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Abstract
The development of photo/electroactive catalysts sustainably producing hydrogen from water
splitting and selectively hydrogen peroxide is of paramount importance to alleviate climate change
effects. Herein, an anionic cobalt porphyrin (CoP) derivative is electrostatically interfaced with a
positively charged modified molybdenum disulfide (MoS2), forming CoP/MoS2, which is
accordingly employed as nonprecious photo/electrocatalyst for water oxidation reaction (WOR)
and selective H2O2 production. According to the results, CoP/MoS2 shows remarkable bifunctional
photo/electrocatalytic performance for WOR and 2e− pathway O2 reduction reaction (ORR) in
alkaline electrolyte. Upon visible light irradiation, electrochemical measurements on a
fluorine-doped tin oxide (FTO) coated glass electrode reveal an onset potential of 0.595 mV (ORR)
and 1.575 mV (WOR) vs. reversible hydrogen electrode, being improved by approximately 80 mV,
in both cases, compared to the dark conditions. Notably, the use of the FTO set-up not only
enabled us to evaluate the photo/electrocatalytic activity of the CoP/MoS2 nanoensemble but also
mimics the practical conditions in photo/electrochemical devices. The outstanding bifunctional
photo/electrocatalytic performance of CoP/MoS2 is attributed to (a) the use of CoP as versatile
single-atom molecular catalyst and photosensitizer (b) the strong ion-pair interactions between
cationic modified MoS2 and the anionic CoP derivative, which prevent aggregation, ensuring
better accessibility of the reactants to cobalt active sites, and (c) the co-existence of 1T and 2H
phase at modified MoS2, offering improved electrical conductivity and intrinsic electrocatalytic
activity along with enhanced intraensemble electronic interactions upon illumination. This work is
expected to inspire the design of advanced and low-cost materials for the sustainable production of
renewable fuels.

1. Introduction

The sustainable production of renewable fuels is
central to eliminate the carbon dioxide emission
and therefore to mitigate the climate change effects.

Water-splitting by electrolysis is regarded as an
eco-friendly way to produce renewable fuel in the
form of hydrogen (H2) [1]. Indeed, H2 is a promising
alternative to replace fossil fuels and can be produced
in a water electrolyzer consisting of a water oxidation
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reaction (WOR) anode and a hydrogen evolution
reaction (HER) cathode. Notably, the anodic half-
reaction, i.e. WOR, is the most challenging part of
the overall water-splitting process [2]. Besides H2,
hydrogen peroxide (H2O2) has also attracted sig-
nificant attention as energy carrier due to its high
volumetric energy density and easy storage, while
the two-electron electrochemical reduction of dioxy-
gen is considered as a sustainable approach to gen-
erate H2O2 in view to replace the current anthra-
quinone process [3–5]. Given the sluggish kinetics of
the involved electrochemical reactions, namely, water
oxidation and oxygen reduction reaction (ORR) for
H2O2 production, the core scientific challenge for
the commercialization of such systems lies in the
development of highly active and selective multifunc-
tional electrocatalysts composed of earth-abundant
and non-critical elements [6–9]. Presently, cutting-
edge electrocatalysts for ORR are based on platinum,
while for water oxidation are iridium and ruthenium
oxide; however, the high cost and rarity of these noble
metals are handicaps for their large-scale application
[10]. In addition, there is a great deal of interest
in using solar energy towards H2 and H2O2 pro-
duction, by employing photo/electroactive catalysts,
which are able to absorb some of the solar radiation
to assist electrolysis of water or oxygen reduction, fur-
ther reducing the environmental impact of these pro-
cesses. Despite that enormous efforts have beenmade
in this topic [11], there are still only few efficient
non-noble metal bifunctional photo/electrocatalysts
[12–14] catalyzing both of the above reactions.

Single-atom catalysts have emerged as a prom-
ising alternative to noble-metal based state-of-the-art
electrocatalysts due to their high atomic utilization
efficiency as well as their extraordinary activity and
selectivity [15]. In this context, metalloporphyrins,
that are single-atom molecular catalysts, featuring a
central metal atom strongly coordinated with four
nitrogen atoms in the form of M-N4 motifs [16, 17],
have been employed extensively as photo/electrocata-
lysts for key electrochemical reactions, including
WOR and ORR, due to their high extinction coeffi-
cient in the visible range and high chemical stability
[18, 19]. The immobilization of single-atommolecu-
lar catalysts onto supports is highly desirable in het-
erogeneous catalysis, offering not only enhanced cata-
lyst stability and recyclability but more importantly
better accessibility of the reactants to single-atom act-
ive sites by preventing possible aggregation [20].

Two-dimensionalmolybdenumdisulfide (MoS2),
an earth-abundant material, with a large surface-to-
volume ratio, has received special scientific atten-
tion in photo/electrocatalytic applications thanks to
its tunable electronic properties and intrinsic elec-
trocatalytic activity [21–24]. Particularly, the octa-
hedral coordination geometry of Mo in the 1T
polymorph of MoS2 rationalizes its participation in
electrocatalysis by considering the inherent reduced

charge-transfer resistance [23]. On this basis, hybrid-
ization of MoS2 with metalloporphyrins not only
provides a favorable way for further improving
WOR and/or ORR efficiency but also fully exploits
the light harvesting properties of metalloporphyrins,
en route the realization of novel multifunctional
photo/electrocatalysts. To the best of our know-
ledge, there are only few reports on metallopor-
phyrin/transition metal dichalcogenide photo/elec-
trocatalysts focused on HER [25–29], while on WOR
and ORR remain unexplored.

The present work goes beyond the current state-
of-the-art by enabling cationic modified MoS2
nanosheets, electrostatically assembled with an
anionic cobalt porphyrin (CoP), to efficiently per-
form as novel bifunctional photo/electrocatalyst
toward water oxidation as well as ORR for selective
H2O2 production. Markedly, our design strategy is
based on flexibility and simplicity and relies on strong
ion-pair interactions between an imidazolium-
modified MoS2 material and a carboxylated CoP.
Importantly, the main reasons for choosing CoP
as active component, nanointegrated within the
modified MoS2, are the following: (a) CoP is com-
posed of earth-abundant, non-precious elements,
(b) CoP has been proven to act as efficient homo-
geneous or heterogeneous single-atom molecular
photo/electrocatalyst towardWOR [30–33] and ORR
[34–38], and (c) mononuclear CoP catalyzes select-
ively ORR to H2O2 [39]. Needless to say, accord-
ing to theoretical calculations the Co-N4 motif in
CoP possesses the optimal adsorption energy of
∗OOH intermediate for H2O2 production, among
a series of single atom metal centers, including
Mn, Fe, Cu, Ni, etc [40]. Taking advantage of the
excellent photo/electrocatalytic properties of CoP,
together with the intriguing electronic properties of
MoS2 nanosheets, the newly developed CoP/MoS2
nanoensemble showed notable bifunctional elec-
trocatalytic activity for water oxidation and selective
H2O2 production in alkaline conditions, with signi-
ficantly improved performance upon illumination.
Remarkably, we refer an enhanced by 130% current
density value and an 80mV lower onset overpotential,
ca. 1.575 V vs. reversible hydrogen electrode (RHE),
toward WOR, under light irradiation conditions,
while in the case ofORR its onset potential was shifted
to 595 mV vs. RHE (only 105 mV overpotential for
the 2e−ORRpathway), followed by an 83% enhanced
activity. At the same time, the achieved selectivity
toward H2O2 formation was ranged between 95%
and 98%. At this point, we would like to highlight
that all the photo/electrocatalytic measurements were
conducted on fluorine-doped tin oxide (FTO) coated
glass electrodes, simulating perfectly the performance
of the tested materials under practical application
conditions (photo/electrochemical devices) by taking
into account both diffusion phenomena (static elec-
trodes, larger surfaces) and the intrinsic resistivity of
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the FTO—coated glass substrates [41]. Overall, the
CoP/MoS2 ensemble was proved to be an efficient
low-cost bifunctional photo/electrocatalyst, paving
the way for sustainable industrial H2 and selective
H2O2 production.

2. Results and discussion

2.1. Material preparation and characteristics
Starting point for the realization of the CoP/MoS2
nanoensemble is, from one side, the exfoliation from
the bulk of MoS2, and from the other side, the
cobalt mutilation of commercially available 5-(4-
carboxyphenyl)-10,15,20-triphenylporphyrin. Con-
sidering that none of the two species, MoS2 and
metalated porphyrin, is charged, both of them
need to be chemically modified in order to incor-
porate opposite charges to them that will effect-
ively lead to the development of electrostatic inter-
actions for tightly holding them together in the
form of nanoensembles. The chemically exfoliated
MoS2 (ce-MoS2) nanosheets were prepared upon
treatment with n-BuLi, via lithium intercalation,
of bulk MoS2 [42–44]. Next, exfoliated MoS2 was
treated with the diazonium salt [45, 46] of 4-(4-
aminophenyl)butyric acid, prepared in-situ at 0 ◦C,
to obtain functionalized MoS2 featuring carboxylic
acid groups (MoS2-COOH). Activation of the lat-
ter with thionyl chloride, followed by condensation
with 1-(3-aminopropyl)imidazole, led to imidazole-
MoS2. Next, N-alkylation of the imidazole ring with
1-bromobutane yielded imidazolium-MoS2, having
bromide as counter anion, according to scheme 1.
On a parallel synthetic route, 5-(4-carboxyphenyl)-
10,15,20-triphenylporphyrin was first metalated and
then deprotonated to afford anionic carboxylated
CoP. Eventually, the CoP/MoS2 nanoensemble was
realized easy via a simple procedure, in which the
bromide counter anion in imidazolium-MoS2 was
exchanged by the anionic CoP, allowing efficient
integration of the photo/electrocatalytically active
metalloporphyrin within the nanoensemble. In order
to confirm the electrostatic interactions between
the anionic CoP and the imidazolium-MoS2, zeta
potential measurements were performed. In more
detail, the zeta potential for the nanoensemble
CoP/MoS2 was found to be neutral (i.e. −10 to
+10 mV) contrasting the cases of anionic CoP
and imidazolium-MoS2, where it was found to be
negative ca. −32.4 ± 9.45 mV and positive ca.
+26.4 ± 9.13 mV, respectively. For reference pur-
poses, the corresponding anionic metal-free por-
phyrin, abbreviated asH2P, was employed to similarly
prepare H2P/MoS2, following the same ion exchange
process.

According to the high-resolution and annular
dark-field scanning transmission electron micro-
scopy (HR-TEM and ADF-STEM, respectively)
images shown in figures 1(a) and (b) and S1(a)–(b),

Scheme 1. Synthetic route for the preparation of
CoP/MoS2.

CoP/MoS2 consists of oligo-layered MoS2 sheets of
varied size. Notably, no visible defects are observed at
the hexagonal MoS2 lattice, implying that the func-
tionalization process does not affect the original
nanostructure of the material. More interestingly,
STEM imaging along with electron energy loss spec-
troscopy (EELS) chemical mapping (figures 1(c)–(e))
confirm the uniform and aggregation-free distribu-
tion of the CoP units onto the MoS2 nanosheets. The
latter finding is further supported by energy dispers-
ive spectroscopy (EDS) mapping (figure S1(c)). Last,
the reference material based on the metal-free por-
phyrin, H2P/MoS2, presented similar morphology to
that of CoP/MoS2 (figure S2).

Clear evidence for the successful formation
of imidazolium-modified MoS2-based material
and the corresponding CoP/MoS2 nanoensemble
and H2P/MoS2 reference material came from
detailed physicochemical characterization, compris-
ing Raman and infrared spectroscopy (figures 2 and
S3, respectively), x-ray diffraction (XRD) and x-ray
photoelectron spectroscopy (XPS) (figures 3, S4 and
S5), UV–Vis spectroscopy (figure S6), as well as ther-
mogravimetric analysis (TGA) (figure S7) and elec-
trochemical characterization (figure S8)—see sup-
porting information for more details. Focusing on
Raman spectroscopy analysis, we do not only get
additional proof for the covalent functionalization
of ce-MoS2 by evaluating the 2LA(M)/A1g intensity
ratio [45, 46] (figure 2), but more importantly we
gain useful insights on the polytype of MoS2 dur-
ing the functionalization process. It is known that
in ce-MoS2, as obtained via lithium intercalation as
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Figure 1. (a) Representative TEM image and corresponding
SAED pattern (inset), (b) HR-TEM image and
corresponding FFT image (inset), and (c) ADF-STEM
image for CoP/MoS2. (d) EEL spectrum, and (e) elemental
mapping for the areas indicated by red and green squares,
respectively, in (c) for CoP/MoS2.

in the current work, the metastable 1T octahedral
phase irreversibly transforms to the 2H simply upon
drying and aging [47]. In more detail, regarding the
Raman spectrum of ce-MoS2 (figure 2(a)), the sig-
nature phonon modes of 1T octahedral phase of
MoS2, namely J1, J2 and J3 located at 154, 226 and
327 cm−1, respectively, are clearly observed along
with the presence of the E12g mode (∼380 cm−1),
which is usually witnessed in 2H-MoS2, indicating
the co-existence of the metallic and the semicon-
ducting phase within the ce-MoS2 material [48–50].
Then, changes are evidently seenwhen comparing the
Raman spectrum of ce-MoS2 with the spectra belong-
ing to functionalized MoS2 materials. Interestingly,
the A1g/E12g intensity ratio was found decreased by
15%, while at the same time the relative intensity
of J1, J2 and J3 was lowered, implying that the func-
tionalization process results in a partial transform-
ation of 1T to 2H phase of MoS2. At this point, it
should be noted that although the structural changes
occurred during functionalization, the metastable
octahedral symmetry of Mo is significantly retained
as the J1, J2, J3 phonon modes of 1T-MoS2 are still
apparent. Interestingly, the co-existence of 1T and
2H phase at imidazolium-MoS2 and consequently
at the corresponding CoP/MoS2 is highly desirable
when considering their use in photo/electrocatalysis
[51–53]. Needless to say, the 1T/2H mixed phase of
MoS2 benefits from the synergistic effect between
the two phases and the enhanced stability of the
metastable 1T phase within the nanoensembles [54].
Importantly, the metallic 1T phase of MoS2 con-
tributes to higher carrier mobility [54] along with
enhanced catalytic performance for energy conver-
sion applications [23, 55], while the semiconductive
2H phase is characterized by a moderate bandgap
which is preferable in photocatalytic applications

[56–58]. Indeed, when an organic semiconductor
(i.e. porphyrin) is attached to the 2H phase of MoS2,
a type II band alignment is expected to occur leading
into efficient charge separation and transfer within
the hybridmaterial [56, 57], which are essential for its
photo/electrocatalytic properties. Moreover, a Schot-
tky contact (metal–semiconductor junction) should
be formed between the metallic 1T phase and the
porphyrin unit [59–61]. Therefore, in the case of
CoP/MoS2 upon illumination, the photoexcited elec-
trons generated in the porphyrin are readily injected
into MoS2 through the formation of a type II het-
erojunction or Schottky contact with the 2H and 1T
polymorphs, respectively, and efficiently transferred
at the interface with the aqueous solution, giving rise
to the photo/electrochemical reaction [28, 62, 63].
Last, the successful functionalization of ce-MoS2
was further confirmed by evaluating the intensity
ratio of 2LA(M) (∼450 cm−1) to A1g (404 cm−1).
Here, the 2LA(M)/A1g value was found decreased
for the functionalized materials MoS2-COOH and
imidazolium-MoS2, implying the successful func-
tionalization process. The latter observation was
further confirmed through complementary Raman
spectroscopy mapping assays, revealing an average
intensity ratio 2LA(M)/A1g of 0.95 and 0.97 forMoS2-
COOH and imidazolium-MoS2, respectively versus
1.20 for ce-MoS2, as presented in figures 2(b)–(d).

Similar conclusions regarding the MoS2 phases of
the studied materials and the changes occurred dur-
ing the functionalization process were obtained by
XRD and XPS analysis. In more detail, figure 3(a)
shows the powder XRD patterns of ce-MoS2 and
imidazolium-MoS2, suggesting that the metallic 1T
phase is prevalent in both materials (for comparison,
diffractogram of bulk 2H-MoS2 is provided in figure
S4(a)). Indeed, the typical (002) peak at 14.1◦ of the
hexagonal 2H-MoS2 polytype does not appear upon
the chemical exfoliation procedure, while at the same
time new peaks centered at 9.7◦ (001), 17◦ (010) and
42◦ (120) related to the 1T phase are emerged. In
addition, in both ce-MoS2 and imidazolium-MoS2,
the (200) peak at 56◦ is downshifted, compared to the
corresponding (110) diffraction in 2H-MoS2 at 60◦,
as the lattice parameter is expanded (3.21 Å in 1T-
MoS2 and 3.16 Å in 2H-MoS2) [64, 65]. To determ-
ine the stoichiometric 1T:2H phase ratio in each
material, XPS assays were carried out. The decon-
voluted Mo 3d spectra of ce-MoS2 and CoP/MoS2
are depicted in figures 3(b) and (c), respectively, dis-
playing notable differences from that belonging to
2H-MoS2 (figure S4(b)), showing additional peaks
with a shift to lower binding energy of ∼1.0 eV,
which corresponds to the 1T phase. Precisely, the
doublet at ∼228.4 and 231.5 eV is ascribed to 1T-
MoS2, while the doublet at ∼229.6 and 232.7 eV
is assigned to 2H-MoS2. The additional doublets at
∼230.5 and 233.6 eV as well as ∼232.8 and 236.0 eV
are associated with different oxidation states of Mo
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Figure 2. (a) Raman spectra for ce-MoS2 (dark grey), MoS2-COOH (orange), and imidazolium-MoS2 (olive) upon excitation at
633 nm; (b)–(d) Raman spectral maps upon excitation at 633 nm of the 2LA(M)/A1g intensity ratio of a 30× 30 mm2 area (121
acquisition points in total) for ce-MoS2, MoS2-COOH and imidazolium-MoS2, respectively

(i.e. MoxSy and MoO3, respectively) [64, 66]. The
stoichiometric 1T:2H ratio obtained from the fit-
ted data in figures 3(b) and (c) is 2.4:1 and 1.7:1 in
favor of the 1T phase, for ce-MoS2 and CoP/MoS2,
respectively. The latter result suggests a slightly lower
1T content for the nanoensemble, providing addi-
tional proofs for the co-existence of both 1T and 2H
phases at CoP/MoS2. In order to understand the par-
tial transformation of the 1T to 2H phase during
the different steps of the functionalization procedure,
we conducted XPS measurements in all the inter-
mediate materials, namely, MoS2-COOH, imidazole-
MoS2 and imidazolium-MoS2 (figure S5). Accord-
ing to the results, the partial transformation of the
1T to 2H phase occurs during the preparation of the
imidazole-MoS2, probably due to the long residence
of the MoS2 nanosheets into the warm solution (for
more details, see section 4.4).

2.2. Photo/electrocatalytic performance
The photo/electrocatalytic performance of CoP/
MoS2 toward water oxidation and ORR for H2O2

formation was examined in alkane electrolyte
through linear sweep voltammetry (LSV) on a FTO
coated glass electrode under dark and light irradi-
ation conditions (500W halogen lamp). Remarkably,

the use of the FTO set-up not only enable us
to evaluate its photo/electrocatalytic activity but
also simulates perfectly the practical conditions in
photo/electrochemical devices. In the case of ORR,
complementary electrocatalytic measurements on
a rotating ring-disk electrode (RRDE) were carried
out in order to assess the selectivity of the reaction
toward H2O2. As reference systems in the assessment,
CoP, H2P, imidazolium-MoS2 and H2P/MoS2 were
employed.

2.2.1. WOR
The WOR photo/electrocatalytic activity of
CoP/MoS2 in N2-saturated aqueous 0.1 M KOH as
compared with that of the reference materials is dis-
played in figures 4 and S9. Under dark conditions,
CoP/MoS2 exhibited an activity remarkably higher
than that of its unsupported CoP by requiring the
smallest overpotential to commence the WOR ca.
1.654 V vs. RHE as well as the greatest current dens-
ity at the whole potential range. It is also import-
ant to mention that the Co-free control materials,
namely, H2P/MoS2, H2P and imidazolium-MoS2,
showed a very poor WOR performance with an onset
potential higher than 1.9 V vs. RHE. Similar res-
ults have been reported in the literature for different
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Figure 3. (a) XRD pattern of ce-MoS2 (dark grey) and
imidazolium-MoS2 (olive). The (001) reflection
of the intercalated compound is denoted by ∗.
(b), (c) Deconvoluted XPS spectra of Mo 3d line of ce-MoS2
and CoP/MoS2, respectively, showing characteristic peaks
of 1 T-MoS2 (doublet at 228.5 and 231.6 eV) and 2 H-MoS2
(doublet at 229.5 and 232.6 eV) phases. The doublets at
230.8 and 233.9 eV as well as at 232.7 and 235.7 eV (dashed
lines) are associated with different oxidation states Mo (i.e.
MoxSy and MoO3, respectively).

CoP—based catalysts whereas there are no reports on
their photo/electrocatalytic performance (table S1)
[30, 67]. To exemplify, CoP molecules intercalated
into zirconium phosphate layers [67] presented an
oxygen evolution onset potential of 1.6 V vs. RHE,
being very close to our CoP/MoS2 nanoensemble.
Therefore, it is clear the advantageous role of Co atom

within CoP as active species toward WOR. Indeed, it
has been demonstrated [30] that the WOR activity
of Co-based porphyrins is ascribed to the easy form-
ation of CoP-OH− species, which further undergo
a multi-electron transfer process and combine with
H2O or OH− in the solution to form oxygen.

Upon illumination, CoP/MoS2 ensemble exhib-
ited enhanced current density and lower overpoten-
tial values almost immediately, ca. after 3 min, while
within the 60 min testing period its performance
continued to increase, reaching to a plateau after
approximately 15–30 min (figures 4 and S9). Indeed,
we found that the required overpotential to initiate
WOR was significantly reduced by 19% to 345 mV
(onset ca. 1.575 V vs. RHE), upon light irradiation.
In addition, at a potential of 1.75 V vs. RHE, the
current density reached at 4.1 and 9.3 mA cm−2 in
the absence and presence of light, respectively (130%
activity boost). Importantly, the WOR activity of the
unsupported CoP was also improved upon illumin-
ation; however this increment was weaker—only 7%
decrease in the WOR onset overpotential and 80% in
the recorded current density was recorded. The lat-
ter result indicates that MoS2 substrate plays a crit-
ical role in the electrocatalytic and photo/electrocata-
lytic WOR performance of CoP/MoS2 by increasing
the conductivity of the film (1T phase characterist-
ics) [23, 24] and allowing the full exploitation of
the light harvesting properties of porphyrin through
the strong electronic interactions developed between
them andMoS2 within the CoP/MoS2 nanoensemble
upon visible light irradiation [28, 56]. On the other
hand, the observed performance enhancement in the
presence of light for the free porphyrin CoP can
be ascribed to the π–π stacking of the porphyrins
in the films onto the FTO substrate, which allows
long-standing charge-separation upon visible light
irradiation [68, 69]. Analogous photoresponse was
not observed in the case of imidazolium-MoS2. Last,
the inset of figure 4(d) depicts the chronoampero-
metric response of CoP/MoS2 upon light illumina-
tion, revealing excellent long-term stability for WOR,
showing only 12% activity loss after 10 000 s.
On top of that, the LSV WOR polarization curve
recorded after the chronoamperometric experiment
(figure 4(d)) suggests an only 11 mV higher overpo-
tential, further verifying the good WOR stability of
CoP/MoS2 under practical conditions.

2.2.2. ORR
Overall, in alkaline electrolyte, ORR can proceed
via two different reduction pathways, namely, the
direct water production via a 4e− reduction
(O2 + 2H2O+ 4e− → 4OH−, Eo = 1.230V vs. RHE)
and the 2e− reduction route, which involves the
formation of H2O2 (O2 +H2O+ 2e−→H2O−+
OH−, Eo = 0.700 V vs. RHE) [70, 71]. Therefore,
before evaluating the ORR photo/electrocatalytic
performance of CoP/MoS2 ensemble, it is important
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Figure 4. (a) LSV WOR polarization curves of CoP/MoS2 (black) as compared to those of CoP (red), H2P/MoS2 (blue), H2P
(magenta) and imidazolium-MoS2 (olive) recorded under dark conditions (dash lines) and upon 60 min of continuous light
irradiation (solid lines). (b) OER onset potential–time, and (c) current density–time curves obtained at 0.2 V vs. RHE for
CoP/MoS2 (black) as compared to those of CoP (red), H2P/MoS2 (blue), H2P (magenta) and imidazolium-MoS2 (olive). In
graphs (b) and (c) the zero-irradiation time refers to the dark conditions; (d) LSV WOR polarization curves of CoP/MoS2 before
and after the chronoamperometric experiment, recorded upon light irradiation. Inset: WOR chronoamperometric response for
CoP/MoS2 at 1.70 V vs. RHE for 10 000 s. The measurement was obtained at light conditions upon 60 min of under light
continuous light irradiation. All measurements were conducted on FTO-coated glass working electrode in N2-saturated aqueous
0.1 M KOH electrolyte, and the corresponding LSV polarization curves were recorded at a scan rate of 5 mV s−1.

to scrutinize its selectivity toward H2O2. For that
reason, hydrodynamic voltammetry assays were car-
ried out on a RRDE in O2-saturated 0.1 M KOH
electrolyte. Figure 5(a) depicts the ORR polarization
curve of CoP/MoS2 ensemble obtained at a rota-
tion rate of 1600 rpm as compared to those of CoP,
H2P/MoS2, H2P and imidazolium-MoS2 references.
As it can be seen, CoP/MoS2 clearly presented the
optimum performance among the tested catalysts,
with a low overpotential value for the 2e− ORR
pathway of 27 mV (Eons = 673 mV vs. RHE), fol-
lowed by the unsupported CoP (Eons = 641 mV vs.
RHE). Figures 5(b) and (c) displays the disk and ring
response for CoP/MoS2 obtained at different rota-
tion speeds in the range of 400–3600 rpm. Significant
ring currents were recorded as a result of H2O2 gen-
eration. The H2O2 yield was plotted as a function of
applied potential and it was calculated to be between
95% and 98% as shown in figure 5(d). Such high
product selectivity toward H2O2 renders CoP/MoS2
ideal for use in H2O2 production industry and can be
mainly attributed to the absence of aggregations, as

proved by EELS mapping. Interestingly, it has been
demonstrated that aggregation of CoPs results in
supramolecular arrangement of cobalt centers, which
catalyze the 4e− pathway oxygen reduction into water
and thus significant drop on the catalyst selectiv-
ity toward H2O2 (table S2) [35, 39]. For instance,
Sonkar et al [34] investigated the H2O2 selectivity of
CoP/ multi-walled carbon nanotubes ensembles and
found improved ORR activities in terms of onset
potential but limited H2O2 selectivity in alkaline
environment. These findings highlight the advantages
of immobilizing CoP onto MoS2 surface via electro-
statical integration within the intra-nanoensemble,
which is highly essential for preventing formation of
supramolecular cobalt active sites, enabling to exploit
the benefits arising from the single atom molecular
catalyst.

Next, we investigated the ORR photo/electrocata-
lytic performance of CoP/MoS2 in O2-saturated
aqueous 0.1 M KOH and compared it with that of
the reference materials. Similar to the case of WOR,
CoP/MoS2 revealed the optimum ORR activity, in
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Figure 5. (a) ORR polarization curve for CoP/MoS2 (black) obtained at a rotation speed of 1600 rpm as compared to those of
CoP (red), H2P/MoS2 (blue), H2P (magenta) and imidazolium-MoS2 (olive). (b) ORR polarization curves at different rotation
rates (400–3600 rpm) for MnP/MoS2, (c) the corresponding ring response, and (d) the calculated selectivity of the samples
towards H2O2 as well as the electron transfer number (based on the RRDE data) at various potentials. All measurements were
conducted on glassy carbon working electrode in O2-saturated aqueous 0.1 M KOH electrolyte, and the corresponding LSV
polarization curves were recorded at a scan rate of 10 mV s−1. The ring potential was fixed at 1.2 V vs. RHE. The current densities
in (a) and (b) are normalized to the geometric electrode area.

both absence and presence of light irradiation,
as shown in figures 6 and S10. More precisely,
under dark conditions, CoP/MoS2 surpassed both
the unsupported CoP and its cobalt-free counterpart
H2P/MoS2 by manifesting an ORR onset potential of
518 mV vs. RHE, which is 33 and 147 mV more pos-
itive than that of CoP and H2P/MoS2, respectively.
In addition, the current density at 0.2 V vs. RHE for
CoP/MoS2 reached at 1.32 mA cm−2, being 31% and
2.5 times higher over that of CoP and H2P/MoS2,
respectively. Therefore, the improved ORR activity
of CoP/MoS2 can be ascribed to the enhanced con-
ductivity offered by the 1T phase of MoS2 [23, 24]
and more importantly to the intrinsic ORR cata-
lytic activity of the Co atom of CoP. Needless to say,
mononuclear Co-macrocycles are considered to be
ideal catalysts for the reduction of molecular oxy-
gen toward the formation of H2O2 [72, 73]. Not-
ably, upon light irradiation, CoP/MoS2 continue to
outperform the reference materials, demonstrating
a significant enhancement of its initial ORR activ-
ity. Indeed, the generated photocurrent at 0.2 V vs.
RHE for CoP/MoS2 was found to be increased by
62% (2.10 mA cm−2), while its ORR onset poten-
tial was registered at 595 mV vs. RHE, being 77 mV

more positive compared to the value obtained under
dark conditions. Analogous performance improve-
ment was also observed for H2P/MoS2, however, the
increment was much smaller for the unsupported
porphyrins, CoP and H2P. Remarkably, the later res-
ult is consistent with our observations in the case of
WOR, further proving the strong synergistic effect
between porphyrin and MoS2, within CoP/MoS2, in
the presence of light, which due to the formation of
a type II heterojunction and/or Schottky contact is
responsible for the excellent ORR photo/electrocata-
lytic performance of the nanoensemble [28, 56, 63].
At this point, it has to be acknowledged that the
different LSV profile along with the higher over-
potential by 130 ± 20 mV obtained on the FTO-
coated electrode compared to those on the RRDE
electrode (figure 5(a)) is well justified by considering
the elimination of the diffusion phenomena through
the drastic convention achieved by the high-speed
rotation as well as the intrinsic resistivity of the FTO.
However, the use of the stationary FTO-coated elec-
trode in the photo/electrocatalytic experiments does
not affect the H2O2 selectivity that determined using
the RRDE setup. Last but not least, chronoampero-
metry tests of CoP/MoS2 suggested good stability for
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Figure 6. (a) LSV ORR polarization curve of CoP/MoS2 (black) as compared to that of CoP (red), H2P/MoS2 (blue), H2P
(magenta) and imidazolium-MoS2 (olive) recorded under dark conditions (dash lines) and upon 60 min of continuous light
irradiation (solid lines). (b) ORR onset potential-time, and (c) current density-time curves obtained at 0.2 V vs. RHE for
CoP/MoS2 (black) as compared to those of CoP (red), H2P/MoS2 (blue), H2P (magenta) and imidazolium-MoS2 (olive). In
graphs (b) and (c) the zero-irradiation time refers to the dark conditions. (d) LSV ORR polarization curves of CoP/MoS2 before
and after the chronoamperometric experiment, recorded upon light irradiation. Inset: ORR chronoamperometric response for
CoP/MoS2 at 0.45 V vs. RHE for 10 000 s. The measurement was obtained at light conditions upon 60 min of under light
continuous light irradiation. All measurements were conducted on FTO-coated glass working electrode in O2-saturated aqueous
0.1 M KOH electrolyte, and the corresponding LSV polarization curves were recorded at a scan rate of 5 mV s−1.

ORR under light conditions by retaining the 75% of
its initial value after 10 000 s, as shown in the inset
of figure 6(d). At the same time, the LSV polarization
curve recorded after the chronoamperometric exper-
iment (figure 6(d)) exhibits an increased ORR over-
potential by 25 mV (Eons = 570 mV).

2.2.3. Electrochemical impedance spectroscopy (EIS)
EIS was employed to study the charge transfer at
the electrode/ electrolyte interface under WOR and
ORR conditions, in both absence and presence of
light irradiation, for CoP/MoS2 and CoP electrodes,
and therefore to provide useful insights on the reac-
tion kinetics. In all cases, the EIS measurements were
performed at the low overpotential (kinetic) region
and the obtained data were fitted to Randles circuit
(figure S11) [74]. The Nyquist plots of CoP/MoS2
and CoP, representing negative of the imaginary
versus the real part of the impedance under WOR
and ORR conditions, are shown in figures 7(a) and
(b), respectively. Briefly, the diameter of the semi-
circle of the Nyquist plot relates to the electron

transfer process from the electrode surface into the
electrolyte solution and the smaller the semicircle
implies the less the charge transfer resistance (Rct).
In absence of light illumination, the semicircle of
CoP/MoS2 revealed a smaller diameter by 30% for
WOR conditions and 60% for ORR than that of
the CoP, attributed to the high conductance derived
by the presence of the 1T phase of MoS2 substrate.
This result further justifies the boosted electrocata-
lytic activities of our CoP/MoS2 nanoensemble com-
pared to those of the intact molecular porphyrin spe-
cies. Upon light illumination, the Rct value of the
CoP/MoS2 electrode was further decreased by 45%–
48%, under both WOR and ORR conditions, imply-
ing that the presence of light favors the interfacial
charge transfer process. In more detail, the efficient
intra-hybrid charge transfer upon light irradiation
due to the formation of type-II heterojunction or
Schottky contact enhances the charge transfer pro-
cess at the electrode/electrolyte interface and there-
fore leads to the rapid consumption of the photo-
generated electrons/holes by the reaction, quenching
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Figure 7. (a) WOR and (b) ORR Nyquist plots under dark
conditions (■) and upon 60 min of continuous light
irradiation (•) for CoP/MoS2 (black) and CoP (red). The
measurements were taken at the low overpotential (kinetic)
region of each catalyst. In all EIS measurements,
FTO-coated glass slides were used as working electrodes.

the charge recombination and boosting the reduc-
tion/oxidation kinetics [75, 76]. Needless tomention,
the CoP based electrode exhibited also reduced Rct

values in presence of light; however, the drop-off was
ranged between 15% and 20% being much lower
when compared with that observed for the hybrid
electrode. Here, the lower Rct values are attributed to
the π–π stacking of the porphyrin in the films which
permits the long-standing charge-separation upon
visible light irradiation [68, 69]. Overall, the EIS res-
ults are consistent with the observed enhanced cata-
lytic photo/electrocatalytic activity of the CoP/MoS2
towards WOR and ORR and provide us additional
proofs for the beneficial role of the 1T/2H mixed
phase of MoS2 as support for the porphyrin moieties.

3. Conclusion

In summary, we took the advantage of the versatile
catalytic and light harvesting properties of a CoP
as well as the intriguing electronic properties of
MoS2 sheets to realize an earth-abundant single-
atom bifunctional photo/electrocatalyst, namely
CoP/MoS2, for water oxidation andH2O2 production

in basic conditions. Our approach relies on strong
ion-pair interactions between the imidazolium-based
MoS2 material and the carboxylated CoP, which pre-
vent possible aggregation of cobalt atoms and thus
ensure the better accessibility of the reactants to
single-atom active sites. Complementary spectro-
scopic techniques, along with TGA and HR-TEM
and ADF-STEM imaging and EELS chemical ana-
lysis not only verified the successful formation of the
CoP/MoS2 nanoensemble but also allowed to con-
firm the uniform and aggregation-free distribution of
CoP moieties on the MoS2 surface. The co-existence
of 1T and 2H polymorphs at the modified MoS2, as
proved by Raman and XPS analysis, benefits the over-
all photo/electrocatalytic performance of CoP/MoS2
by offering improved electrical conductivity and
intrinsic electrocatalytic activities, especially toward
HER (1T phase), as well as enhanced intraensemble
electronic interactions leading to efficient charge sep-
aration and transfer properties (2H phase), as proved
by the EIS data. As a result, CoP/MoS2 exhibited
much greater electrocatalytic activities toward WOR
and ORR compared to its unsupported counterpart
and more importantly significantly lower overpoten-
tial values along with enhanced current densities in
the whole potential range upon light illumination. In
addition, a 95%–98% selectivity of CoP/MoS2 toward
H2O2 formation, rendering it ideal for industrial
application, was registered. Overall, these findings
pave the way for future designs of novel nonprecious
bifunctional photo/electrocatalysts for the sustain-
able production of H2 via water electrolysis and the
selective H2O2 formation via the two-electron reduc-
tion of oxygen.

4. Experimental section

4.1. Materials
MoS2 powder (particle size ∼6 µm, max. 40 µm),
4-(4-aminophenyl) butyric acid (95%), 1-(3-
aminopropyl)imidazole (98%), 1-bromobutane
(99%), (FTO) coated glass slides (surface resistivity
∼7 Ω sq−1), thionyl chloride (97%), n-BuLi (2.5 M
in hexanes), were purchased from Sigma-Aldrich
and were used as received. 5-(4-carboxyphenyl)-
10,15,20-triphenylporphyrin was purchased from
PorphyChem.

4.2. Preparation of ce-MoS2
Exfoliated MoS2 was prepared by Li-intercalation
of bulk MoS2. Initially, MoS2 powder was dried at
150 ◦C under vacuum overnight previous to use.
Briefly, under N2 atmosphere 2.5 M n-BuLi (5 ml,
12.5 mmol) was added to bulk MoS2 (500 mg,
3.13 mmol) and the resultant mixture was stirred at
room temperature for 48 h. After that period, the
intercalated MoS2 was let to settle and the super-
natant n-BuLi solution was carefully removed under
N2 atmosphere. Next, dry hexane (10 ml) was added
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under N2, the resultant dispersion was stirred for
10 min, was let to settle and then the supernatant
was carefully removed under N2. This procedure was
repeated three times in total, to ensure the elimina-
tion of the excess of n-BuLi. The residual intercalated
MoS2 slurry was dispersed in distilled water (400 ml)
and tip sonicated for 3 h (keeping the temperature
below 30 ◦C with the aid of ice bath). Finally, the
black suspension was let to settle for 12 h, the top
2/3 were collected and stored in a sealed flask. The
concentration of the exfoliated MoS2 suspension was
1 mg ml−1.

4.3. Preparation of MoS2-COOH
Basal plane functionalization of ce-MoS2 featur-
ing carboxylic groups (MoS2-COOH) was achieved
through an in-situ diazotization reaction. First, the
diazonium salt was prepared by dissolving 4-(4-
aminophenyl)butyric acid (225 mg, 1.25 mmol) in
2:1 v/v water/ethanol (30 ml) through the addition of
concentratedHCl (105µl, 1.25mmol). Then, NaNO2

(87 mg, 1.25 mmol) and concentrated HCl (105 µl,
1.25 mmol) were added slowly and the resultant sus-
pensionwas allowed to stir at ice-cold temperature for
45 min until the color turns to deep yellow indicating
the diazotization reaction. Next, 100 ml of a freshly
prepared aqueous exfoliated MoS2 (1 mg ml−1)
was added dropwise to the diazonium salt solution
and the mixture allowed to reach room temperature
overnight under vigorous stirring. Finally, the reac-
tion mixture was filtered through a 0.2 µm PTFE
membrane filter and washed with copious amounts
of acetone and water to yield after vacuum dryness
105 mg of MoS2-COOH as black solid.

4.4. Preparation of imidazole-modifiedMoS2
First, MoS2-COOH (40 mg) was treated with thionyl
chloride (20 ml) at 65 ◦C overnight under an inert
atmosphere to activate the carboxylic units. Next, the
excess thionyl chloride was evaporated under reduced
pressure and the remaining solidwas carefully washed
with anhydrous tetrahydrofuran under nitrogen. The
as-produced acyl-chlorinated MoS2 (40 mg) was dis-
persed in dry tetrahydrofuran (20 ml) followed by
the addition of 250µl of 1-(3-aminopropyl)imidazole
and the reaction mixture was refluxed for 24 h. The
resulting suspension was filtered through a 0.2 µm
PTFE membrane filter and the solid residue was
extensively washed with dichloromethane to remove
organic residues before being dried under vacuum to
afford 42 mg of imidazole-modified MoS2 as black
powder.

4.5. Preparation of [Br−] imidazolium-modified
MoS2
Imidazole-modified MoS2 (35 mg) was treated with
1-bromobutane (7 ml) at 90 ◦C for 24 h. Then, the
reaction mixture was filtered over a 0.2 µm PTFE

membrane filter and the solid residue was extens-
ively washed with tetrahydrofuran (200 ml), 1N HCl
(100 ml), saturated NaHCO3 (100 ml) and deionized
water (300 ml) and dried under vacuum to afford
40 mg of [Br−] imidazolium-modifiedMoS2 as black
powder.

4.6. Synthesis of 5-(4-carboxyphenyl)-10,15,20-
triphenylporphyrin Co(II)
5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin
(10 mg, 0.015 mmol) and CoCl2 (54 mg, 0.22 mmol)
were dissolved in DMF (5 ml) and the solution
was heated to reflux for 4 h. Then, the solvent
was distilled under reduced pressure. The residue
was dissolved in CH2Cl2 together with two drops
of methanol and washed with water. The organic
layer was dried over Na2SO4, filtered and concen-
trated to dryness. Column chromatography (SiO2,
CH2Cl2/MeOH, 96:4) and reprecipitation of the
product with CH2Cl2 and cold hexane afforded the
entitled CoP as dark red-brown solid (9 mg, 83%).
1H-NMR signals were broad due to the presence
of paramagnetic Co(II). UV–Vis (tetrahydrofuran
(THF)): λ (ε, mM−1 cm−1) = 416 (22.3), 532 (1.4),
FT-IR: ṽ = 1691 (C=O carboxylic), 1604 (C=C),
1354 (C–N), 1070 (C–H), 704 (N–H) cm–1 (por-
phyrin core vibrations).

4.7. Preparation of CoP/MoS2
CoP (1.8 mg, 0.0025 mmol) was dissolved in THF
(1 ml) and 0.1 M NaOH (180 µl, 6 eq.) were added.
At first, 1 eq. of 0.1 M NaOH was added and the IR
spectrum was recorded. It was found that 6 eq. in
total were required for the fully conversion of CoP to
the corresponding carboxylate sodium salt. Then an
equivalent amount of [Br−] imidazolium-modified
MoS2 (3 mg, 0.0025 mmol) dispersed in H2O (1 ml),
was bath sonicated for 5 min and added in the
CoP solution. The resulting solution was bath son-
icated for another 5 min and left to stir overnight at
room temperature. The resultant CoP/MoS2 nanon-
ensemble was kept as dispersion under stirring (con-
centration of 2.5 mg ml−1). The reference material
H2P/MoS2 was prepared following the same proced-
ure using the corresponding carboxylated free por-
phyrin (1.65 mg, 0.0025 mmol), respectively.

4.8. Physical characterization
STEM combinedwith EDS and EELSwere performed
using a JEOL JEM-2100F microscope equipped with
a couple of JEOL Centurio EDS detectors and a
Gatan Quantum electron spectrometer at an elec-
tron accelerating voltage of 60 kV. FT IR spectra
in the region of 550–4000 cm−1 were obtained on
a Fourier transform IR spectrometer (Equinox 55
from Bruker Optics) equipped with a single reflec-
tion diamond attenuated-total-reflectance accessory
(DuraSamp1IR II by SensIR Technologies). Micro-
Raman scattering measurements were performed in
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the backscattering geometry using a RENISHAW
inVia Raman microscope equipped with a charged-
coupled device (CCD) camera and a Leica micro-
scope. 2400 lines mm−1 grating (633 nm) were used,
providing a spectral resolution of ±1 cm−1. As an
excitation source He/Ne laser (633 nm) was used.
Measurements were taken with 10 s of exposure times
and laser power ∼0.3 mW cm−2 to prevent over-
heating of the samples. The laser spot was focused
on the sample surface using a long working distance
50× (L50) objective. Raman spectra were collected
on numerous spots (at least 10 mappings with 121
acquisition points each in a 30 × 30 mm2 area) on
the sample and recorded with a Peltier cooled CCD
camera. The data were collected and analyzed with
Renishaw Wire and Origin software. Powder XRD
patterns were collected on a PANalytical X’pert dif-
fractometer (Cu–Ka, λ = 1.5406 A) with 45 kV and
40 mA at ambient temperature, using a continuous
mode in the 2θ angular range of 5◦ to 70◦ with a
scan speed of 0.0279◦ s−1. XPS was performed on a
Kratos axis ultradelay line detector electron spectro-
meter using amonochromatic Al-Kα source operated
at 150 W. The analysis area of the spectrometer was
0.3 × 0.7 mm2. Binding energy scale of the spectro-
meter was calibrated using ISO standard 15472:2010
SCA-XPS-Calibration of energy scale [77]. Accuracy
in binding energy (BE) position determination was
0.1 eV and in atomic ratios calculations better than
10%. TGA was performed using a Q500 V20.2 Build
27 instrument by TA in a nitrogen inert atmosphere.
Steady state UV–vis electronic absorption spectra
were recorded on a Perkin-Elmer (Lambda 19) UV–
vis–NIR spectrophotometer.

4.9. Electrochemical and photo/electrochemical
measurements
All electrochemical measurements were carried out
using Autolab potentiostat/galvanostat PGSTAT128N
(MetrohmAutolab) equippedwith a dualmode bipo-
tentiostat (BA module), which was controlled by
NOVA 2.0 software.

4.9.1. Cyclic and square wave voltammetry
experiments
Cyclic and square wave voltammetry experiments
were carried out in dry and deoxygenated ortho-
dichlorobenzene using a platinum working electrode
(1 mm in diameter) and platinum wires were used as
counter and pseudo-reference electrodes (Fc/Fc+ as
an internal reference) in 0.1 M TBAPF6 as the sup-
porting electrolyte.

4.9.2. RRDE measurements
RRDE measurements for ORR were conducted in
a standard three compartment electrochemical cell
using a RRDE setup fromMetrohmAutolab consisted
of a Teflon embedded glassy carbon disk/Pt ring rotat-
ing assembly (5 mm electrode disk diameter, 375 µm

electrode gap, collection efficiency N = 0.249). As
the counter electrode, a platinum wire was used and
as the reference electrode an Hg/HgO (0.1 M KOH)
electrode was placed into the Luggin capillary. For
the preparation of the working electrode, first an ali-
quot of 5 µl containing 2.5 mg ml−1 of each elec-
trocatalyst dispersed in a mixture of 1:1 THF and
water was deposited onto the working electrode and
let it to dry under vacuum. Then, another aliquot of
5 µl containing water, isopropanol, and 5% Nafion
(v/v/v = 4:1:0.02) was casted onto the catalyst modi-
fied working electrode surface and let it to dry under
vacuum. The electrochemical measurements were
carried out in O2-saturated 0.1 M KOH solution at
room temperature at a scan rate (v) of 10mV s−1. The
n value and the percentage (%) of the producedH2O2

can be determined using the following equations:

n= 4IDisk/
(
IDisk + IRing/N

)
(1)

%H2O2 =
(
200IRing/N

)
/
(
IDisk + IRing/N

)
(2)

where, Idisk is the current of the disk electrode, Iring is
the current of the ring electrode, and N is the collec-
tion efficiency of the Pt ring, which was provided as
0.249 by the manufacturer.

4.9.3. Photo/electrochemical experiments
For the preparation of working electrodes, all mater-
ials were deposited on 1 cm2 conductive FTO coated
glass slides (surface resistivity∼7Ω Sq−1) from solu-
tion (100 µl containing 2.5 mg ml−1 of each elec-
trocatalyst dispersed in a mixture of 1:1 THF and
water), and then dried under nitrogen. Then, another
aliquot of 100 µl containing water, isopropanol, and
5% Nafion (v/v/v = 4:1:0.02) was casted onto the
catalyst modified FTO surface and let it to dry under
vacuum. Before deposition, all FTO-coated glass sub-
strates (geometric area of 1 cm2) were cleaned by a
standard procedure in ultrasonic bath in detergent,
deionized water and isopropanol for 15 min each and
finally dried under a nitrogen flow. As counter elec-
trode, a platinum wire was used and as reference an
Hg/HgO (0.1 M KOH) electrode was placed into the
Luggin capillary. As a light source, a conventional
linear (118 mm) 500 W halogen lamp was used.
The photo-electrochemical WOR measurements
were realized in N2-saturated aqueous 0.1 M KOH
electrolyte while the photo-electrochemical ORR
measurements in O2-saturated aqueous 0.1 M KOH.
LSV polarization curves were recorded with a scan
rate of 5 mV s−1. The measured potentials were
converted to the RHE using the Nernst equation
(ERHE = EHg/HgO + 0.165 + 0.059 pH). Chro-
noamperometric measurements were probed at
1.70 V vs. RHE (WOR) and 0.45 V vs. RHE (ORR) for
10 000 s. EIS measurements were conducted in the
frequency range between 10−1 and 105 Hz with a AC
amplitude of 0.01 V at applied DC potentials being at
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the low overpotential region (typically, EIS measure-
ments were performed at 10 mV higher overpotential
than the onset potential of each material). Analysis of
the impedance data was carried out by the NOVA 2.0
software.
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