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Abstract: Easy and effective modification approaches for transition metal dichalcogenides are highly
desired in order to make them active toward electrocatalysis. In this manner, we report functionalized
molybdenum diselenide (MoSe;) and tungsten diselenide (WSe;) via metal-ligand coordination with
pyridine rings for the subsequent covalent grafting of a cobalt-porphyrin. The new hybrid materials
were tested towards an electrocatalytic hydrogen evolution reaction in both acidic and alkaline
media and showed enhanced activity compared to intact MoSe, and WSe;. Hybrids exhibited lower
overpotential, easier reaction kinetics, higher conductivity, and excellent stability after 10,000 ongoing
cycles in acidic and alkaline electrolytes compared to MoSe; and WSe;. Markedly, MoSe,-based
hybrid material showed the best performance and marked a significantly low onset potential of
—0.17 V vs RHE for acidic hydrogen evolution reaction. All in all, the ease and fast modification route
provides a versatile functionalization procedure, extendable to other transition metal dichalcogenides,
and can open new pathways for the realization of functional nanomaterials suitable in electrocatalysis.

Keywords: molybdenum diselenide; tungsten diselenide; cobalt-porphyrin; functionalization;
hydrogen evolution reaction

1. Introduction

Transition metal dichalcogenides (TMDs) have taken centerstage during the past
decade due to their interesting properties stemming from their two-dimensional struc-
ture [1]. However, a key challenge remains the adaptation of versatile functionalization
routes for TMDS en route to the preparation of functional materials, especially efficiently
performing in electrocatalysis. TMDs are great alternatives to expensive and finite-source
platinum-based electrocatalysts, due to their low-cost, earth abundance, and intrinsic activ-
ity toward hydrogen evolution reaction (HER) [1]. Specifically, metallic TMDs (1T type)
show intrinsic reduced charge-transfer resistance compared to semiconducting (2H type)
ones, which is favorable in electrocatalysis. Interestingly, transition metal diselenides are
most understudied among the TMDs family, compared to molybdenum disulfide (MoS,),
with tungsten diselenide (WSe;) being less explored compared to its Mo counterpart molyb-
denum diselenide (MoSey). This is quite odd since it seems that heavier chalcogens provide
better electrical conductivity, which is critical for energy applications [2,3] while tungsten
is more affordable and has a more benign nature in comparison with its molybdenum
correspondent [4]. TMDs combined with other species, [5-11] or creating interesting ar-
chitectures [12-14] have shown increased electrocatalytic activity in acidic and alkaline
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media, while hybridization with a free porphyrin [15] and most importantly with metallo-
porphyrins [16] provides a favorable way for further improving HER. As porphyrins are
macrocyclic tetradentate ligands, they can bind a plethora of metal ions that are active in
HER, such as Co, Mn, Ni, and so on. However, high-performing electrocatalysts in acidic
media are not efficient in alkaline solutions due to the higher needed overpotentials to initi-
ate the reaction. HER in an alkaline medium is a point of attention due to the less corrosive
conditions and low cost but suffers from sluggish reaction kinetics due to the additional
water dissociation step [17]. Additionally, hybridization of transition metal diselenides
with metalloporphyrins is scarce, [18] while with WSe; has not yet been realized.

Preparation of TMDs by bottom-up approaches involves heating at high temperatures
in wet media, followed by the decomposition of target molecules to generate the desired
nanocrystals. This kind of crystal growth is easy and leads to large quantities of TMDs
having lots of defects and exposed edges favoring electrocatalytic HER [7]. MoS; is the most
examined analogue of TMDs and has been extensively used as a model for the study of
chemical modification of TMDs through either covalent or non-covalent approaches [19,20].
Covalent functionalization exerts certain assets compared to non-covalent, in terms of
the versatility endowed by the variety of functional groups [21-24] and the efficiency of
electronic communication at the functional groups/TMDs interface, both of them being
essential for the realization of robust TMD-based electrocatalysts. Sulfur vacant sites at
the edges of MoS, are capitalized for the functionalization of both polymorphs, [25,26]
whilst for chemically exfoliated TMDs functionalization mostly rests on electron-rich
chalcogen species at the basal plane [27-31]. However, functionalization with organic
halides has been achieved only to chemically exfoliated 1T-MoS, [31] leading to partial
neutralization of negative charges [27] from the surface of 1T-MoS,, whereas treatment
with aryl diazonium salts has led to complete neutralization, [27] being an unwanted result
for electrocatalysis. Thus, robust design for the incorporation of functionalities onto various
TMDs with trigonal or octahedral coordination, enabling the integration of species, can
give rise to the development of smart nanomaterials with tailor-made physicochemical and
electrocatalytic properties.

In this work, we prepared hybrid materials consisting of 1T-MoSe; and cobalt(II)
porphyrin (CoP) and 1T-WSe; with CoP for the first time, while their electrocatalytic activity
against HER was evaluated. An easy functionalization route was employed to modify
MoSe; and Wse, with pyridine moieties through coordination. This novel modification
approach can apply to TMDs of both polymorphs towards the realization of novel functional
2D nanomaterials. The newly prepared hybrids were tested as electrocatalysts against
HER in alkaline and acidic media, giving high electrocatalytic performance and excellent
stability and durability.

2. Materials and Methods

General. All chemicals, reagents, and solvents were purchased from Sigma-Aldrich
(Burlington, MA, USA) and used without further purification unless stated otherwise.

Characterization techniques. Raman measurements were acquired with a Renishaw
in Via Raman spectrometer, equipped with a CCD camera and a Leica microscope at
514 nm. Renishaw Wire and Origin software were used to record and analyse the data,
respectively. Mid-infrared spectra, in the region of 5004500 cm~! were obtained on a
Fourier Transform IR spectrometer (Equinox 55 from Bruker Optics (Ettlingen, Germany))
equipped with a single reflection diamond ATR accessory (DuraSamp1IR II by SensIR
Technologies (Danbury, CT, USA)). Scanning transmission electron microscopy (STEM)
imaging and electron energy loss spectroscopy (EELS) techniques have been developed
using a probe-corrected Titan low-base (Thermo Fisher Scientific, Waltham, MA, USA)
working at 120 kV. This microscope is equipped with a high-brightness field-emission
gun (X-FEG) and with a Gatan Image Filter (GIF) Tridiem ESR 866 spectrometer for EELS
acquisitions. XPS data were recorded using a Kratos Axis Supra spectrometer equipped
with a monochromated Al K« X-ray source using an analyzer pass energy of 160 eV for
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survey spectra and 20 eV for the core level spectra. Spectra were recorded by setting
the instrument to the hybrid lens mode and the slot mode providing approximately a
700 x 300 um? analysis area using charge neutralization. Regions have been calibrated
using the reference value BE(C 1s sp2) = 284.5 eV. All XPS spectra were analyzed using
CASA XPS software. The XPS peaks were fitted to GL(70) Voigt lineshape (a combination
of 70% Gaussian and 30% Lorentzian character), after performing a Shirley background
subtraction. TGA Q500 V20.2 Build 27 instrument by TA in nitrogen (purity > 99.999%)
inert atmosphere was used for thermogravimetric analysis.

Electrochemical measurements. Autolab PGSTAT128N potentiostat/galvanostat was
used for the electrochemical measurements. A standard three-compartment electrochemical
cell was used equipped with an RDE with a glassy carbon disk (geometric surface area:
0. 196 cm?) as a working electrode, graphite rod as a counter-electrode, and Hg/HgSO,
(0.5 M K;SOy) or Hg/HgO (0.1 M KOH) as reference electrodes. HER LSV measurements
were performed in Nj-saturated aqueous 0.5 M H,SO; solution or 0.1 M KOH at room
temperature. For preparing the catalyst ink, catalytic powder (4.0 mg) was dissolved
in a mixture (1 mL) of deionized water, isopropanol, and 5% Nafion (v/v/v = 4:1:0.02)
followed by sonication for 30 min before use. The working electrode was polished with
1, 3, and 6 mm diamond pastes, washed with deionized water, and finally sonicated in
double-distilled water before casting 8.5 pL aliquots of the electrocatalytic ink on the
electrode’s surface. Finally, electrochemical impedance spectroscopy (EIS) measurements
were acquired from 10° to 10~! Hz with an AC amplitude of 0.01 V.

Preparation of WSe;. Tungsten hexacarbonyl (3 mmol) and selenium powder
(5.8 mmol) were dissolved in dry p-xylene (145 mL) and the resulting suspension was
transferred into a 300 mL Teflon-lined stainless-steel autoclave reactor and heated at 250 °C
for 24 h. After the autoclave was cooled to room temperature, the resulting suspension was
filtrated through a PTFE membrane filter (0.2 pm) to remove unreacted species and rinsed
with acetone and dichloromethane to remove unreacted species to obtain WSe; (790 mg).

Preparation of MoSe;. Molybdenum hexacarbonyl (3 mmol) and selenium powder
(5.8 mmol) were dissolved in dry p-xylene (145 mL) and the mixture was transferred to
a 300 mL Teflon-lined stainless-steel autoclave reactor and held at 250 °C for 24 h. The
resulting suspension was filtrated through a PTFE membrane filter (0.2 pm) to remove
unreacted species and rinsed with acetone and dichloromethane to get MoSe; (810 mg).

Preparation of f-WSe,. In a round bottom flask, WSe; (30 mg) was dispersed in H,O
(30 mL). After sonication, 4-aminopyridine (0.3375 mmol) was added to the mixture and
sonicated for 60 s. The resulting suspension was filtrated through a PTFE membrane filter
(0.2 pm) and rinsed with water to obtain f-WSe; (48 mg).

Preparation of f-MoSe,. In order to obtain f-MoSe;, a similar procedure was followed.

5-(4-carboxyphenyl)-10,15,20-triphenylporphyrinCo(II). CoCl, (54 mg, 0.22 mmol),
5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin (10 mg, 0.015 mmol) and DMF (5 mL)
were added in a round bottom flask and the reaction mixture was heated to reflux for 4 h.
After, DMF was distilled; the residue was dissolved in a mixture of CH,Cl, together with
two drops of methanol. The organic layer was washed two times with water and dried over
NaySOy followed by filtration and evaporation. Finally, column chromatography (S5iO,,
CH,Cl, /MeOH, 100:4) and reprecipitation of the product with CH,Cl, and cold hexane
furnished CoP as a dark red-brown solid (9 mg, 83%). The 'H-NMR spectrum showed
broad peaks due to the presence of paramagnetic Co(Il). FT-IR: ¥ = 1690 (C=O carboxylic),
1604 (C=C), 1354 (C-N), 1070 (C-H), 704 (N-H) cm ! (porphyrin core vibrations). UV-Vis
(CH,Cly): Amax, abs= 410, 528 nm.
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Preparation of WSe,-CoP. CoP (7.3 mg) was added to dry dichloromethane (15 mL)
and sonicated for 30 min under an N, atmosphere. Next, EDCI (13.42 mg, 0.07 mmol) was
added at 0 °C and the mixture was left to stir for 1 h, followed by the addition of f-WSe;
(8 mg), HOBt (13.51 mg, 0.1 mmol), and N,N-diisopropylethylamine (20 uL). The dispersion
was then left to stir for five days at room temperature. Finally, the resulting suspension
was filtrated through a PTFE membrane filter (0.2 pm) and rinsed with dichloromethane,
methanol and acetone to obtain 15 mg of WSe;-CoP.

Preparation of MoSe,-CoP. A similar procedure was followed for the preparation
of MoSe,-CoP.

3. Results and Discussion

Firstly, MoSe, and WSe, were prepared by a one-pot reaction in an autoclave [32].
Heating of molybdenum hexacarbonyl (Mo(CO)g) (tungsten hexacarbonyl (W(CO)e) al-
ternatively) and Se powder in p-xylene produced grams of 1T-MoSe; (and 1T-WSe,, re-
spectively). Afterward, sonication (ca. 1 min.) of the aqueous dispersion of TMDs and
aminopyridine yielded amino terminated groups to the transition metal diselenides, via the
formation of a metal-ligand bond between Mo or W and the pyridinic nitrogen, furnishing
functionalized MoSe; (f-MoSey) and WSe; (f-WSe;), respectively. Next, a condensation
reaction between amino-modified transition metal diselenides and carbonyl-terminated
CoP led to the formation of MoSe,-CoP and WSe,-CoP, as seen in Figure 1.

f-MoSe; or {-WSe, MoSe,-CoP or WSe,-CoP

Figure 1. Synthetic illustration for the functionalization of MoSe; and WSe, and subsequent prepara-
tion of MoSe,-CoP and WSe,-CoP.

The morphology, structure, and chemical composition of these hybrids were analyzed
via scanning transmission electron microscopy (STEM). Figure 2a shows that flakes of
around one micron were obtained. They are similar to the ones of the starting MoSe;
material (Figure S1). High-resolution high-angle annular dark field (HAADF) STEM images
of these flakes of MoSe;-CoP show that the TMD material corresponds to the 1T phase
(Figure 2b,c). Similar STEM-HAADF imaging analyses were also performed on WSe;-CoP
(Figure S2). Electron energy-loss spectroscopy (EELS) in the spectrum-line model [33,34]
was employed to locally investigate the chemical nature of these nanostructures and
in particular to identify the CoP moieties. An EELS spectrum-line was recorded in the
highlighted area of Figure 2c. From this EELS spectrum-line, 15 EEL spectra, recorded in
the red-marked line of Figure 2c, were selected and added. Two different energy regions
of the EEL spectra are displayed in Figure 2d,e. The detection of C, N, and Co in this area
confirms the presence of the CoP entities at the surface of MoSe;.
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Figure 2. Scanning transmission electron microscopy (STEM) analyses. (a—c) High-angle annular
dark field (HAADF) STEM images of a MoSe,-CoP flake, where the 1T phase can be identified (b,c).
(d,e) An EELS spectrum-line is recorded in the highlighted area of (c). 15 EEL spectra, recorded in
the red-marked line of the (c), were selected and added. Two different energy regions are displayed,
where different elements and absorption edges can be observed, see (d,e). These elements correspond
to MoSe; (Mo-M edge) and to the CoP moieties (C-K, N-K and Co-L edges).

In order to follow the modification that occurred on MoSe; and WSe,, with the ultimate
goal to verify the successful formation of MoSe;-CoP and WSe-CoP, diverse spectroscopic,
thermal, and microscopy imaging techniques were employed. For starters, typical bands of
pyridine rings are seen in the IR spectrum of f-MoSe; due to the successful coordination of
the former at the metal of MoSe;, at 3430 (N-H), 1651 (C-N) and 1411 cm~! (C-H (Figure 3a).
On the other hand, CoP shows the carbonyl vibration mode at 1690 cm~ 1, due to the surface
-COOH units. The IR spectrum of MoSe;-CoP is occupied by the characteristic band at
1641 cm~! owned to the carbonyl amide stretching due to the successful hybridization,
while N-H vibrational features are evident in MoSe,-CoP. In a similar manner, the effective
grafting of amino groups onto WSe; is obvious by the characteristic bands due to the
pyridine ring at 3430 (N-H), 1646 and 1329 (C-N), and 1403 cm~ ! (C-H) (Figure S3a).
Additionally, the coupling of amino-modified WSe, with the carbonyl terminated CoP is
shown at 1650 cm ™!, due to the carbonyl amide stretching, as seen in Figure S3a.
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Figure 3. (a) ATR-IR and (b) Raman spectra (514 nm) for MoSe,-CoP (pink), MoSe; (black), f-MoSe,
(green), and CoP (red).

Next, Raman spectra were recorded upon excitation at 514 nm. Specifically, the
spectrum of MoSe; is guided by the Ajg-LAMM), Aqg, Elzg, and 2LA(M) bands at 171,
238, 285, and 450 cm ! respectively. Meanwhile, bands located at 118, 137, and 223 cm !
correspond to Ji, Jo, and J3 phonon modes, respectively, and are indicative of the 1T
octahedral phase of MoSe; [35]. In the spectrum of f-MoSe,, the suppression of the 2LA(M)
band, which is associated with chalcogen vacancies and defect sites, compared to MoSe;
is indicative of the metal-ligand coordination that took place at the defect sites. The fact
that there is no alteration in the intensity of the 2LA(M) mode in MoSep-CoP indicates
that the covalent grafting of CoP onto MoSe; does not affect the basal plane of MoSe;
(Figure 3b). Accordingly, the spectrum of WSe, shows apparent prominent peaks at 175,
237, and 256 c¢cm~! corresponding to A1g-LAM), Elzg, Aqg, and 2LA(M) modes, while
E! 2, and Ajg modes overlap [36-38]. Additional J, ], and J; bands located at 112, 148, and
216 cm™!, respectively, are fingerprint phonon modes of the metallic phase of WSe; [34].
As mentioned previously, the decrease in the intensity of the 2LA(M) band of {-WSe; reveals the
successful functionalization, while intensity remained the same for WSep-CoP (Figure S3b).

Insight into the MoSe; and WSe, phases was given from X-ray photoelectron spec-
troscopy (XPS) measurements. Figure 4a depicts the deconvoluted Mo 3d spectra, showing
doublets at 228.6 eV for Mo 3ds5,, and 231.8 eV for Mo 3d3,,, revealing the existence of the
1T phase in MoSe;. The doublet at higher energies, 232.9 eV for 3ds,, and 235.7 for 3d3 ,,
corresponds to Mo®" [39,40]. Similarly, deconvoluted W 4f spectra are shown in Figure 4b.
The apparent doublet of the 4f W** peaks at 31.7 for W4* 4f; , and 33.9 eV for W** 4f5 , is
assigned to the 1T phase, while signals at 36.04 and 38.22 eV indicate the presence of W*
species within WSe, [40,41]. The Se 3d peak profile of MoSe;, can be fitted into two sets of
doublet peaks at higher energies (55.0 eV for Se 3d3,, and 54.2 eV for Se 3d5,;) for the 2H
phase and another couple at lower energies (54.4 eV for Se 3d3/, and 53.6 eV for Se 3d5,) for
the 1T phase (Figure 4c) [39,40]. The same applies to the Se 3d peak profile of WSe;,; peaks at
55.3 eV for Se 3d3,, and 56.1 eV for Se 3d5/; for the 2H phase and 54.7 eV for Se 3d3,, and
53.7 eV for Se 3d5, for the 1T phase (Figure 4a) [40,41]. The above results are aligned with
the Raman data suggesting the strong presence of the 1T phase in MoSe, and WSe,.
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Figure 4. Deconvoluted X-ray photoelectron spectra of (a) Mo 3d for MoSe;, (b) W 4f and Se 3d for
WSe,, and (c) Se 3d for MoSe;.

Thermogravimetric analysis (TGA) was employed to gather information about the
thermal stability of the hybrid materials under an N, atmosphere. It can be seen in Figure 5
that MoSe; losses an 14% mass up to 550 °C, attributed to the generation of defects during
the solvothermal preparation (Figure 5). A higher mass loss of up to 21% is shown for
the f-MoSe; up to the same temperature region, revealing the thermal decomposition of
the incorporated organic species onto MoSe;. Finally, MoSe;-CoP presents an additional
mass loss of 9% due to the successful grafting of CoP to f-MoSe;. Rest on the above, the
loading in the MoSe,-CoP material was calculated to be one CoP for every 16 {-MoSe; units.
Furthermore, Figure S4 shows the thermographs of WSe,-based materials. Accordingly,
the loading in the WSe;-CoP was calculated to be one CoP for every 16 {-WSe; units.
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Figure 5. TGA graphs for MoSe,-CoP (pink), MoSe; (black), {-MoSe; (green), and CoP (red).

Steady-state electronic absorption spectroscopy provided further proof for the forma-
tion of MoSe;-CoP and WSe,-CoP (Figure 6 and Figure S5, respectively). The absorption
spectra for intact MoSe; and WSe; exhibit strong and broad absorption in the visible re-
gion without any distinct features, typical for TMDs of 1T-phase derived from bottom-up
approaches [36,37]. Meanwhile, in the absorption spectrum of MoSe;-CoP, the Soret band
at 410 nm is evident, also visible in the UV-Vis spectrum of CoP (Figure 6), whereas the
band of MoSe; centered at 537 nm is blue-shifted at 502 nm indicating the electronic com-
munication of MoSe; and CoP within MoSe,-CoP hybrid at the ground state. Moreover,
the UV-Vis spectrum of WSe,-CoP (Figure S5) shows a distinct absorption band at 410 nm,
deriving from the successful conjugation of {-WSe, with CoP.

Absorbance

300 400 500 600 700 800
Wavelength (nm)

Figure 6. UV-Vis spectra for MoSe,-CoP (pink), MoSe; (black), and CoP (red), in dichloromethane.

Next, electrocatalytic acidic HER for hybrids and reference materials was evaluated
by recording linear sweep voltammetry (LSV). Notably, significant low onset potential was
recorded for MoSe,-CoP at —0.17 V vs RHE, lower than those recorded for MoSe,, f-MoSe,,
and CoP at —0.22, —0.35 and —0.28 V vs RHE, respectively (Figure 7a). The beneficial role
of CoP was further revealed by evaluating the HER at —10 mA /cm?. In fact, MoSe,-CoP
operates HER at —10 mA/ cm? at —0.31 V vs RHE, ca. 100 mV lower than that of MoSe;, at
—0.41 V vs RHE. For f-MoSe; and CoP, higher onset potential values are noted at —0.47 and
—0.52 V, respectively. At the same time, hydrogen evolution for WSe,-CoP starts at lower
potentials, at —0.22 V vs RHE compared to reference materials, while the lowest potential
value was required to drive HER at a reference current density of —10 mA/cm?, at —0.33 V



Nanomaterials 2023, 13, 35

90f13

i.e.,, 100 mV lower compared to WSe; (Figure 7d). The significantly lower overpotential
value for driving protons reduction to molecular hydrogen for hybrid materials is justified
by the presence of CoP, while the covalent grafting between CoP and MoSe; and/or WSe;
promotes charge transfer and current flow driving the overall reaction to lower potentials.
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Figure 7. (a) LSVs for HER obtained at 1600 rpm rotation speed and 5 mV /s scan rate before (solid
lines) and after 10,000 cycles (dashed lines) in aqueous 0.5 M H,SOy, (b) Tafel slopes, and (¢) Nyquist
plots for MoSe;-CoP (pink), MoSe; (black), f-MoSe; (green), CoP (red) and Pt/C (grey). (d) LSVs
for HER obtained at 1600 rpm rotation speed and 5 mV /s scan rate before (solid lines) and after
10,000 cycles (dashed lines) in 0.5 M H,SOy, (e) Tafel slopes, and (f) Nyquist plots for WSe,-CoP
(pink), WSe, (black), f-WSe, (green), CoP (red) and Pt/C (grey).

Tafel slope values were extracted to gain information on the reaction mechanism.
In acidic HER protons are initially adsorbed onto the electrode surface via a reduction
process (Volmer step). Afterward, the desorption of adsorbed hydrogen atoms onto the
electrode (Heyrovsky step) or the recombination of two adsorbed protons (Tafel step)
follows generating molecular Hy. With all that said, the smooth current flow within the
MoSe,-CoP is confirmed by the lower Tafel slope value of 114 mV/dec, compared to
the higher Tafel slope value of MoSe; (375 mV /dec), f-MoSe; (123 mV/dec) and CoP
(288 mV/dec), suggesting that the release of the molecular hydrogen onto the electrode is
the rate-limiting step (Figure 7b). The same applies to WSe,-CoP which displays the lowest
Tafel slope value (133 mV/dec) among Wse;-based electrocatalysts (Figure 6e).

Additional insight into HER kinetics is obtained by electrochemical impedance spec-
troscopy (EIS) assays. In Figure 7c, MoSe;-CoP shows the smaller frequency semicircle
in the Nyquist plot compared to MoSe; and f-MoSe;, corresponding to a smaller charge
transfer resistance (Rt) value of 53 () than the much higher R values of ca. 63, 74 and
84 () for MoSe;, f-MoSe;, and CoP respectively. Similarly, WSe;-CoP shows a lower Rt
value of 75 () compared to WSe; (92 2) and f-WSe; (119 ), (Figure 7f). The lower R
values for hybrid materials reflect higher conductance and more facile electron transfer
kinetics in MoSe;-CoP and WSe,-CoP due to the covalent linkage of the TMDs with the
cobalt-metallated porphyrin. The stability of hybrids was assessed, after performing
10,000 ongoing electrocatalytic cycles in acidic media as shown in Figures 7a and 6d, re-
spectively. Interestingly, MoSe,-CoP and WSe,-CoP exhibited extremely high stability
as they showed negatively shifted LSV curves of only 10 mV after continuous cycling.
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Table S1 sums up the electrocatalytic acidic HER data before and after 10,000 cycles for
hybrids and reference materials and Pt/C.

The superior electrocatalytic performance of MoSe;-CoP and WSe,-CoP was also
observed towards alkaline HER, as seen in Figure S6a,d, respectively, as hybrid materials
note significantly lower overpotentials compared to reference materials. Additionally, lower
Tafel slope values were calculated for MoSe;-CoP (Figure S6b) and WSe,-CoP (Figure S6d)
along with high R values, Figure S6c,f, respectively, reflecting the easier current flow
within the hybrids. However, it should be noted that acidic HER is less complicated
compared to alkaline HER. In the former case, the reduction of hydronium ions (H30%)
to gaseous dihydrogen (H;) occurs during water electrolysis, while in alkaline HER extra
energy is needed to produce the protons by breaking the water molecule, affecting the
overall reaction rates [42]. Additionally, in alkaline HER Volmer and Heyrovsky steps
are likely to include a water-dissociation step [43] due to the vast decrease in proton
concentration as detailed below:

HyO +e™ =H*+ OH™ (Volmer step)

HyO +e” + H*=H, + OH™ (Heyrovsky step)

Indeed, the above are depicted in the higher overpotentials and Tafel slope values
compared to acidic HER (Table S1). Finally, the higher stability for both electrocatalysts is
shown in Figure S6a,d, while relative data are summarized in Table S1.

All in all, the advantageous role of CoP in electrocatalytic HER is depicted in both
acidic and alkaline media within the hybrid materials. MoSe;-CoP and WSep-CoP show
improved performance compared to just MoSe, and WSe; as they achieve lowered overpo-
tentials against HER, possess easier reaction kinetics and improved conductivity featuring
the beneficial presence of CoP along with the effective conjugation with the TMDs.

4. Conclusions

The adaptation and exploration of versatile modification routes for TMDs toward the
realization of novel electrocatalysts is a hot issue. In this work, we have demonstrated
an easy and fast functionalization approach, via a metal-ligand covalent bond, for the
introduction of amino-terminated pyridine rings onto MoSe, and WSe; and the subse-
quent covalent linkage with carbonyl-terminated cobalt(Il) porphyrins. The new hybrids
exhibited improved HER activity in acidic and alkaline media and showed easier reaction
kinetics, higher conductivity, and stability compared to bare transition metal diselenides.
Noticeably, MoSe;-CoP showed the best performance and reached a low onset potential of
—0.17 V vs RHE towards acidic HER. The successful incorporation of cobalt-porphyrin onto
MoSe, and WSe; speeded up the initiation of HER, while covalent linkage improved charge
delocalization and transfer in neighboring species leading to high electrocatalytic activity
for the reduction of protons to molecular hydrogen. Finally, the facile functionalization
approach can be applied for the modification of other transition metals dichalcogenides
and may open new routes for the realization and exploration of functional electrocatalysts.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /nano13010035/s1, Figure S1: (a,b) HAADF-STEM images of
a MoSe; flake.; Figure 52: (a,b) HAADF-STEM images of a WSe;,-CoP flake; Figure S3: (a) ATR-IR, and
(b) Raman spectra of WSe,-CoP (pink), WSe; (black), f-WSe; (green), and CoP (red); Figure S4. TGA
graphs for WSe,-CoP (pink), WSe; (black), f-WSe;, (green), and CoP (red); Figure S5. UV-Vis spectra for
WSe,-CoP (pink), WSe; (black), and CoP (red), in dichloromethane; Figure S6: (a)LSVs for HER obtained
at 1600 rpm rotation speed and 5 mV /s scan rate before (solid lines) and after 10,000 cycles (dashed
lines) in aqueous 0.1 KOH, (b) Tafel slopes and (c) Nyquist plots for materials MoSep-CoP (pink), MoSe;
(black), f-WSe, (blue), CoP (red) and Pt/C (grey). (d)LSVs for HER obtained at 1600 rpm rotation speed
and 5 mV/s scan rate before (solid lines) and after 10,000 cycles (dashed lines) in aqueous 0.1 KOH,
(e) Tafel slopes and (f) Nyquist plots for materials WSe,-CoP (pink), WSe, (black), f-WSe;, (green), CoP
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(red) and Pt/C (grey); Table S1: Electrocatalytic HER parameters for MoSe;-CoP and WSep-CoP in
comparison with materials MoSe,, WSey, f-MoSe;, f-WSe,, CoP and Pt/C.

Author Contributions: Conceptualization, A.K. and C.S.; validation, A.K., C.S., and N.T,; investiga-
tion, A.K. and N.T.; TEM imaging, R.A.; writing—original draft preparation, A.K., C.S., and N.T.;
writing—review and editing, A.K., C.S., R.A., and N.T,; visualization, A.K., C.S.,, R A,, and N.T;;
project administration, A.K. and N.T.; funding acquisition, R.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Spanish MICINN (PID2019-104739GB-100/AEI/10.13039/
501100011033), Government of Aragon (projects DGA E13-20R), and from EU H2020 “ESTEEM3” (Grant
number 823717) and Graphene Flagship (881603).

Data Availability Statement: Not applicable.

Acknowledgments: TEM studies were performed in the Laboratorio de Microscopias Avanzadas
(LMA), Universidad de Zaragoza (Spain).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yin, X; Tang, C.S.; Zheng, Z.; Gao, ].; Wu, J.; Zhang, H.; Chhowalla, M.; Chen, W.; Wee, A.T.S. Recent developments in 2D transition
metal dichalcogenides: Phase transition and applications of the (quasi-)metallic phases. Cherm. Soc. Rev. 2021, 50, 10087-10115. [CrossRef]

2. Kim, H.; Ahn, G.H.; Cho, J.; Amani, M.; Mastandrea, ].P.; Groschner, C.K,; Lien, D.-H.; Zhao, Y.; Ager, ] W.; Scott, M.C; et al.
Synthetic WSe, monolayers with high photoluminescence quantum yield. Sci. Adv. 2019, 5, eaau4728. [CrossRef]

3. Zheng, Z.; Zhang, T.; Yao, J.; Zhang, Y.; Xu, J.; Yang, G. Flexible, transparent and ultra-broadband photodetector based on
large-area WSe?2 film for wearable devices. Nanotechnology 2016, 27, 225501. [CrossRef] [PubMed]

4. Kadam, S.R.; Enyashin, A.N.; Houben, L.; Bar-Ziv, R.; Bar-Sada, M. Ni-WSe, nanostructures as efficient catalysts for electrochemi-
cal hydrogen evolution reaction (HER) in acidic and alkaline media. . Mater. Chem. A 2020, 8, 1403-1416. [CrossRef]

5. Kagkoura, A.; Arenal, R.; Tagmatarchis, N. Controlled chemical functionalization toward 3D-2D carbon nanohorn-MoS;
heterostructures with enhanced electrocatalytic activity for protons reduction. Adv. Funct. Mater. 2021, 31, 2105287. [CrossRef]

6. Kagkoura, A.; Pelaez-Fernandez, M.; Arenal, R.; Tagmatarchis, N. Sulfur-doped graphene/transition metal dichalcogenide
heterostructured hybrids with electrocatalytic activity toward the hydrogen evolution reaction. Nanoscale Adv. 2019, 1, 1489-1496.
[CrossRef]

7. Kagkoura, A.; Tzanidis, I.; Dracopoulos, V.; Tagmatarchis, N.; Tasis, D. Template synthesis of defect-rich MoS,-based assemblies
as electrocatalytic platforms for hydrogen evolution reaction. Chem. Commun. 2019, 55, 2078-2081. [CrossRef]

8.  Kagkoura, A.; Canton-Vitoria, R.; Vallan, L.; Hernandez-Ferrer, J.; Benito, A.M.; Maser, W.K.; Arenal, R.; Tagmatarchis, N.
Bottom-Up Synthesized MoS; Interfacing Polymer Carbon Nanodots with Electrocatalytic Activity for Hydrogen Evolution.
Chem. Eur. ]. 2020, 26, 6635-6642. [CrossRef]

9. Zhang, L.; Zhu, J.; Wang, Z.; Zhang, W. 2D MoSe, /CoP intercalated nanosheets for efficient electrocatalytic hydrogen production.
Int. J. Hydrog. Energy. 2020, 45, 9246-19256. [CrossRef]

10.  Vishnoi, P.,; Pramoda, K.; Gupta, U.; Chhetri, M.; Balakrishna, R.G.; Rao, C.N.R. Covalently Linked Heterostructures of Phos-
phorene with MoS, /MoSe; and Their Remarkable Hydrogen Evolution Reaction Activity. ACS Appl. Mater. Interfaces 2019,
11, 27780-27787. [CrossRef]

11. Lee, HJ.; Lee, SW.; Hwang, H.; Yoon, S.IL; Lee, Z.; Shin, H.S. Vertically oriented MoS, /WS, heterostructures on reduced graphene
oxide sheets as electrocatalysts for hydrogen evolution reaction. Mater. Chem. Front. 2021, 5, 3396-3403. [CrossRef]

12.  Al-Enizi, A.M.; Shaikh, S.F; Ubaidullah, M.; Ghanem, A.M.; Mane, R.S. Self-grown one-dimensional nickel sulfo-selenide
nanostructured electrocatalysts for water splitting reactions. Int. ]. Hydrog. Energy. 2020, 45, 15904-15914. [CrossRef]

13. Vikraman, D.; Hussain, S.; Patil, S.A.; Truong, L.; Arbab, A.A.; Jeong, S.H.; Chun, S.-H.; Jung, J.; Kim, H.S. Engineering
MoSe; /WS, Hybrids to Replace the Scarce Platinum Electrode for Hydrogen Evolution Reactions and Dye-Sensitized Solar Cells.
ACS Appl. Mater. Interfaces 2021, 13, 5061-5072. [CrossRef] [PubMed]

14. Jian, C.; Cai, Q.; Hong, W.; Li, J.; Liu, W. Edge-Riched MoSe; /MoO, Hybrid Electrocatalyst for Efficient Hydrogen Evolution
Reaction. Small 2018, 14, 1703798. [CrossRef] [PubMed]

15.  Blanco, M.; Lunardon, M.; Bortoli, M.; Mosconi, D.; Girardi, L.; Orian, L.; Agnoli, S.; Granozzi, G. Tuning on and off chemical-
and photo-activity of exfoliated MoSe, nanosheets through morphologically selective “soft” covalent functionalization with
porphyrins. J. Mater. Chem. A 2020, 8, 11019-11030. [CrossRef]

16. Kwon, LS.; Kwak, LH.; Abbas, H.G.; Seo, HW.; Seo, ].; Park, K,; Park, J.; Kang, H.S. Two dimensional MoS; meets porphyrins via

intercalation to enhance the electrocatalytic activity toward hydrogen evolution. Nanoscale 2019, 11, 3780-3785. [CrossRef]


http://doi.org/10.1039/D1CS00236H
http://doi.org/10.1126/sciadv.aau4728
http://doi.org/10.1088/0957-4484/27/22/225501
http://www.ncbi.nlm.nih.gov/pubmed/27109239
http://doi.org/10.1039/C9TA10990K
http://doi.org/10.1002/adfm.202105287
http://doi.org/10.1039/C8NA00130H
http://doi.org/10.1039/C9CC00051H
http://doi.org/10.1002/chem.202000125
http://doi.org/10.1016/j.ijhydene.2020.05.059
http://doi.org/10.1021/acsami.9b06910
http://doi.org/10.1039/D1QM00051A
http://doi.org/10.1016/j.ijhydene.2020.04.045
http://doi.org/10.1021/acsami.0c19890
http://www.ncbi.nlm.nih.gov/pubmed/33470112
http://doi.org/10.1002/smll.201703798
http://www.ncbi.nlm.nih.gov/pubmed/29399992
http://doi.org/10.1039/D0TA03302B
http://doi.org/10.1039/C8NR10165E

Nanomaterials 2023, 13, 35 12 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mahmood, N.; Yao, Y.; Zhang, J.-W.; Pan, L.; Zhang, X.; Zou, J.-J. Electrocatalysts for hydrogen evolution in alkaline electrolytes:
Mechanisms, challenges, and prospective solutions. Adv. Sci. 2018, 5, 1700464. [CrossRef]

Kagkoura, A,; Stangel, C.; Arenal, R.; Tagmatachis, N. Molybdenum diselenide-manganese porphyrin bifunctional electrocatalyst
for the hydrogen evolution reaction and selective hydrogen peroxide production. J. Phys. Chem. C 2022, 126, 14850-14858.
[CrossRef]

Iglesias, D.; Ippolito, S.; Ciesielski, A.; Samori, P. Simultaneous non-covalent bi-functionalization of 1T-MoS, ruled by electrostatic
interactions: Towards multi-responsive materials. Chem. Commun. 2020, 56, 6878—6881. [CrossRef]

Canton-Vitoria, R.; Stangel, C.; Tagmatarchis, N. Electrostatic association of ammonium-functionalized layered-transition-metal
dichalcogenides with an anionic porphyrin. ACS Appl. Mater. Interfaces 2018, 10, 23476-23480. [CrossRef]

Chen, X.; Denninger, P; Stimpel-Lindner, T.; Spiecker, E.; Duesberg, G.S.; Backes, C.; Knirsch, K.C.; Hirsch, A. Defect engineering
of two-dimensional molybdenum disulfide. Chem. Eur. J. 2020, 26, 6535-6544. [CrossRef] [PubMed]

Canton-Vitoria, R.; Scharl, T.; Stergiou, A.; Cadranel, R.; Arenal, R.; Guldi, D.M.; Tagmatarchis, N. Ping-pong energy transfer in
covalently linked porphyrin-MoS, architectures. Angew. Chem. Int. Ed. 2020, 59, 3976-3981. [CrossRef] [PubMed]

Chen, X.; Bartlam, C.; Lloret, V,; Badlyan, N.M.; Wolff, S.; Gillen, R.; Stimpel-Lindner, T.; Maultzsch, ].; Duesberg, G.S.;
Knirsch, K.C.; et al. Covalent bisfunctionalization of two-dimensional molybdenum disulfide. Angew. Chem. Int. Ed. 2021, 60,
13484-13492. [CrossRef]

Vera-Hidalgo, M.; Giovanelli, E.; Navio, C.; Pérez, E.M. Mild covalent functionalization of transition metal dichalcogenides with
maleimides: A “click” reaction for 2H-MoS, and WS,. J. Am. Chem. Soc. 2019, 141, 3767-3771. [CrossRef] [PubMed]

Zhao, Y.,; Gali, S.M.; Wang, C.; Pershin, A; Slassi, A.; Beljonne, D.; Samori, P. Molecular functionalization of chemically active
defects in WSe; for enhanced opto-electronics. Adv. Funct. Mater. 2020, 30, 2005045. [CrossRef]

Sideri, I.; Arenal, R.; Tagmatarchis, N. Covalently functionalized MoS; with dithiolenes. ACS Mater. Lett. 2020, 2, 832-837.
[CrossRef]

Knirsch, K.C.; Berner, N.C.; Nerl, H.C.; Cucinotta, C.S.; Gholamvand, Z.; McEvoy, N.; Wang, Z.; Abramovic, I.; . Vecera, P;
Halik, M.; et al. Basal-plane functionalization of chemically exfoliated molybdenum disulfide by diazonium salts. ACS Nano 2015,
9, 6018-6030. [CrossRef] [PubMed]

Yan, E.X.; Caban-Acevedo, M.; Papadantonakis, K.M.; Brunschwig, B.S.; Lewis, N.S. 1T'-MoS,, Reductant-activated, high-
coverage, covalent functionalization of 1T'-MoS,. ACS Mater. Lett. 2020, 2, 133-139. [CrossRef]

Voiry, D.; Goswami, A.; Kappera, R.; de Carvalho Castro Silva, C.; Kaplan, D.; Fujita, T.; Chen, M.; Asefa, T.; Chhowalla, M.
Covalent functionalization of monolayered transition metal dichalcogenides by phase engineering. Nat. Chem. 2015, 7, 45-49.
[CrossRef]

Presolski, S.; Wang, L.; Loo, A.H.; Ambrosi, A.; Lazar, P; Ranc, V.; Otyepka, M.; Zboril, R.; Tomanec, O.; Ugolotti, ].; et al.
Functional nanosheet synthons by covalent modification of transition-metal dichalcogenides. Chem. Mater. 2017, 29, 2066—2073.
[CrossRef]

Chen, X.; McAteer, D.; McGuinness, C.; Godwin, I.; Coleman, ].N.; McDonald, A.R. Tuning the photo-electrochemical performance
of Rull-sensitized two-dimensional MoS,. Chem. Eur. J. 2018, 24, 351-355. [CrossRef]

Li, W,; Chen, D,; Xia, F; Tan, ].Z.Y.; Song, ].; Song, W.-G.; Caruso, R.A. Flowerlike WSe; and WS, microspheres: One-pot synthesis,
formation mechanism and application in heavy metal ion sequestration. Chem. Commun. 2016, 52, 4481-4484. [CrossRef]
[PubMed]

Jeanguillaume, C.; Colliex, C. Spectrum-image: The next step in EELS digital acquisition and processing. Ultramicroscopy 1989,
28,252-257. [CrossRef]

Arenal, R.; de la Pena, F; Stephan, O.; Walls, M.; Loiseau, A.; Colliex, C. Extending the analysis of EELS spectrum-imaging data,
from elemental to bond mapping in complex nanostructures. Ultramicroscopy 2008, 109, 32-38. [CrossRef] [PubMed]

Zhang, B.-Q.; Chen, ].-S.; Niu, H.-L.; Mao, C.-J.; Son, J.-M. Synthesis of ultrathin WSe, nanosheets and their high-performance
catalysis for conversion of amines to imines. Nanoscale 2018, 10, 20266-20271. [CrossRef] [PubMed]

del Corro, E.; Botello-Méndez, A.; Gillet, Y.; Elias, A.L.; Terrones, H.; Feng, S.; Fantini, C.; Rhodes, D.; Pradhan, N.; Balicas, L.; et al.
Atypical exciton—phonon interactions in WS, and WSe, monolayers revealed by resonance Raman spectroscopy. Nano Lett. 2016,
16, 2363-2368. [CrossRef]

Tan, S.M.; Sofer, Z.; Luxa, ].; Pumera, M. Aromatic-exfoliated transition metal dichalcogenides: Implications for inherent
electrochemistry and hydrogen evolution. ACS Catal. 2016, 6, 4594-4607. [CrossRef]

Tonndorf, P.; Schmidt, R.; Bottger, P.; Zhang, X.; Borner, J.; Liebig, A.; Albrecht, M.; Kloc, C.; Gordan, O.; Zahn, D.R.T.S,; et al.
Photoluminescence emission and Raman response of monolayer MoSy, MoSe,, and WSep. Opt. Express 2013, 21, 4908-4916.
[CrossRef]

Jiang, M.; Zhang, J.; Wu, M.; Jian, W.; Xue, H.; Ng, T.-W.; Lee, C.-S.; Xu, J. Synthesis of 1T-MoSe; ultrathin nanosheets with
an expanded interlayer spacing of 1.17 nm for efficient hydrogen evolution reaction. J. Mater. Chem. A 2016, 4, 14949-14953.
[CrossRef]


http://doi.org/10.1002/advs.201700464
http://doi.org/10.1021/acs.jpcc.2c04723
http://doi.org/10.1039/D0CC02371J
http://doi.org/10.1021/acsami.8b08272
http://doi.org/10.1002/chem.202000286
http://www.ncbi.nlm.nih.gov/pubmed/32141636
http://doi.org/10.1002/anie.201914494
http://www.ncbi.nlm.nih.gov/pubmed/31825548
http://doi.org/10.1002/anie.202103353
http://doi.org/10.1021/jacs.8b10930
http://www.ncbi.nlm.nih.gov/pubmed/30677294
http://doi.org/10.1002/adfm.202005045
http://doi.org/10.1021/acsmaterialslett.0c00108
http://doi.org/10.1021/acsnano.5b00965
http://www.ncbi.nlm.nih.gov/pubmed/25969861
http://doi.org/10.1021/acsmaterialslett.9b00241
http://doi.org/10.1038/nchem.2108
http://doi.org/10.1021/acs.chemmater.6b04171
http://doi.org/10.1002/chem.201705203
http://doi.org/10.1039/C6CC00577B
http://www.ncbi.nlm.nih.gov/pubmed/26932785
http://doi.org/10.1016/0304-3991(89)90304-5
http://doi.org/10.1016/j.ultramic.2008.07.005
http://www.ncbi.nlm.nih.gov/pubmed/18789838
http://doi.org/10.1039/C8NR05954C
http://www.ncbi.nlm.nih.gov/pubmed/30362484
http://doi.org/10.1021/acs.nanolett.5b05096
http://doi.org/10.1021/acscatal.6b00761
http://doi.org/10.1364/OE.21.004908
http://doi.org/10.1039/C6TA07020E

Nanomaterials 2023, 13, 35 13 of 13

40. Ambrosi, A.; Sofer, Z.; Pumera, M. 2H — 1T phase transition and hydrogen evolution activity of MoS;, MoSe,, WS, and WSe,
strongly depends on the MX; composition. Chem. Commun. 2015, 51, 8450-8453. [CrossRef]

41. Sokolikova, M.S; Sherrell, P.C.; Palczynski, P.; Bemmer, V.L.; Mattevi, C. Direct solution-phase synthesis of 1T/ WSe, nanosheets.
Nat. Commun. 2019, 10, 712.

42. McCrum, L.T.; Koper, M.T.M. The role of adsorbed hydroxide in hydrogen evolution reaction kinetics on modified platinum. Nat.
Energy 2020, 5, 891-899. [CrossRef]

43. Dubouis, N.; Grimaud, A. The hydrogen evolution reaction: From material to interfacial descriptors. Chem. Sci. 2019, 10, 9165-9181.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1039/C5CC00803D
http://doi.org/10.1038/s41560-020-00710-8
http://doi.org/10.1039/C9SC03831K
http://www.ncbi.nlm.nih.gov/pubmed/32015799

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

