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Abstract: The emerging energy and environmental concerns nowadays are highlighting the need to
turn to clean fuels, such as hydrogen. In this regard, hydrogen sulfide (H2S), an abundant chemical
compound found in several natural sources and industrial streams, can be considered a potential
carbon-free H2 source through its decomposition. In the present work, the H2S decomposition
performance of Co3O4/CeO2 mixed oxide catalysts toward hydrogen production is investigated
under excess H2O conditions (1 v/v% H2S, 90 v/v% H2O, Ar as diluent), simulating the concentrated
H2S-H2O inflow by the Black Sea deep waters. The effect of key operational parameters such as feed
composition, temperature (550–850 ◦C), and cobalt loading (0–100 wt.%) on the catalytic performance
of Co3O4/CeO2 catalysts was systematically explored. In order to gain insight into potential structure-
performance relationships, various characterization studies involving BET, XRD, SEM/EDX, and
sulfur elemental analysis were performed over the fresh and spent samples. The experimental results
showed that the 30 wt.% Co/CeO2 catalyst demonstrated the optimum catalytic performance over
the entire temperature range with a H2 production rate of ca. 2.1 µmol H2·g−1·s−1 at 850 ◦C and a
stable behavior after 10 h on stream, ascribed mainly to the in-situ formation of highly active and
stable cobalt sulfided phases.

Keywords: H2S decomposition/reforming; H2O excess conditions; carbon-free H2 production;
Co3O4/CeO2 catalysts; cobalt sulfide phase

1. Introduction

The need to mitigate climate change induced by man-made activities over the past
centuries is now a global imperative, implicitly highlighted by the latest report of the Inter-
governmental Panel for Climate Change [1]. To this end, commitments under the EU Green
Deal strategy and the REPowerEU plan, along with the Paris and Glasgow agreements,
emphasize the necessity for the transition towards zero-carbon energy vectors [2,3]. In this
regard, the partial or complete replacement of fossil fuels in the future energy mix can be
realized by means of an economy based on the extensive use of CO2-neutral hydrogen [4,5].
Indeed, H2 is regarded as a promising energy carrier, which, depending on its origin and
generation method, can be totally detached from CO2 emissions and extensively utilized
in a wide range of energy applications and chemical processes towards their full-scale
decarbonization [6,7]. Hydrogen has been used in large quantities for well over 100 years
as a non-energy feedstock in the production of fertilizers, methanol synthesis, petroleum
refineries, and as an agent for the direct reduction of iron in the steel industry, while its
current demand at global scale amounts to ca. 100–120 Mt H2/yr [8,9]. However, in order
to sufficiently meet the ambitious goals for a carbon-neutral economy, hydrogen would
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need to reach shares of around 15% of the world’s energy demand by mid-century and
increase its production capacity more than three-fold, to 300–350 Mt H2/yr [4].

Generally, hydrogen is the most abundant element in the universe, albeit it is only
available bounded in compounds such as fossil and bio-based hydrocarbons, gases (e.g.,
NH3, H2S), and water. It can be produced using a number of different methods with
varying efficiencies, environmental footprint, costs, and technical maturity [8–10] and is
typically classified into colors depending on the method and feedstock used, ranging from
fossil-fuel-based hydrogen production (grey hydrogen) combined in several occasions with
carbon capture, utilization, and storage (CCUS; blue hydrogen), to electrolytic hydrogen
from renewable electricity (green hydrogen) or nuclear power plants (pink hydrogen) or
grid electricity (yellow hydrogen), and to biohydrogen production by photolysis (orange
hydrogen) and waste thermochemical conversion, among others [9]. In an attempt to
improve the sustainability and competitiveness over other alternatives, research efforts on
hydrogen production are mainly directed to: (a) increase in energy efficiency (less energy
consumption per MJ of recovered/produced hydrogen), (b) decrease in the capital expendi-
tures (CAPEX) and the levelized cost of hydrogen, (c) minimization or even elimination of
the use of critical raw materials in key process components such as catalysts, electrodes,
etc., (d) development of new pathways from CO2-neutral or carbon-free sources and
(e) leveling-up the readiness of the less matured technologies [11–13].

Among the conventional H2 production pathways, an alternative route concerns the
utilization of hydrogen sulfide (H2S) as a potential carbon-free source of H2 [14,15]. H2S is a
toxic and corrosive gas, and its concentration in the air ranges between 0.11–0.33 ppb, albeit
it is found in much higher levels in several natural sources and H2S-emitting industrial
activities. Hydrogen sulfide is typically emitted from a variety of industrial processes, such
as petroleum refineries, crude oil and natural gas production, wastewater treatment plants,
coke ovens, tanneries, and kraft paper mills [16]. Moreover, H2S is also naturally present in
geothermal sources and springs [17], coal seams [18], agricultural fields [19], and marine
sediments [20].

Industrially, H2S emissions are predominantly managed via the Claus technology
producing elemental sulfur and water, accounting for 90–95% of the total recovered sulfur.
The Claus process achieves 95–98% recovery of the hydrogen sulfide feed stream [21]. On
the downside, this process is energy-intensive due to the high operational temperature,
commonly above 1000 ◦C. Additionally, secondary pollution by the unreacted H2S and SO2
species is a concern, whereas the H2O by-product is undesirable for several downstream
processes [22]. Alternatively, H2S decomposition to its elemental constituents, namely H2
and sulfur, could be a more alluring prospect. In this direction, the abatement of H2S is
combined with the simultaneous production of valuable products. Therefore, numerous
technologies have been recently investigated for H2S decomposition [23], mainly involv-
ing: thermal [24,25], catalytic [26,27], plasmochemical [28,29], electrochemical [30], and
photochemical [31] decomposition. The majority of these approaches, however, present
several drawbacks attributed to the particular high energy requirements and low efficien-
cies, rendering their practical deployment infeasible as of yet [32]. In this sense, the most
commonly employed direct method is the thermal decomposition of H2S, which, however,
takes place at high temperatures in order to achieve conversions exceeding 50%. This is
due to the fact that the cleavage of the H2S molecule into its constituent elements requires a
substantial amount of energy since the thermal decomposition of H2S is an endothermic
reaction with a highly positive Gibbs free energy [33,34]. Specifically, the gas-phase H2S
dissociation standard enthalpy and standard Gibbs free energy values are equal to 317.9
and 270.1 kJ/mol, respectively [14].

As mentioned above, appreciable amounts of H2S exist in aquatic sediments, with
particular interest being directed in the Black Sea waters, due to their high H2S content
that is replenished continuously [35–37]. Owing to the specific locational and biological
characteristics of the Black Sea, a large amount of H2S lies in the anoxic deeper layers
with a highly toxic character [38]. Hence, an efficient method for H2S exploitation is
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actively sought. Hydrogen production from H2S in the Black Sea deep waters could play
an important role in the clean energy transition of the surrounding countries offering
at the same time significant environmental benefits toward the remediation of the Black
Sea ecosystem.

Apart from thermal decomposition studies, research on the conversion of H2S from
the Black Sea based on electrochemical methods has also been conducted. H2 production
from H2S contained in the Black Sea deep waters has been examined by employing a
micro-structured electrochemical membrane reactor, which is assembled with optimized
cell materials. CeO2-based transition metal catalysts were employed as anode materials,
with ceria-supported cobalt catalysts displaying the best performance in terms of H2S
decomposition activity and long-term stability [35,39]. In a more holistic approach, Petrov
et al. [40] investigated a multistage process involving the electrochemical production of H2
and polysulfides via direct alkaline electrolysis of H2S. Raney-nickel, graphite, platinized
carbon, CoS, and perovskites were tested as catalysts, with CoS and perovskites being
highly stable and efficient. Elsewhere, perovskite-type catalysts were also tested for the
thermal decomposition of H2S [41,42], with LaSr0.5Mo0.5O3, in particular, displaying the
highest performance at temperatures ranging from 700–850 ◦C.

Recently, ceria-based transition metal catalysts have gained particular attention in the
field of heterogeneous catalysis due to their unique solid-state properties, mainly linked to
synergistic metal–support interactions [43–45]. In this regard, in our previous work [46],
we thoroughly explored the impact of metal nature on the H2S decomposition performance
of a series of MxOy/CeO2 oxides (M: Fe, Co, Ni, Cu) catalysts under atmospheric pressure
and dry conditions (i.e., absence of H2O). The results clearly revealed the superiority of
Co3O4/CeO2 composites, in terms of both activity and stability, offering H2S conversions
close to the thermodynamic predicted values (ca. 35% at 850 ◦C).

Motivated by these findings, the H2S decomposition performance of Co3O4/CeO2 cata-
lysts is hereby investigated under extremely excess H2O contents (1 v/v% H2S, 90 v/v% H2O,
Ar as diluent) to better approach Black Sea inflow conditions. The impact of various opera-
tional parameters such as the feed composition, temperature, and Co loading (0–100 wt.%)
on the performance and kinetics of as-prepared cobalt oxide–ceria catalysts was system-
atically investigated. In addition, the physicochemical properties of both fresh and spent
catalysts were assessed by complementary characterization studies to gain insight into
potential structure-performance relationships. To the best of our knowledge, this is the first
study on the catalyst-aided H2S decomposition reaction under harsh reaction conditions
(water content of 90 v/v%), adhering to the dual purpose of environmental mitigation and
carbon-free H2 production.

2. Results and Discussion
2.1. Characterization Studies

The main textural and structural characteristics of the Co3O4/CeO2 catalysts with
different Co loadings (0–100 wt.%) are displayed in Table 1. As expected, bare CeO2
possesses the highest BET surface area (71.5 m2/g) and pore volume (0.27 cm3/g). On
the other hand, bare Co3O4 exhibits the lowest surface area (2.9 m2/g) and pore volume
(0.01 cm3/g). Cobalt oxide incorporation into ceria carrier results in a decrease in surface
area and pore volume and a small increase in pore size, which could be attributed to the
inferior textural characteristics of bare Co3O4, as shown in relevant studies [47,48] and
further discussed below. However, significant pore blockage phenomena upon the addition
of Co3O4 to CeO2 carrier were excluded by means of the Weisz–Prater criterion, which was
calculated by the method followed in our previous work [49].

The XRD patterns of the examined materials are depicted in Figure 1, while the
crystalline phases that were detected for each sample and the approximate crystallite sizes,
as determined by Scherrer analysis, are provided in Table 1. In principle, all catalysts
crystallized in the form of their respective oxides, while for bare cobalt oxide, both CoO and
Co3O4 phases are detected. Specifically, Co is present in the form of Co3O4 in the mixed
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oxides, with its crystallite size rising slightly upon increasing cobalt content, suggesting the
partial segregation of Co metal entities. Notably, the size of bare cobalt oxide crystallites is
about 4.5 times higher than CeO2 (ca. 50 vs. 11 nm), implying the significant segregation
of the cobalt oxide phase by the formation of large Co3O4 crystallites. On the other hand,
CeO2 crystallite size remains practically unchanged upon increasing the loading of cobalt
oxide, approximately 10–11 nm. Therefore, the progressive reduction of BET surface area of
the mixed oxides upon increasing Co loading could be ascribed to the partial substitution
of high-surface-area CeO2 with the low-surface area Co3O4, in conjunction with the partial
pore blockage by large cobalt oxide crystallites. Similar results have been reported in
relevant works [50–53].

Table 1. Textural and structural properties of bare oxides and x-Co/CeO2 catalysts.

Sample

N2 Porosimetry XRD Analysis

BET Surface
Area (m2/g)

Pore Volume
(cm3/g)

Average Pore
Diameter (nm) Crystal Phase Crystallite

Size (nm)

CeO2
a 71.5 0.27 15.4 CeO2 11.0

20-Co/CeO2
a 33.4 0.13

CeO2 10.2
16.0 Co3O4 37.7

30-Co/CeO2 44.9 0.21
CeO2 10.4

18.7 Co3O4 37.9

40-Co/CeO2 28.4 0.10
CeO2 10.5

14.7 Co3O4 41.7

60-Co/CeO2 15.1 0.07
CeO2 10.5

19.3 Co3O4 42.2

Co3O4 2.9 0.01
Co3O4 50.7

17.8 CoO 52.7
a Data taken from Ref. [46].
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2.2. Catalytic Evaluation

It should be stated first that as a point of reference, the H2 production rate achieved
in the absence of catalysts (blank experiments) under (i) 1 v/v% H2S and 90 v/v% H2O,
(ii) 1.0 v/v% H2S and (iii) 90 v/v% H2O, balanced with Ar at the temperature range of
550–850 ◦C was examined. The results from these preliminary experiments, along with the
corresponding experimental and equilibrium H2S conversion values for the H2S decompo-
sition reaction in the absence of steam, are depicted in Figure 2. Clearly, the conversion of
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H2O and the resulting hydrogen evolution rate are negligible for the 90 v/v% H2O feed-
stock in the entire temperature range, indicating no contribution of thermal water splitting
towards hydrogen generation at these experimental conditions. This is also confirmed by
the corresponding equilibrium curve, which lies at very low conversion values and is not
shown for brevity. Moreover, H2S conversion under dry conditions is lower than ca. 8%
over the entire investigated temperature range, far below the corresponding thermody-
namic values, implying the significant kinetic limitations of the homogeneous reaction, as
further discussed below.
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However, in the case of H2S decomposition, significantly higher hydrogen production
rates were obtained as compared to pure H2O (0.87 vs. 0.01 µmol·g−1·s−1 at 850 ◦C, respec-
tively). Furthermore, higher H2 production rates were observed with an increase in reaction
temperature attaining a maximum at 850 ◦C, as reported elsewhere for the non-catalytic
thermal H2S decomposition [14,34,54]. This behavior is thermodynamically attributable to
the endothermicity and non-spontaneity of the process, evidenced by the highly positive
values of reaction enthalpy and Gibbs free energy, respectively (Equation (1)). Intriguingly,
the simultaneous presence of H2S and H2O in the reaction feed (i.e., 1 v/v% H2S and 90 v/v%
H2O balanced in Ar), which is originally reported in this work, resulted in the maximum
H2 production (ca. 1.03 µmol·g−1·s−1 at 850 ◦C), suggesting the synergistic interaction of
both H2S and H2O towards the optimal hydrogen production rate.

The above can also be corroborated by considering the thermodynamics of the gas-
phase reactions of H2S decomposition (Equation (1)) and H2S steam reforming (Equation (2)).
Indeed, regarding Equation (2), it was confirmed by a separate simulation in Aspen Plus
that SO2 and H2 are by far the most favored products from the specific reacting mixture of
hydrogen sulfide and steam in the relevant temperature regime, even when considering
the production of elemental sulfur, SO3 and/or O2. In any case, the stoichiometry of the
reaction is seen in Equation (2). Moreover, whereas both reactions are endothermic and thus
H2S conversion is favored with an increase in the reaction temperature, the beneficial role
of steam lies predominantly in the significantly lower Gibbs free energy value in Equation
(2) compared to dry H2S decomposition (Equation (1)). Thus, the presence of steam essen-
tially provides the driving force for enhancing hydrogen formation, as the stoichiometric
coefficient of H2 in Equation (2) is three times higher compared to the one in Equation (1).
The above is better depicted in the thermodynamic plots in Figure 3. As can be seen from
Figure 3a, the conversion of H2S is thermodynamically favored over various H2S/H2O
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mixtures compared to H2S decomposition in the absence of steam, whereby H2S conversion
increases monotonically with the steam excess in the feed. Furthermore, to better assess the
thermodynamic tendency of the system in the employed reaction conditions, the presence
of inert gas in the reactant feed is examined over a mixture of 1% H2S in steam (Figure 3b).
Evidently, H2S conversion increases with the increased presence of water vapor in the
reactor inlet.

H2S(g) � S(g) + H2(g), ∆Hf
0 = + 317.9 kJ/mol, ∆Gf

0 = + 270.1 kJ/mol (1)

H2S(g) + 2H2O(g) � SO2(g) + 3H2(g), ∆Hf
0 = + 157.6 kJ/mol, ∆Gf

0 = + 190.5 kJ/mol (2)
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Next, the effect of Co loading on the H2 production rate under excess steam conditions
was explored, and the corresponding results are shown in Figure 4. It is evident that within
the selected temperature range, the H2 production rate clearly increases with increasing
reaction temperature, irrespective of the cobalt loading. Furthermore, in the absence of
Co3O4 (that is, for bare CeO2 sample), H2 production is clearly lower than the respective
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values for x-Co/CeO2 samples, while the lowest values were attained for pure cobalt
oxide. These findings point towards the fact that the synergy between ceria and cobalt
oxide species is a prerequisite for optimum catalytic activity. Moreover, the 30-Co/CeO2
sample exhibited the highest performance among all x-Co/CeO2 catalysts, showcasing
the existence of an optimal cobalt oxide loading towards the achievement of maximum
hydrogen production rate. Indeed, 30-Co/CeO2 outperforms its counterparts in all the
examined temperatures. For instance, at 850 ◦C, the 30-Co/CeO2 sample exhibits a H2
production rate of 2.11 µmol·g−1·s−1 compared to 1.86 and 1.97 µmol·g−1·s−1 over bare
CeO2 and Co3O4, respectively, with the superiority of mixed oxide being even more
prominent at lower reaction temperatures. It should also be stated that all catalysts exhibited
far superior performance compared to blank experiments (see Figure 2), clearly revealing
the decisive role of the catalyst towards the progression of hydrogen generation rates.
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Subsequently, the H2 production rate of the optimum catalyst, 30-Co/CeO2, is com-
pared with bare ceria, both in the absence and presence of excess H2O (Figure 5). In-
terestingly, in the absence of H2O, both bare CeO2 and Co3O4/CeO2 samples exhibited
almost an identical performance in terms of H2 production, revealing the pivotal role of
CeO2 in the deH2S process [55]. Moreover, the significantly higher H2S conversion under
dry conditions of the catalyst-aided process compared to the homogeneous one (Figure 2)
should be noted. On the other hand, the pronounced effect of H2O excess in the feed steam
is evident for both bare CeO2 and x-Co/CeO2 samples. The superior catalytic performance
in wet conditions is in line with the thermodynamic calculations and can be attributed to
the additional amount of H2, which is produced via Equation (2).

Notably, the 30-Co/CeO2 sample outperforms bare ceria under wet conditions, im-
plying a synergistic effect towards higher H2 production rates in the presence of water.
This synergistic interaction, however, is not perceived under dry conditions, revealing the
key role of steam in conjunction with the cobalt oxide–ceria synergy. In other words, the
co-existence of cobalt oxide and ceria species is required to obtain high H2 production rates.
The latter could be possibly ascribed to the facilitation of the H2S reforming reaction (as
described by Equation (2)) at the interfacial sites, further contributing to H2 production.
This is additionally verified by the negligible rate of H2 production during steam splitting
(in the absence of H2S) over Co3O4/CeO2 samples. In view of the above, the superior
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reactivity of Co3O4/CeO2 compared to the bare counterparts has been documented in the
literature, ascribed mainly to synergistic cobalt oxide–ceria interactions [56–58].
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2.3. Apparent Activation Energies

For the approximate estimation of apparent activation energies, the differential method
of analysis was followed. The possible contribution of internal mass transport phenomena
was disregarded by means of the Weisz–Prater criterion (vide supra); thus, the measured
apparent reaction rates were considered to be practically ascribed to the intrinsic reactivity
of the catalysts. Therefore, the Arrhenius plots and the calculated activation energy values
for all x-Co/CeO2 catalysts are shown in Figure 6a and Figure 6b, respectively. The superior
performance of the 30-Co/CeO2 catalyst is again evident in terms of the apparent activation
energy since it exhibits the lowest apparent activation energy value among all samples.
Equally importantly, the binary cobalt oxide–ceria samples are associated with lower
apparent activation energy values compared to the bare cobalt oxide and ceria, providing
additional evidence of the beneficial role of the co-presence of cobalt oxide and ceria phases,
which is also reflected in their catalytic activity (Figure 4).
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A more meaningful assessment of the apparent activation energy values calculated in
this study cannot be made since, to the best of our knowledge, this is the first time that such
values have been reported in the literature for H2 production through the decomposition
of H2S in extreme H2O excess conditions. In any case, and in order to better showcase
the beneficial synergistic role of the as-prepared cobalt oxide–ceria catalysts, the apparent
activation energies for the H2S decomposition reaction under both dry and wet conditions in
the absence of catalysts were calculated (Arrhenius plots not shown for brevity). Specifically,
apparent activation energy values equal to 124 and 137 kJ/mol were calculated for the
non-catalytic thermal H2S decomposition in the presence and absence of water, respectively.
Not unexpectedly, these values are substantially higher compared to the respective values
for all the employed catalysts and especially for the 30-Co/CeO2 sample (Figure 6b). This
finding showcases the significant role of catalysts, which enhance hydrogen production
by offering a reaction pathway associated with a substantially decreased activation energy
compared to the thermal-induced and gas-phase H2S decomposition.

Also, with regards to the activation energy for the reaction of H2S decomposition
under dry and wet conditions for the optimum sample, i.e., 30-Co/CeO2 (see Figure 5), the
values were calculated to equal 66 and 49 kJ/mol, respectively. Therefore, in comparison
with the respective values obtained in catalyst-free experiments (i.e., 137 and 124 kJ/mol in
the absence and presence of H2O, respectively), it is evident that the 30-Co/CeO2 sample
remarkably modifies the H2S decomposition reaction pathway in the presence of water, as
it decreases the apparent activation energy by a factor of 2.5. At the same time, the effect
is less prominent under dry reaction conditions since the apparent activation energy in
the presence of 30-Co/CeO2 catalyst is decreased by a factor of 2.0 compared to the blank
experiments. In all, and although the present results are not derived through a dedicated
kinetic analysis, the obtained values can be considered as a reference point that can be used
for comparison purposes. Therefore, they need to be refined and rigorously calculated in
future work employing a more detailed kinetic methodology, also taking into account the
reversibility of the reaction.

2.4. Stability Tests

Motivated by the superior H2S decomposition performance of 30-Co/CeO2 under H2O
excess conditions, short-term (10 h) stability experiments were also carried out to assess its
lifetime characteristics (Figure 7). Specifically, the H2 production rate was continuously
monitored at T = 850 ◦C as a function of time on stream. The fresh catalyst was first
heated up to 850 ◦C (3 ◦C/min) under pure Ar atmosphere, kept at this temperature for
1 hr, and then at t = 0 min, the standard feed mixture used in the activity experiments
(1 v/v% H2S–90 v/v% H2O, balanced with Ar), was introduced into the reactor. Interestingly,
H2 production is continuously increased for the first ca. 4 h and then stabilized to a steady-
state value of ca. 2.1 µmol·g−1·s−1. This value is similar to that obtained in the activity
experiments and remained constant until the end of the experiment.
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In an attempt to clarify whether the initial activation period for the 30-Co/CeO2 cata-
lyst is associated with the in situ sulfidation or reduction of the sample during the reaction,
two additional short-term (10 h) stability experiments were carried out employing the same
catalyst at different initial states. In particular, prior to the experiment, the “untreated”
30-Co/CeO2 was subjected at 850 ◦C to a gas stream of either 1 v/v% H2S–90 v/v% H2O
for 10 h or 10 v/v% H2/Ar for 1 h in order to obtain the “sulfided” and “reduced” sam-
ples, respectively. Both the “sulfided” and “reduced” catalysts were subsequently tested
under the standard reaction conditions (1 v/v% H2S–90 v/v% H2O, balance with Ar), and
their hydrogen production rate profiles vs. time on stream were compared with the “un-
treated” sample.

The comparison between the different pretreated catalysts revealed the remarkable
behavior of the “sulfided” catalyst. It was observed that the initial activation period of
approximately 4 h of the “untreated” 30-Co/CeO2 catalyst is reduced to less than 1.5 h
for the “sulfided” sample. On the other hand, the “reduced” catalyst also demonstrated a
decreased activation period (ca. 2 h) compared to the untreated material, but obviously
higher compared to the “sulfided” sample.

In this point, it is worth pointing out the key role of chemisorption in the H2S decom-
position process and in the observed transient nature of hydrogen generation in this work
(Figure 7). Elsewhere, on a series of well-defined rhodium crystals [59], it was found that
H2S adsorption on clean Rh(100) surfaces results in very rapid initial adsorption, followed
by a very slow approach to saturation. This was followed by an increase in the surface
S/Rh ratio, ascribed to the decomposition of H2S. Even more importantly, H2 desorption
follows the same trend as the S/Rh ratio, showcasing the importance of progressive in situ
sulfidation. Moreover, in a more recent study examining several transition metal sulfide
catalysts [60], it was shown that at higher temperatures, the reaction could proceed under
a quasi-steady state, where H2S conversion and H2 yield remain almost constant over
elevated time on stream. Furthermore, a direct correlation between the amount of the
released H2 and sulfur was disclosed.

In light of the present findings, it can be deduced that the progressive activation is
mainly due to the in situ sulfidation of the catalyst under the reaction atmosphere and, to
a lesser extent, to H2 reduction. This is better demonstrated by calculating the absolute
hydrogen production (in mmol) during the activation period for each sample via the
integration of the hydrogen production rate curve over the activation step. Indeed, the
respective values for the “untreated”, “reduced”, and “sulfided” catalysts are equal to 288,
336, and 376 mmol H2/g, respectively, demonstrating the pronounced effect of sulfidation
in the total hydrogen production. In all cases (“untreated”, “sulfided”, and “reduced”),
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the H2 production rate attained a stable value after a certain time period, reaching values
similar to those obtained in the activity experiments and remaining stable until the end
of the 10 h duration test. These findings clearly revealed the pronounced effect of in situ
sulfidation, and to a lesser extent reduction, processes towards the progressive activation of
cobalt oxide–ceria catalysts. Notably, irrespective of the catalyst’s initial state, all samples
reach the same steady state, exhibiting a remarkably stable performance after a certain
time. The beneficial effect of H2S during the course of the reaction between H2S and H2O is
also worth noticing, in complete contrast to the poisoning effect of H2S in several catalytic
processes [61–63]. Similar observations on the positive effect of sulfidation have been
reported elsewhere [64].

2.5. Spent Catalysts Characterization

In order to gain insight into the impact of the reaction conditions on the textural,
structural, and surface features of the employed catalysts and to reveal possible structure-
performance relationships, a complementary characterization study employing BET, XRD,
SEM, and sulfur elemental analysis, prior (“untreated”) and after (“sulfided”) the stability
experiments, was carried out. In terms of the textural characteristics, it is worth noticing
that catalyst exposure to reaction conditions results in an almost complete collapse of
the pore structure; the BET surface area and the pore volume of the “sulfided” catalyst
decreased to about 2.4 m2/g and 0.04 cm3/g from 44.9 m2/g and 0.21 cm3/g of the
“untreated” 30-Co/CeO2 catalyst, respectively. Coupled with the excellent activity and
stability performance of the “sulfided” catalyst, the deterioration of its porous structure
clearly implies that the catalytic activity is practically independent of the textural properties.

The structural modifications induced under reaction conditions were revealed by
means of XRD studies. Figure 8 depicts the XRD patterns of the “untreated” and “sulfided”
catalysts. It is evident that new crystal structures were formed during the reaction, which
were absent from the “untreated” samples. In particular, the XRD pattern of the “untreated”
sample presents reflections that correspond to the Co3O4 and CeO2 oxides, implying no
chemical transformations or interactions between the parent oxides up to 600 ◦C (calcination
temperature). However, the XRD pattern of the “sulfided” catalyst is completely different;
the formation of new crystalline cobalt sulfide phases, i.e., Co3S4 and CoS, was clearly
identified, verifying the in situ sulfidation of the catalyst under reaction conditions.
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Surface modifications of the catalysts were further investigated by SEM/EDS anal-
ysis. Micrographs of the “untreated” and “sulfided” catalysts are presented at different
magnifications in Figure 9. By comparing the SEM images of the “untreated” (Figure 9A,B)
and “sulfided” (Figure 9C,D) samples, it is clear that the latter catalyst has undergone
significant morphological modifications, leading to the formation of new phases, as a result
of its exposure in H2S/H2O mixture at high temperatures. In particular, the formation
of cobalt sulfide phases of polygon-like shape and cerium oxide particles of sponge-like
morphology were revealed. Moreover, the average size of the cobalt-containing particles of
the “sulfided” catalyst notably increased compared to the “untreated” catalyst, implying
sintering under reaction conditions, in compliance with the above-discussed XRD and
BET results.

In complete agreement with the identification of cobalt sulfide phases, a significant
amount of sulfur (both in the form of elemental sulfur and in S-containing phases) was
detected by sulfur elemental analysis of the “sulfided” sample (6.5 wt.%). However, this
amount was approximately half compared to the elemental sulfur detected on the same
sample when exposed to 1 v/v% H2S balanced with an Ar feed mixture for 10 h (13.1 wt.%).
The considerably lower amount of elemental sulfur in the case of wet conditions is most
probably ascribed to the formation of sulfur-containing gaseous products, predominantly
SO2, as dictated by Equation (1). Notably, the relevant elemental mapping (not shown)
demonstrated that sulfur formation and deposition was preferentially favored in the vicinity
of Co-rich areas instead of CeO2-rich regions.
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In view of the above findings, the already established superiority of the 30-Co/CeO2
catalyst for the H2S decomposition reaction under extremely wet conditions (90 v/v% H2O)
should be mainly related to the in situ sulfidation of cobalt species (i.e., Co3O4 to Co3S4
and CoS), during its exposure to the reaction atmosphere. The previous analysis has
clearly shown that during the catalytic decomposition of H2S in the presence of H2O, the
30-Co/CeO2 catalyst demonstrates the optimum activity performance and, at the same
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time, a remarkably stable behavior. It should be therefore deduced that the produced
elemental sulfur is not simply deposited on the catalyst surface but strongly interacts with
the catalyst counterparts to create new active and stable phases. These promising findings
could pave the way for the development of active and stable materials to be applied as
heterogeneous catalysts for the thermocatalytic decomposition of H2S in the presence of
excess steam or as anode electrodes in H2S splitting proton-conducting solid electrolyte
electrochemical membrane reactors for the efficient management of H2S emissions toward
carbon-free hydrogen production.

3. Materials and Methods
3.1. Materials Preparation

A series of Co3O4/CeO2 supported catalysts at different cobalt loadings (0, 20, 30, 40,
60, and 100 wt.%) was synthesized via the wet impregnation technique. The as-prepared
catalysts are henceforth denoted as x-Co/CeO2 for simplicity, with x referring to the weight
percentage of Co in the composite materials. The synthetic protocol followed has been
described in detail elsewhere [46]. In brief, the ceria-supported cobalt oxide catalysts were
prepared by impregnation of an aqueous solution with appropriate concentrations of cobalt
nitrate onto the calcined CeO2 support. The resulting solutions were subsequently heated
under continuous stirring and then dried at 100 ◦C overnight. Finally, the obtained dried
samples were calcined in air at 600 ◦C for 2 h using a heating rate of 5 ◦C/min.

3.2. Materials Characterization

The textural, structural, and morphological characteristics of bare oxides and as-prepared
cobalt oxide/ceria catalysts were determined by means of BET, XRD, and SEM/EDX meth-
ods, as previously described in detail [43]. The elemental analysis of sulfur content was
conducted according to UOP 703 method on a “CHN-800” elemental analyzer (LECO
Corporation, St. Joseph, MI, USA).

3.3. Catalytic Evaluation

The experimental apparatus employed for the H2S decomposition catalytic studies un-
der excess H2O conditions has been described in our previous work [46] and is graphically
represented in Figure 10. In particular, the experimental setup is comprised of the feed,
reaction, and analysis sections. The feedstock system includes the 10 v/v% H2S/Ar (Air
Liquide Hellas, Athens, Greece) and pure Ar (99.998 v/v%, Linde Hellas, Sindos, Greece)
high-pressure gas cylinders, the corresponding mass flow controllers (Brooks Instruments,
Hatfield, Montgomery County, PA, USA) with a range of 0–20 cm3/min for the H2S/Ar
mixture and 0–100 cm3/min for Ar at an accuracy of 1% and a digital bubble flow meter
(Agilent Optiflow 520, Santa Clara, CA, USA) to regulate and monitor the volumetric gas
flow rates, an HPLC 305 Pump (GILSON, Middleton, WI, USA) with a flow range between
0.14–25 cm3/min and an accuracy of 0.001 cm3/min to control the doubly distilled liquid
H2O supply into the system, the preheater for steam generation at 130 ◦C and the heated
stainless steel pipelines to provide the desired reactant mixture to the reactor, controlled at
130 ◦C by a K-type thermocouple. Appropriate flows of pure Ar and 10 v/v% H2S/Ar were
mixed with steam derived by a liquid water supply of ca. 0.05 cm3/min so as to obtain the
desired reactants feed mixture of 1 v/v% H2S and 90 v/v% H2O, balanced in Ar.
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(5) High-temperature furnace and U-tube quartz reactor; (6) Condenser; (7) Sulfur trap. Analysis 
section: (8) GC: Gas Chromatograph. PI: Pressure Indicator; FI: Flow Indicator; TE: Temperature 
Indicator; HE: Heat Exchanger. Adapted from Ref. [46]. 
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°C, and the reaction was carried out in the temperature range of 550–850 °C. At the initial 
temperature of 550 °C, the system was left to stabilize for more than 4 h, and then for each 
temperature step, the system was allowed to reach a steady state (~1 h) before the effluent 
gas analysis was performed. Short-term stability tests were also carried out isothermally 
at 850 °C, where the hydrogen production rate was continuously monitored. For compar-
ison purposes, blank experiments (without catalyst) were also carried out under specified 
reaction conditions. In the present work, the catalytic performance of the Co3O4/CeO2 
mixed oxide samples is expressed in terms of hydrogen production rate (μmol H2∙g−1∙s−1), 
calculated by the following equation (Equation (3)): 
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where Fout (cm3/min) is the reactor outlet flowrate, [H2]out is the molar fraction of hy-
drogen at the reactor outlet, VM (cm3/mol) is the molar volume of hydrogen at 1 bar and 
25 °C, equal to 24,465 cm3/mol, and gcat is the catalyst mass. In addition, H2S conversion 
under dry reaction conditions (i.e., absence of excess H2O) was estimated on the basis of 
the following expression (Equation (4)): 
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Figure 10. Schematic representation of the apparatus used in the catalytic experiments. Feed section:
(1) (1a) 10 v/v% H2S/Ar cylinder, (1b) Pure Ar cylinder; (2) MFC: Mass Flow Controllers for
H2S/Ar and Ar; (3) Doubly distilled liquid water pump; (4) Preheater for steam generation.
Reaction section: (5) High-temperature furnace and U-tube quartz reactor; (6) Condenser; (7) Sulfur
trap. Analysis section: (8) GC: Gas Chromatograph. PI: Pressure Indicator; FI: Flow Indicator; TE:
Temperature Indicator; HE: Heat Exchanger. Adapted from Ref. [46].

A typical quartz U-tube fixed bed reactor with an internal diameter of 9.6 mm was
employed for the activity and stability of H2S decomposition experiments at excess H2O
conditions. In each test, the catalyst bed consisted of a mixture of 250 mg catalyst and
250 mg quartz, both in powder form, resulting in a bed volume of ~0.45 cm3. Catalytic exper-
iments were elaborated at atmospheric pressure and total feed rate equal to 100 cm3/min,
corresponding to a GHSV of ~13,300 h−1.

The analysis of the produced hydrogen was carried out by means of a gas chromato-
graph (Shimadzu 14B, Kyoto, Japan) involving a thermal conductivity detector (TCD) and
a molecular sieve 5A separation column. Prior to gas analysis, the reactor effluent gas
mixture was flowing through a sulfur scrubber involving an aqueous KOH solution for the
removal of any S-containing species.

During the catalytic activity tests, the temperature was increased at intervals of 50 ◦C,
and the reaction was carried out in the temperature range of 550–850 ◦C. At the initial
temperature of 550 ◦C, the system was left to stabilize for more than 4 h, and then for each
temperature step, the system was allowed to reach a steady state (~1 h) before the effluent
gas analysis was performed. Short-term stability tests were also carried out isothermally at
850 ◦C, where the hydrogen production rate was continuously monitored. For comparison
purposes, blank experiments (without catalyst) were also carried out under specified
reaction conditions. In the present work, the catalytic performance of the Co3O4/CeO2
mixed oxide samples is expressed in terms of hydrogen production rate (µmol H2·g−1·s−1),
calculated by the following equation (Equation (3)):

rH2 (µmol H2 · g−1 · s−1)=

106 · Fout · [H2]out
60 · VM · gcat

(3)

where Fout (cm3/min) is the reactor outlet flowrate, [H2]out is the molar fraction of hydrogen
at the reactor outlet, VM (cm3/mol) is the molar volume of hydrogen at 1 bar and 25 ◦C,
equal to 24,465 cm3/mol, and gcat is the catalyst mass. In addition, H2S conversion under
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dry reaction conditions (i.e., absence of excess H2O) was estimated on the basis of the
following expression (Equation (4)):

XH2S (%) =
moles of produced H2 at the outlet

H2S moles at the inlet
·100 (4)

Moreover, thermodynamic equilibrium values were calculated using an RGibbs block
in Aspen Plus software. The components involved in the simulation were elemental sulfur,
H2S, H2O, SO2, H2, SO3, O2, and Ar, and their thermophysical properties were obtained by
applying the Peng-Robinson equation of state.

4. Conclusions

In the present work, the H2S decomposition activity of a series of Co3O4/CeO2 cat-
alysts with variable cobalt loadings (0–100 wt.%) was evaluated toward carbon-free hy-
drogen production under extremely harsh reaction conditions employing a feed mixture
comprising of 1 v/v% H2S and 90 v/v% H2O at high temperatures (550–850 ◦C) and atmo-
spheric pressure. Furthermore, the analysis of the experimental results is accompanied and
corroborated by thermodynamic calculations in order to gain insight into the beneficial
effect of steam addition on the production rate of H2. It was revealed that the 30 wt.%
Co3O4/CeO2 catalyst demonstrated the optimum activity and the lower apparent activa-
tion energy, followed by remarkable stability. Notably, Co3O4/CeO2 catalysts outperform
bare ceria and cobalt oxide under wet conditions, implying a synergistic cobalt oxide–ceria
interaction towards higher H2 production rates via H2S steam reforming. The enhancement
in the production of hydrogen was also assessed by comparing the performance of the
optimum 30-Co/CeO2 catalyst under dry and water-excess reaction conditions. Notably,
significant augmentation in the H2 production rate was disclosed in the presence of steam.

Equally importantly, the key role of in situ sulfidation was revealed in stability tests
over 30-Co/CeO2. Intriguingly, the pretreatment of the sample with the reacting H2S-
H2O-Ar mixture (“sulfided”) led to the formation of active cobalt sulfide phases that
allowed the system to faster reach steady state compared to the “untreated” and “reduced”
sample. A complementary characterization study over both “untreated” and “sulfided”
samples revealed the complete collapse of pore structure after catalysts exposure to reaction
conditions, followed, however, by the formation of new cobalt sulfided phases, such as
Co3S4 and CoS, which could be considered responsible for the excellent performance and
stable behavior of the as-prepared cobalt oxide–ceria catalysts.
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