all Ni detected by EDX 
must be in the film rather than of the electrode itself, as 
an electron beam of the energy applied here, cannot pen-
etrate a film of this thickness of > 20 µm. Since Ni-oxide 
(or hydroxide hydrate) phases were not detected by Raman 

spectroscopy, Ni-oxide species (if formed at all) are likely 
transformed by chemical reaction with sulfide, possibly at 
the same time when sulfur deposition is taking place. This 
is in accordance with the Raman spectra, showing the for-
mation of Ni sulfides after chronoamperometry at relatively 
high oxidation potential.

3.4  Sulfide oxidation in 0.2 M NaOH

Since polysulfides have been reported to be soluble at high 
pH, sulfide oxidation was also investigated in 0.2 M NaOH 
at pH 13.

Fig. 4  Photos of thin films 
formed by electrochemi-
cal oxidation of sulfide on 
polycrystalline Ni electrode by 
applying different potentials 
for 2 h. The films were formed 
in 10 mM  Na2S dissolved in a 
0.2-M  Na2HPO4 buffer solution 
(pH 9.2)

Fig. 5  Raman spectra of the films formed at 250 mV, and 1250 mV versus Hg/HgO on polycrystalline Ni electrode
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In 0.2 M NaOH solution (pH 13), again the upper poten-
tial limit was increased and set at 0.58 V or 0.8 V (see 
Fig. 8). Compared to the  Na2HPO4 solution, sulfide oxida-
tion occurs with much higher current, while the maxima in 
the Voltammogram shift to higher potential (0 and 0.4 V in 
NaOH, versus − 0.2 V and 0.1 V in  NaH2PO4). In particular, 
at potentials larger than 0.6 V versus Hg/HgO, a significant 
exponential increase in current is observed, which is very 
likely the result of oxidation of Ni and extensive formation 
of oxygen from water oxidation.

In contrast to the  Na2HPO4 solution, a peak correspond-
ing to sulfur reduction at low potential is not present in the 
reverse scan. This is in agreement with visual inspection of 
the electrodes after reaction, which did not show deposition 
of sulfur species alike the electrodes used in  Na2HPO4 solu-
tion. This might be due to a fast chemical reaction between 
elemental sulfur and NaOH, resulting in the formation of 
an alkaline solution of polysulfide, such as  S8

2−. Indeed, the 

electrolyte turned yellowish after extended periods of elec-
trolysis. Furthermore, the nickel electrode did not turn black-
ish (indicative of the formation of Ni(O)OH), suggesting 
nickel remains in a low oxidation state during sulfide oxida-
tion at relatively low potentials and in alkaline conditions.

H2S electrolysis was also carried out in a 0.5-M NaOH 
solution at 800 mV for more than 10 h to determine the 
anode selectivity for oxidation of sulfide (See Supplemen-
tary Fig. S5). This potential was chosen to have significant 
current, with minimized oxygen evolution. The steady-
state hydrogen concentration amounted to~ 15,000 ppm, in 
good agreement with a measured current of ~ 5 mA (on the 
basis of comparable calculations shown in Supplementary 
Table S3). The closure of the  H2 and electron balance dem-
onstrates polysulfide reduction is less favored at the cathode 
than production of hydrogen, and a membrane is principally 
not necessary to obtain high Faradaic efficiency for hydrogen 
evolution on a Pt-Gauze electrode. On the basis of oxygen 

Fig. 6  SEM images of the films formed at 250 mV, including elemental analysis of the roughened surface. EDX shows this primary film likely 
consists of residual, crystallized Na-Phosphate, as well as sulfur

Fig. 7  SEM and EDX results of the film obtained during electrolysis at 1250 mV on a Ni-electrode in a 0.5 M  Na2HPO4 solution with 50 mM 
 Na2S
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evolution (~ 750 ppm), the selectivity towards sulfide of the 
anode amounts to ~ 90%. This value is remarkably high, 
given the absence of sulfur deposits to inhibit the water oxi-
dation reaction towards oxygen, and confirms the oxidation 
of Sulfide is thermodynamically and kinetically favored over 
production of oxygen when polycrystalline Ni electrodes are 
used.

4  Discussion

The mechanism for the electrochemical oxidation of sulfide 
is complicated since sulfur has a number of different oxida-
tion states such as − 2, 0, + 4, and + 6. Anodic oxidation of 
sulfide can produce elemental sulfur, polysulfides, or sulfur 
oxyanions depending on the electrode composition, poten-
tial, pH, and temperature of the electrolyte. Moreover, on 
Pt anodes, current oscillations have been observed in two 
regimes of potential. [11]

In this study, Ni anodes showed remarkable changes 
in behavior in the conversion of sulfide, when the pH was 
increased from 9.2 to 13. Polycrystalline Ni electrodes form 
sulfur deposits in buffered  Na2HPO4 electrolyte, while sol-
uble sulfur species are formed in NaOH solution. Sulfide 
oxidation on Ni seems to occur in three stages, based on the 
current response in voltammetry, with some minor evolution 
of  O2 in the last regime of high potential. To the best of our 
knowledge, sulfide oxidation on Ni has not been previously 
discussed in literature, so we will base our discussion on 
the knowledge available for carbon and Pt metal, as well as 
a review paper on  H2S conversion [15].

In general, when hydrogen sulfide is dissolved in alkaline 
solution, sulfide ion is formed:

Sulfur is formed at the anode and hydrogen is liberated 
at the cathode according to the following electrochemical 
reactions:

Sulfur rapidly dissolves in the alkaline media forming 
polysulfides (only disulfide is shown in the equation):

Incidentally, removal of polysulfates from the electrolyte 
can most likely be achieved by refreshing the electrolyte, and 
in a separate vessel induce sulfur formation by acidification, 
according to the reverse of reaction (5):

Polysulfides, which are highly soluble in alkaline water, 
may also directly form at the anode:

(2)H
2
S + OH

−
→ H

2
O + HS

−
.

(3)Anode ∶ HS
−
+ OH

−
→ S + H

2
O + 2e

−

(4)Cathode ∶ 2H
2
O + 2e

−
→ H

2
+ 2OH

−

(5)S + HS
−
+ OH

−
→ S

2−

2
+ H

2
O

(5a)S
2−

2
+ H

2
O → S + HS

−
+ OH

−

As is obvious from cyclic voltammetry, sulfide oxidation 
appears to occur in three stages. We propose initially sulfide 
adsorbs on the surface of Ni (both at pH 9.2 and pH 13), 
followed by oxidation of these adsorbates to sulfur (Ni does 
not change oxidation state):

This likely forms the initial (rather homogeneous) film at 
pH 9.2, as observed in the SEM images (Fig. 6), while sulfur 
dissolves at pH 13 according to reaction (5). We propose the 
second, stronger current response is likely due to occurrence 
of reaction (3), presumably forming the spherical structures 
of sulfur at pH 9.2, which are again rapidly dissolved at pH 
13 according to reaction (5). The most dramatic and effec-
tive oxidation of Sulfide is observed above a potential of 
approximately 800 mV, leading to a thick film of porous 
sulfur (reaction 3), formation of  NiS2, and likely polysulfide 
at pH 9.2, and exclusively polysulfide (reaction 6) at pH 13, 
accompanied by some oxidation of water.

The above indicated mechanism of reaction is rather 
speculative, and we propose to perform additional experi-
ments to provide evidence for the various sulfide oxidation 
processes. In particular, use of an electrochemical Quartz 
Crystal Microbalance (e-QCM) is recommended, allowing 
to determine weight changes as a function of applied potential, 
and to accurately determine the selectivity of the Ni anode for 
sulfide over water oxidation. We also recommend to perform 
spectrophotometric (ICP) measurements of the concentration 
of Ni in solution, since in particular at pH below 11–12 insta-
bility (dissolution) can be expected. Finally, in situ Raman 
measurements appear valuable to further study the intrigu-
ing phenomena of sulfur deposition reported here, varying 
applied electrode, applied potential, and pH of solution.

For large-scale sulfur removal it is highly unlikely to use 
expensive Pt cathodes; cheaper cathodes, such as graphite-based 
materials or  MoS2-based cathodes, need to be used, which are 
also effective in reducing protons (water) to hydrogen. If a mem-
braneless cell configuration is desired, the tendency of these 
materials to reduce polysulfides needs to be assessed.

5  Conclusions

Using Ni anodes in a  Na2HPO4 solution at pH 9.2, elec-
trochemical oxidation of sulfide results in the formation of 
sulfur deposits at potentials of − 0.4 V to + 0.4 V versus Hg/
HgO, predominantly consisting of a primary porous film, 
with spherical structures superimposed. Such films can be 
removed by reductive stripping. A significant amount of 
oxidized Ni (likely  NiS2) was found in samples exposed 

(6)2 HS
−
+ 2 OH

−
→ S

2−

2
+ 2H

2
O + 2e

−

(7)Ni + S
2−

→ Ni − S + 2e
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to potentials higher than 0.8 V versus a Hg/HgO reference 
electrode, accompanied by a thick, highly porous film of 
sulfur, and likely formation of polysulfides. The latter are not 
reduced at the Pt cathode, resulting in Faradaic Efficiency 
towards hydrogen being ~ 100%.

In NaOH solution, formation of a sulfur film was not 
observed in the potential range investigated (− 0.4 V  to 
+ 0.8 V versus Hg/HgO), as determined by visual inspection, 
and the absence of a reductive current at negative potentials. 
At an applied potential of 800 mV, oxygen evolution was 
observed, although a FE towards sulfide oxidation of ~ 90% 
could still be maintained at these potentials (Fig. S5).

In conclusion, to effectively oxidize sulfide, NaOH solu-
tions (high pH) are clearly preferred over  Na2HPO4 solu-
tions, since sulfur deposition is prevented and higher current 
densities can be achieved. Corrosion of Ni to Ni sulfides 
at high pH has not been evidenced in the present study at 
potentials smaller than + 0.8 V versus Hg/HgO, but should 
be evaluated in future studies.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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Fig. 8  Cyclic voltammograms of sulfide oxidation (10  mM  Na2S) 
in a 0.2-M NaOH solution on a polycrystalline Ni electrode in a 
wide potential range. Scan rate 20 mV s−1. The black solid line was 
recorded without sulfide, the red line (long dash) up to a maximum of 
580 mV, and the green line (short dash) up to a maximum of 800 mV
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