nanomaterials WW\D\Py

Article
Hybrid Transition Metal Dichalcogenide/Graphene
Microspheres for Hydrogen Evolution Reaction

Marco Lunardon 1@, JiaJia Ran 1, Dario Mosconi 1, Carla Marega 1@, Zhanhua Wang 2Q,

Hesheng Xia 2, Stefano Agnoli ! and Gaetano Granozzi 1'*

1 Department of Chemical Sciences, University of Padova, Via F. Marzolo 1, 35131 Padova, Italy;

marco.lunardon.5@phd.unipd.it (M.L.); jiajia.ran@studenti.unipd.it (J.R.); dario.mosconi@unipd.it (D.M.);
carla.marega@unipd.it (C.M.); stefano.agnoli@unipd.it (S.A.)

State Key Laboratory of Polymer Materials Engineering, Polymer Research Institute, Sichuan University,
Chengdu 610065, China; zhwangpoly@163.com (Z.W.); xiahs@scu.edu.cn (H.X.)

Correspondence: gaetano.granozzi@unipd.it; Tel.: +39-3347151920

check for
Received: 7 October 2020; Accepted: 27 November 2020; Published: 28 November 2020 updates

Abstract: A peculiar 3D graphene-based architecture, i.e., partial reduced-Graphene Oxide Aerogel
Microspheres (prGOAM), having a dandelion-like morphology with divergent microchannels to
implement innovative electrocatalysts for the hydrogen evolution reaction (HER) is investigated in
this paper. prGOAM was used as a scaffold to incorporate exfoliated transition metals dichalcogenide
(TMDC) nanosheets, and the final hybrid materials have been tested for HER and photo-enhanced
HER. The aim was to create a hybrid material where electronic contacts among the two pristine
materials are established in a 3D architecture, which might increase the final HER activity while
maintaining accessible the TMDC catalytic sites. The adopted bottom-up approach, based on
combining electrospraying with freeze-casting techniques, successfully provides a route to prepare
TMDC/prGOAM hybrid systems where the dandelion-like morphology is retained. Interestingly, the
microspherical morphology is also maintained in the tested electrode and after the electrocatalytic
experiments, as demonstrated by scanning electron microscopy images. Comparing the HER activity
of the TMDC/prGOAM hybrid systems with that of TMDC/partially reduced-Graphene Oxide (prGO)
and TMDC/Vulcan was evidenced in the role of the divergent microchannels present in the 3D
architecture. HER photoelectron catalytic (PEC) tests have been carried out and demonstrated an
interesting increase in HER performance.

Keywords: reduced Graphene Oxide Aerogel Microspheres; prGOAM,; 3D hybrid system; electrospray;
ice templating; TMDC; HER

1. Introduction

In the last decade, materials characterized by pores of different size and shapes have received
considerable attention from both the academic and industrial world. The porous structure endows such
materials with a high surface area and, more importantly, allows a subtle control over mass transport
thanks to size exclusion and size dependent permeation. This behavior is of crucial importance for
separation, adsorption, gas storage and catalysis, that are key processes involved in different fields,
ranging from biology to environmental protection [1,2] and from chemistry to energy conversion and
storage [3-5].

Porous materials based on carbon are particularly attractive. The low density, the high strength per
weight and the ability to bind with various atoms through different hybrid orbitals (sp™) make carbon
an extraordinarily versatile building block for the construction of porous structures with intriguing
morphologies and multifunctional properties. Graphene (G) has been the most studied carbon allotrope
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of the last fifteen years. This interest is due to the G peculiar physicochemical properties (electronic
and thermal conductivity, mechanical and chemical stability) and to its 2D structure, which results
in a very high intrinsic surface area [6-8]. The specific theoretical surface area of a single G sheet
is 2630 m?/g [9], but due to the strong tendency to aggregation, experimental values are generally
far below this value. The rational assembly of G based 3D architectures allows preserving the 2D G
patches while maximizing the accessible surface area, resulting in a system with high porosity [10].
Among the various G based 3D architectures, G aerogels combine the exceptional intrinsic G properties
with the specific properties of aerogels (lightness, low dielectric permittivity, etc.) [11-14]. In recent
years, they have been extensively studied, and the synthesis strategies can be divided into three
categories: chemical vapor deposition (CVD) [15,16], self-assembly [17-19] and direct assembly via a
template [20-22].

Recently, some of us have reported the synthesis of graphene oxide (GO) aerogel microspheres
(GOAMs) [23], i.e.,, a 3D porous structure with microchannel central divergence, by combining
electrospray [24,25] with freeze-casting techniques [26] (Figure 1). In these 3D architectures, the
interconnected G sheets arranged radially forms open ended spheres with a radius of ~100 um,
resembling dandelion flowers. Interestingly, thermal treatment in inert atmosphere [27] can produce
partial reduced GO aerogel microspheres (prGOAM). These materials, given their highly porous and
hydrophobic structure, have excellent adsorption capacity for various organic solvents and oils, finding
applications in environmental pollutant treatment and water purification [23].
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Figure 1. Schematic representation of Graphene Oxide Aerogel Microspheres (GOAMSs) synthesis
and the final structure of the microspheres showing a kind of resemblance with the dandelion
(Taraxacum) flowers.

The coupling of electrospray and freeze casting allows for a high production speed per single unit
(single GOAM sphere). By approximating the droplet radius of the starting dispersion with that of the
final GOAM structure (~100 pm) and considering a nebulization speed of 0.1 mL/min, a production
speed of ~400 units per second is obtained. With this production speed, assuming that the GOAMs
structures are arranged on a plane, e.g., a compact hexagonal pattern, the obtained surface coverage
speed is ~8 cm?/min. These values refer to a single electrospray nozzle; therefore, the implementation
with a microfabricated nozzle multiplex matrix would increase the production speed in proportion to
the number of nozzles [28,29]. From this, it follows that this technique can quickly produce a significant
amount of a porous carbon material.



Nanomaterials 2020, 10, 2376 3o0f15

Due to its properties and versatility, G is also used in the production of high-performance
electrocatalysts for the hydrogen evolution reaction (HER) [30]. Among these, transition metals
dichalcogenides (TMDCs)/G hybrid systems are widely studied as alternatives to Pt-based
electrocatalysts for HER [31-33]. In this work, we report on the preparation of an innovative
hybrid electrocatalyst coupling TMDCs nanosheets with dandelion-like prGOAMs (TMDC/prGOAM)
by electrospray and freeze casting techniques. The aim is to prove that it is possible to integrate into the
prGOAM graphene network the functional properties of catalysts without altering the microchannel
central divergence morphology. The procedure of incorporation has been optimized using exfoliated
MoSe;, and subsequently it was successfully extended to other exfoliated TMDCs, i.e., MoS,, WS,
and WSe,.

The new TMDC/prGOAM catalysts display an interesting improvement of the HER activity in
an acidic environment compared to the pristine TMDC, confirming a kind of synergetic interaction
between the TMDC catalyst and the graphene layers. Moreover, the comparison of the HER results
of TMDC/prGOAM modified electrodes with those obtained from TMDC/prGO and TMDC/Vulcan
analogous hybrid materials (benchmark samples) allowed us to demonstrate the role of the 3D
architecture in the catalytic HER performance. More interestingly, this 3D architecture is also preserved
after the electrochemical tests. The hybrid electrocatalysts were also HER verified under light in
photoelectron catalytic (PEC) tests displaying interesting results.

2. Materials and Methods

2.1. Synthesis of Graphene Oxide Aerogel Microspheres (GOAMSs)

GOAMs were prepared following a modified version of the procedure by Liao etal. [23]. A 6 mg/mL
GO aqueous suspension was prepared, stirred overnight and then transferred into a syringe with
a curved needle. The electrospray parameters were as it follows: the flow was set to 0.1 mL/min;
the electrospray voltage: 10 kV; the distance between the tip of the syringe and the surface of the
collection beaker: 10 cm. The beaker (electrically grounded) containing n-hexane was cooled to —78 °C
by an acetone-dry ice bath.

When the nebulized cone encounters the cold receiving solution, the spherical water microdroplets
quickly freeze converting into GO ice microspheres, which were recovered through a metallic sieve
and transferred into a cooled vial to avoid the thaw of the sample. Finally, the GOAMs were obtained
by removing the water by freeze-drying. It is worth noting that the n-hexane level in the collection
beaker significantly decreases for long electrospray-synthesis time (>1 h). Since the distance between
the syringe tip and the solution meniscus affects the dimensions of the microstructure, the variation in
time of this distance can influence the average size of the microspheres [23].

2.2. Preparation of Exfoliated MX, TMDCs (M = Mo, W; X =S, Se)

Exfoliated MX, TMDCs nanosheets were obtained from the following bulk materials: MoS,,
MoSe;, WS, and WSe;. The exfoliation procedure was carried out by Li-intercalation according to a
standard protocol [34-38]. In a dry-box, 2 mmol of TMDC (average size of 60-90 um) and 5 mmol of
LiBH4 were ground together in a mortar and transferred into a tube. The tube was then connected to
a Schlenk line and after three vacuum-Nj cycles, it was left under Ny atmosphere and heated into a
sand bath at 330 °C for 4 days. The resulting solid LixMX; was poured into 300 mL of Milli-Q water,
previously saturated by N, bubbling, and the so obtained black suspension was sonicated for 30 min.
To remove the generated LiOH, three centrifugal washing cycles were performed (10,000 rpm, RCF
19236-g, 15 min); at the end of each cycle, the supernatant was replaced with 50 mL of degassed Milli-Q
water. Finally, the clean TMDC solid was dispersed 100 mL of Milli-Q water and freeze-dried to get a
solid powder.
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2.3. Synthesis of MX,/GOAM and MX,/prGOAM

The TMDC/GOAM samples were obtained by the addition of a defined amount of exfoliated TMDC
to the starting GO aqueous solution and following the same procedure described above. The TMDC
concentration was optimized in the case of MoSe;, by HER characterizing the final materials: the best
electrochemical activity was obtained by using 5 mg/mL (0.02 M). For the successive preparation of the
MoS,/GOAM, WS,/GOAM and WSe,/GOAM, the mass concentration was kept constant.

The TMDC/prGOAM samples were obtained from the corresponding TMDC/GOAM systems,
after heat treatment in a tubular oven at 450 °C (ramp 5 °C min~!) for 2 h in an Ar:H, = 90:10 (100 sccm
in total) atmosphere. Two control experiments were performed in the same conditions at 150 and
900 °C.

The TMDC:C ratio in the nebulized drops during the electrospray step is assumed the same as
that of the starting suspension. Therefore, the TMDC:C ratio in TMDC/GOAM and TMDC/prGOAM
systems should not deviate significantly from the nominal one of the initial suspensions.

2.4. Preparation of Benchmark Samples

The electrocatalytic performances of the MoSe,/prGOAM systems have been compared with some
benchmarks based on MoSep/carbon systems: GO and commercial Vulcan XC-72 (Cabot Corporation,
Boston, MA, USA). The MoSe;/carbon were obtained according to the following procedure: 6 mg
of reference carbon material and 5 mg of MoSe; were ground together in a mortar and the obtained
mixture was heated at 450 °C in a tubular furnace with a Ar:H, =90:10 (100 sccm in total) flow for 2 h.

A similar argument to what has been said for the preparation of TMDC/GOAM and TMD/prGOAM
is also valid for the benchmark sample TMDC: C ratio.

2.5. Physico-Chemical Characterization

Scanning electron microscopy (SEM) micrographs were acquired using a field emission source
equipped with a GEMINI column (Zeiss Supra VP35) with an acceleration voltage of 5 kV using
secondary electron detection. Energy Dispersive X-ray Analysis (EDX) chemical mapping was recorded
on the same instrument using an Oxford Instruments detector. Raman spectra were obtained with a
ThermoFisher DXR Raman microscope. The spectra were recorded using a laser with an excitation
wavelength of 532 nm (0.1 mW), focused on the sample with a 50x objective (Olympus).

X-ray photoemission spectroscopy (XPS) data were acquired by a custom-designed UHV system
equipped with an EA 125 Omicron electron analyser with five channeltrons, working at a base pressure
of 1071% mbar. Core level photoemission spectra were taken in normal emission using the Mg K
emission line (hv = 1253.6 eV) of a nonmonochromated dual-anode DAR400 X-ray source. High
resolution spectra were acquired using 0.5 s dwell time, 0.1 eV energy steps, and 20 eV pass energy.
The multipeak analysis of the C 1s, Mo 3d, W 4f, Se 3d and S 2p photoemission lines was performed by
means of Voigt functions and subtracting a Shirley background using the Ko/XPD software [38].

2.6. Electrochemical Characterization

The electrocatalytic studies were performed in a Teflon electrochemical cell (see in the Supplemental
Information file, Figure S1b), using a Ag/AgCl (3M KCl) electrode (calibrated as +0.218 V vs. the
reversible hydrogen electrode, RHE) and a glassy carbon (GC) rod as reference (RE) and counter
electrode (CE), respectively. The working electrode (WE) was prepared by depositing 25 uL of the
catalyst ink on a GC electrode (area delimited to 4.5 mm diameter), corresponding to an active material
loading of 142 pg cm~2. The catalyst ink was formulated by dispersing 10 mg of sample and 20 pL
of Nafion in 1 mL of ethanol, then drop casted on the WE, and finally dried in vacuum. To deposit
undamaged GOAMs, it was necessary to widen the hole of the micropipette tip. Due to the typical
GOAMs’ size (~100 um) it was rather difficult to create a mechanically stable and homogeneous layer
of uniform thickness on the WE: to achieve the goal the just drop-casted layer was added with 50 uL
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of ethanol. The HER measurements were carried out in Ny-saturated 0.5 M H,SO, solution at room
temperature. Polarization curves were recorded from +0.05 V to —0.30 V vs. RHE using a scan rate of
0.005 V s~1. Polarization curves with the same parameters were recorded in the presence of white LED
(light intensity equal to 97 mW cm~2, emission spectrum is shown in Figure S1a) for PEC measurements.
Cyclic voltammetry (CV) curves under light exposure were recorded from +0.05 V to —0.15 V vs.
RHE using a scan rate of 0.005 V s™! to investigate the photodegradation process of MoSe,/prGOAM.
The distance between the LED and the WE in electrolyte was about 2 cm. Due to the equilibrium
potential for HER, the overpotential values (1) reported below are equal to the electrochemical potential
in absolute value.

The potential scan was carried employing a potentiostat Autolab PGSTAT204 (Metrohm).
The potentiostat unit was paired to the optical desk to control the LED during PEC measurements.
Currents presented in the text are normalized by the geometrical area and iR-corrected by using
the resistance determined by electrochemical impedance spectroscopy (EIS) measurements. EIS was
performed atmn = 0.28 V (100 kHz to 0.1 Hz) and fitted using a R (RQ) as equivalent circuit.

3. Results and Discussion

3.1. Chemical and Structural Characterization

The first step of this study was to test the feasibility to make hybrid TMDC/GOAM systems that
preserve the dandelion-like morphology. For the realization of these systems, we have chosen to follow
a bottom-up approach. Few-monolayer TMDC and GO were used as building blocks for the target
3D architecture. The search for the optimal TMDC:GO ratio was carried out on the MoSe,/GOAM
system taking into consideration both the maintenance of the 3D dandelion-like architecture and the
HER performance. The preparation of the other TMDC/GOAM systems was subsequently adopted for
the same optimized ratio value obtained on MoSe,/GOAM.

The exfoliated MoSe; nanosheets were obtained as described in the Section 2 and characterized
by SEM, Raman and XPS, comparing the data with bulk material ones. Chemical exfoliation produces
few layer thick nanosheets that according to the SEM images (Figure 2a), have an average lateral size
in the micrometer range.

——1T-Mo" Mao"Se,0 — 1TSe”
(@) (b) i iher Mo'O, oHSo*
—3Se 3s A
/ Exfoliated MoSe , f:"\

Bulk MoSe,
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Figure 2. (a) Typical SEM image of the exfoliated MoSe; supported on a Au substrate; (b) XPS
characterization of exfoliated and bulk MoSe;. On the left the Mo 3d region, on the right the Se
3d region.

The exfoliated TMDCs samples are typically composed of a mixture of 1T and 2H polymorphes,
which can be identified by Raman spectroscopy: in Figure S2 we report the Raman spectra of the bulk
MoSe; and of the exfoliated sheets. The Raman spectrum of bulk MoSe; shows three signals at 167,
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241 and 285 cm™!, which can be associated, respectively, with the Eig, Aig and Epg normal modes of
the 2H-MoSe;,. After exfoliation, the normal modes Ejg and Ajg of the 2H phase (171 and 238 cm™,
and the modes Jy, ]2, J3 and Ajg of the 1T phase (108, 154, 228 and 287 cm ™) become visible [39]. The
Raman spectrum of the exfoliated sample reported in Figure S2b is compatible with the literature data
of few-layers MoSe; [40] and show the typical feature of both polymorphs.

An alternative and more quantitative evaluation of the exfoliated material was obtained using XPS
(Figure 2b), which allows calculating the 2H:1T ratio and the amount of oxide formed as a consequence
of air exposure (see Tables S1 and S2 for details). The Mo 3d region of the MoSe, bulk material can be
deconvoluted in two doublets and a single peak at a binding energy (BE) of about 229 eV corresponding
to the Se 3s signal. The main doublet, with the Mo 3ds, and 3d3/, peaks centered at 228.5 eV and
231.6 eV, is attributed to Mo (IV) species of 2H-MoSe,; the high BE doublet (232.0-234.2 eV) is relative to
molybdenum (VI) oxide deriving from surface oxidation [41,42]. As mentioned above, the intercalation
of Li ions induces the 2H—1T conversion, which causes the appearance of 1T-MoSe; signals in the
spectra of the exfoliated sample. In the Mo 3d photoemission line, a doublet with peaks centered at
228 eV and 231.2 eV corresponding to the Mo (IV) 3ds, and 3d3, and a peak at 228.6 eV relative to the
Se 3s have to be included in the fitting procedure [43]. The analysis of the Se 3d core level is analogous
to that of Mo 3d; for the bulk MoSe; material only one doublet with peaks centered at 53.8 eV and
54.7 eV is identified, which is associated with Se?~ ions of 2H-MoSe,, while for the exfoliated sample,
a second doublet at lower BE (53.5 and 54.4 eV) corresponding to the 1T-MoSe; [43] phase is observed.
In Table S1 we report the 2H:1T ratio determined by XPS. It is possible to quantify the degree of the
2H—1T transformation (final 88% of 1T), with only a limited oxidation of the material.

Different samples of MoSe,/GOAM were prepared, changing the concentration of exfoliated
MoSe; in the initial suspension while keeping the GO concentration constant (6 mg/mL). The samples
were later characterized by SEM (Figure S3) and by EDX chemical mapping (Figure S4). The 3, 5,
7 and 9 mg/mL MoSe; concentrations were tested to find the TMDC:GO ratio range that preserves
the dandelion-like morphology. The morphological GOAM features are conserved until to 7 mg/mL
MoSe; concentration.

Outside this range, a Taylor cone instability, and the absence of microstructure in the final material
were observed. In detail, using the 9 mg/mL MoSe, concentrations, aggregates of irregular shapes and
different sizes were observed (Figure S3d).

As for the actual mechanism of the formation of the hybrid materials, we can propose that during
the freeze-casting step, the expanding ice crystals create contact zones between the GO sheets and
the exfoliated TMDC, promoting their interaction through van der Waals forces. If enough carboxyl
groups (from GO) make substantial crosslinking between the GO sheets, during the subsequent
lyophilisation, when the ice compression relaxes, the established crosslinking points allow preserving
the central diverging microchannel structure. Therefore, when a high TMDC concentration is reached,
the formation of sufficient crosslinking points might be inhibited.

However, the as-prepared MoSe,/GOAM systems are not suitable for electrochemical
investigations since they are mechanically unstable, and the microstructure is completely lost when the
samples are dispersed in polar solvents (water, ethanol, DMF). These solvents compete with the weak
interactions (H-bonds) of the crosslinking points in the GOAM structure, inducing the separation of
the GO sheets. Thence, the obtained TMDC/GOAM samples were annealed to stabilize the GOAM
structure, causing a covalent crosslinking between graphene sheets [44,45], while partially reducing
the GO to prGO. We explored the best annealing temperature in the case of MoSe,/rGOAM samples
by using a tubular oven in an Ar:H, = 90:10 flow (100 sccm in total) for 2 h at different temperatures
(150, 450, 900 °C). The new MoSe,/prGOAM materials allowed preparing a stable catalyst ink to test
their HER activities (vide infra). In addition, the heat treatment induces a partial reduction of GO
to prGO, so partially healing the graphene structure and restoring the electrical conductivity [27,46].
The XPS and Raman spectra were used to characterize the annealing process at 450 °C: the increase of
Csp*/COx peaks area ratio in XPS spectra (Figure S5 and Table S3), and the decrease in the D/G and
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D’/G peaks intensity ratio in the Raman graphene signals (see Figure S6 and Table S4) confirms the
partial establishment of the sp? network following the 450 °C annealing [47]. Additionally, the analysis
of the second-order Raman data of graphene suggests the presence of 2-3 layers of graphene-related
material; this value is invariant to the annealing process [48]. Interestingly, the SEM micrographs in
Figures 3 and S7 show that the annealing preserves the dandelion-like morphology. The EDX chemical
maps in Figure 4 show the dispersion of the exfoliated MoSe; sheets in the rtGOAMs: actually, it is
possible to identify features of about 1 um, compatible with exfoliated MoSe;, which decorate the GO
sheets, most probably through plane-to-plane interactions. Figure S8 shows an optical microscope
image of a section of a single MoSe,/prGOAM included in the epoxy resin; this image further proves
that the presence of TMDC does not alter the formation of centrally diverging microchannels.

Figure 3. SEM images of MoSe,/prGOAM samples reduced to 450 °C in the atmosphere Ar:H, = 90:10
(100 sccm in total). MoSe,/prGOAM samples obtained using a 3 (a), 5 (b), and 7 mg/mL (c) concentration
of MoSe;. Scale bars are 50 um.

Figure 4. SEM images and EDX chemical map of the 5 mg/mL MoSe,/prGOAM. EDX showing the
element’s maps of C (green) and Mo (blue) and Se (red) signals. Scale bars are 20 um.
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Finally, the thermal treatment induces the 1T- to 2H-MoSe, transition [49] (see Raman in Figure S2),
thus replacing the metallic phase, which typically shows better electrocatalytic performances, with the
semiconducting polymorph, which on the other hand can exhibit photoactivity (vide infra) [43].

3.2. Electrocatalytic HER Characterization

The MoSe,/prGOAM systems can be dispersed in ethanol without losing their dandelion-like
morphology, and even after the electrocatalytic test, no substantial differences could be observed (see
Figure 59).

Figure 5a shows the polarization curves of the MoSe,/prGOAM systems obtained using different
concentrations of MoSe,, after annealing at 450 °C; being the MoSe, nanosheet mostly present as
2H polymorph, we monitored PEC behavior as well, using a white LED to illuminate the working
electrode (see Experimental Section). As for performance descriptors, we report the Tafel slopes and
the overpotentials at 10 mA cm™2 (1130). The activity parameters obtained from the polarization curves
are shown in Table 1. The sample obtained using a MoSe, concentration of 5 mg/mL shows the best
performances. Under illumination, all samples show an improvement of 1119 of about 11% and a gain in
terms of current density (+j1) ranging from +3 to +7 mA/cm?; the +j;o value was obtained considering
the j increase under light vs. dark at the value of 11 recorded in the dark condition. This result could
find an explanation in the reminder of what has been said for the mechanical stability of MoSe;/GOAMs.
The concentration of MoSe; included in the carbon structure influences the number of crosslinking
points in the graphene network. A lower interconnection between the graphene sheets limits the
possible electrons percolation paths in the hybrid system. Therefore, an excessive concentration limits
the movement of electrons while a low concentration disadvantages the number of available catalytic
sites. Based on the significant improvement under light, we retained that also a stability test was
useful to understand if any photodegradation process of the catalyst is occurring. In detail, further
polarization curves were acquired after 1000 CVs under light exposure (Figure S10 and Table S4).
An nyg shift of 5 and 9 mV respectively for the light and dark condition and a decrease of +j;g value of
1.3 mA/cm? are registered. The material used as WE was also characterized by Raman after the EC
test (Figure S11 and Table S5); no significant variation was observed concerning the already discussed
MoSe,/prGOAM spectra (Figures 52 and S6). These results confirm a substantial stability under light
exposure, proving that no significant photodegradation process occurs for MoSep/prGOAM.

Table 1. HER activity parameters of MoSe,/prGOAM from data reported in Figure 5a.

MoSe, N10 N10 +j10 Tafel Slope Tafel Slope LED
Conc. (mV) LED (mV) (mA/cm?) (mV/dec) (mV/dec)

3 mg/mL 276 (5) 247 (5) 36 182 (1) 177(1)

5 mg/mL 220 (5) 194 (5) 6.6 95 (2) 91 (1)

7 mg/mL 241 (5) 215 (5) 44 163 (1) 157 (1)

After finding the optimal MoSe; concentration, we also explored the role of the different annealing
temperatures (150, 450, 900 °C) (Figure 5c): the results displayed definitely give the best performances
after a 450 °C annealing (remind that the SEM images do not show any change in the morphology at
different T, Figure 3 and Figure S9). According to the literature, the electronic conductivity of the reduced
GO depends significantly on the annealing temperature, passing from 400 S cm™! after annealing at
900 °C to values lower than 50 S cm™! at temperatures below 450 °C [27,46]. On the other hand, 200 °C
sets the threshold for the 1T—2H transition in exfoliated MoSe; [49]. Therefore, 450 °C might represent
a compromise between the transformation from GO to prGO and polymorphic transformation of
MoSe;. On the other hand, higher temperatures may also induce defects healing, which can be
counterproductive in electrocatalysis [46,49-51]. The tested temperatures allow investigating the limit
cases illustrated above: at 150 °C, 1T-MoSe; should be preserved, but the electronic conductivity of the
GO should be relatively low, while at 900 °C, the opposite situation should occur.
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Figure 5. Polarization curves (a) and Tafel plots (b) for hydrogen evolution reaction (HER) of
MoSe,/prGOAM samples annealed at 450 °C obtained by using different concentrations of MoSe;. Solid
lines represent experiments in dark conditions, dashed lines the PEC-HER measurements performed
under illumination. Polarization curves (c) and Tafel plot (d) for HER of MoSe;/prGOAM samples
obtained with 5 mg/mL MoSe; and different annealing temperatures.

In addition to g values, also the Tafel slopes for temperatures different from 450 °C (see Figure 5d)
give an important feedback: they are not attributable to the typical mechanisms for HER (see the
electrochemical data in Table 2). The sample reduced at 150 °C shows the worst performances, with a
maximum current density (at —0.4 V vs. RHE) lower than the 10 mA/cm? and with a Tafel slope
greater than 300 mV/dec. This behavior is mainly attributable to the low electronic conductivity
of GO sheets treated at low temperatures [27]. On the other hand, the sample reduced at 900 °C
shows 1y values of about 330 mV and a Tafel slope of about 160 mV/dec. The poor performance is
probably due to the strong prGO hydrophobicity, which limits the permeation of the electrolyte into
microchannels. On the other hand, at 450 °C, the electronic conductivity and hydrophobicity of the
prGO are sufficiently balanced, and the corresponding MoSe,/prGOAM sample shows a 11¢ value of
220 mV and a Tafel slope of 95 mV/dec. This value suggests a Volmer-Heyrovsky mechanism for the
HER with the adsorption process as rate determining step.

Table 2. HER activity parameters of MoSe,/prGOAM from data reported in Figure 5c.

] . 10 Tafel Slope

Annealing T (°C) (mV) (mV/dec)
150 - 325(1)
450 220 (5) 95(2)
900 332 (5) 162(1)

To understand if the dandelion-like morphology brings some advantage to the electrocatalytic
performance, we compared the MoSe,/prGOAM with some benchmark materials. MoSe,/C systems
where Cis either GO and commercial Vulcan XC-72 have been prepared, as described in the Experimental
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Section, using either exfoliated MoSe; (e-MoSe;) or bulk MoSe; (b-MoSe;) as the active material
and using the same annealing conditions as in the optimized MoSey/prGOAM sample. The tested
benchmark samples are e-MoSe,/prGO, e-MoSe,/Vulcan and b-MoSe,/Vulcan. The polarization curves
of the different samples are shown in Figure 6, and the related electrochemical data are summarized in
Table 3.

a) o — — b)
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20 —e-MoSe/Vulcan |
— b—MoSezNuIcan 0.14 4
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Figure 6. (a) Polarization curves for MoSe,/prGOAM and the benchmark systems (see text). The dashed
curves were obtained by illuminating the working electrode with white light (see Experimental Section);
(b) related Tafel plots.

Table 3. HER and PEC-HER activity parameters from data reported in Figure 6.

10 Tafel Slope 10 Tafel Slope +j10 jo jo LED

(mV) (mV/dec) LED (mV) LED (mV/dec) (mA/cm?) (uA/cm?) (uA/cm?)
e-MoSe,/prGO 393 (5) 146 (2) 382 (5) 146 (2) 0.8 46 (3) 53 (3)
b-MoSe,/Vulcan 314 (5) 92 (1) 299 (5) 92 (1) 1.5 10 (1) 11 (1)
e-MoSe,/Vulcan 266 (5) 93 (1) 254 (5) 92 (1) 1.5 27 (4) 37 (3)
MoSe,/prGOAM 220 (5) 95 (1) 194 (5) 91 (1) 6.6 47 (2) 73 (4)

The e-MoSe,/prGO and MoSe,/prGOAM systems differ by their preparation procedures: in the
former, the hybrid system is realized by grinding and therefore, the relative final structure is a simple
arrangement of 2D units without a particular order; in the latter, instead, the sheets of MoSe; and
those of GO are arranged inside a 3D spherical microstructure (Figure 4), forming channels where
the electrolyte can permeate. Figure 6a and Table 3 show that the 3D structure leads to a significant
increase in the electrocatalytic performance.

Figure 6 compares the results of MoSe,/prGOAM with those obtained for both e-MoSe,/Vulcan and
b-MoSe,/Vulcan systems. Vulcan has two types of porosity, the mesopores (2-50 nm) for the dispersion
of the catalysts and the macropores (>50 nm) for the diffusion of reagents and products, designed to
optimize electrocatalytic performance in systems such as fuel cells [52]. The MoSe,/prGOAM system
shows better performance with a gain of about 50 mV in 17y compared to the MoSe,/Vulcan system.
In terms of the Tafel slope (Figure 6b), the three systems show similar values (about 90 mV/dec),
confirming a Volmer-Heyrovsky mechanism. More differences are observed in terms of exchange
current density (jo): the MoSe,/prGOAM system shows a value of j, approximately double than that of
the e-MoSe,/Vulcan and about 5-times compared to that of the b-MoSe,/Vulcan.

Considering the PEC behavior (see dashed curves in Figure 6), more significant improvements
in performance can be noted for the MoSe,/prGOAM system; in particular, an improvement of 119
of about 25 mV and a gain in terms of current density (+j19) of 6.6 mA/cm? are observed, which are
superior to all the other systems with the same photoactive component (i.e., MoSe;) but different
structure and morphology of the carbon support. The best performance in PEC can be read as an
indirect proof of a greater light-harvesting by MoSe; inside the GOAM architecture.
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After optimization of the MoSe,/prGOAM preparation procedures, we extended our investigation
to a series of MX,/prGOAM systems where M = Mo, W; X =5, Se. In the SI, we report a section where
an extended characterization of the exfoliated TMDCs is reported (Figures S12-517 and Tables S6-511).

The same TMDC mass loading (5 mg/mL) was explored to test the different TMDC/prGOAM
systems, without any optimization for the different MXj,. For this reason, the reported data must be
considered as explorative. From SEM images and relative EDX data, no relevant changes are observed
in the whole MX,/prGOAM series (Figure S18).

The polarization curves of the TMDC/prGOAM samples are shown in Figure 7, and the relative
electrochemical data are reported in Table 4. The reported trend is in agreement with the literature
(MoSe; > WS, > MoS; > WSe,) [53]. Most probably the reported trend is due to different HER active
sites in the different TMDCs. The primary active sites for MoSe, and WS; are both the metal and the
chalcogen edges. On the other hand, the active sites for MoS, and WSe;, are only Mo and Se edges,
respectively [53,54]. However, it must be noted that, with proper optimization, the performances of the
other TMDC/prGOAM hybrids could be enhanced, but this goes beyond the purposes of this work.
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Figure 7. (a) Polarization curves for HER and PEC-HER activities of TMDC/prGOAM systems.
The dashed curves were obtained by illuminating the working electrode with white light. (b) Tafel
plots for electrochemical tests of different TMDCs/prGOAM hybrids.

Table 4. Electrochemical data from LSV shown in Figure 7.

110 Tafel Slope 10 Tafel Slope +j10 jo jo LED

(mV) (mV/dec) LED (mV) LED (mV/Dec) (mA/cm?) (uA/cm?) (uA/cm?)
MoS,/prGOAM 246 (5) 95 (1) 230 (5) 91 (2) 31 32 (2) 61 (2)
MoSe,/prGOAM 220 (5) 95 (1) 194 (5) 91 (1) 6.6 47 (2) 73 (4)
WS,/prGOAM 237 (5) 94 (2) 208 (5) 92 (1) 6.8 85 (9) 139 (3)
WSe,/prGOAM 253 (5) 92 (1) 231 (5) 92 (1) 3.7 81 (6) 174 (4)

In kinetics terms, however, WX,/prGOAM shows the best performances, with an approximately
double value of jy compared to MoX,/prGOAM. Furthermore, considering the PEC behavior,
the WS,/prGOAM is the system with the most remarkable light enhancement, with a reduction
of 1y value of about 30 mV, a current density gain (+j;9) of about 7 mA/cm?, and an exchange current
increase of about 65 wA/cm?. The WSe,/prGOAM system shows a worse performance concerning WS,
with a 11p value of about 250 mV and a Tafel slope higher than 130 mV/dec. The high Tafel slope is
probably to be attributed to the high oxidation degree of exfoliated WSe; (about 50%, see XPS data in
Table S510).

4. Conclusions

In this work, we demonstrated that a bottom-up approach based on the use of electrospray and
freeze casting techniques starting from GO and exfoliated TMDCs is capable to provide hybrid 3D
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TMDC/GOAM architectures without significantly altering the dandelion-like microchannel arrangement
with central divergence typical of the GOAM. We have used MoSe; as benchmark material to optimize
many process parameters. Then we have applied the protocol to a wide gamut of other TMDCs
materials (i.e., MoS,, MoSep, WS, and WSe;). Moreover, such TMDC/GOAM structure can be easily
transformed after a thermal annealing at an intermediate temperature (450 °C) into a mechanically
ore stable one, i.e., TMDC/prGOAM still retaining the same architecture. After annealing, covalent
crosslinking is established while the electronic conductivity of the sample is increased because of
the partial reduction of the GO sheets. Together with the finally tuned wettability of the sample,
the annealing procedure makes the TMDC/prGOAM hybrid systems suitable for electrocatalytic
experiments: stable electrodes can be prepared and tested. As a consequence of the actual HER
screening, we found that the MoSe,/prGOAM sample provides the best HER performances.

To explore the role of the dandelion-like architecture, we have also compared the HER results of
MoSe,/prGOAM with those of related benchmark samples, i.e., hybrid MoSe,/carbon systems where
the dandelion-like architecture is not present. Our tests pinpoint better HER performances for the
sample with the 3D architecture with respect to the chosen benchmarks. For the sake of honesty, it
should be noted that TMDCs/G-based systems with better HER performances with respect to our
TMDCs/prGOAM samples are reported in the literature [55,56]. However, a full optimization of our
3D catalysts was not carried out, since the main goal of this study was the check of the feasibility of
preparing HER working electrodes using complex 3D hybrid architectures. Future work is certainly
needed for a full optimization of the electrodes by a fine tuning of the graphene/TMDC interactions
inside the dandelion-like microspheres.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2376/s1,
Figure S1. (a) Emission spectra of white LED and (b) Teflon electrochemical cell with quartz windows for PEC.
Figure S2. Raman spectra of bulk MoSe; (a), exfoliated MoSe; (b), MoSe;/GOAM hybrid (c) and MoSe,/prGOAM
hybrid samples (d). Figure S3. (a—c) SEM images of MoSe;/GOAM samples, obtained using respectively the 3, 5, 7
and 9 mg/mL solution of MoSe,. Scale bars are 50 um. Figure S4. SEM images and EDX chemical map of the
5 mg/mL MoSe;/GOAM sample, showing the overlap of C (red) and Mo (green) signals. Scale bars are 50 pm.
Figure S5. XPS spectra of the C 1 s region of GO (left) and of the MoSe,/prGOAM sample reduced to 450 °C (right).
Figure S6. Deconvolution of the Raman spectrum of graphene oxide of MoSe,/GOAM and MoSe,/prGOAM
reduced to 450 °C (right). Figure S7. SEM images of MoSe,/prGOAM samples obtained by reduction at 150 °C
(left) and 900 °C (right). Scale bars are 100 pum. Figure S8. Optical microscope image (63%) of MoSe,/prGOAM
samples obtained by reduction at 450 °C with different scale bars. Figure S9 Comparison of the SEM images of
the MoSe,/prGOAM sample before and after the electrochemical tests. The reference sample is that obtained
by heat treatment at 450 °C using a 5 mg/mL solution of MoSe,. Scale bar are 50 um. Figure S10. Polarization
curves (a) and Tafel plots (b) for HER of as-prepared MoSe,/prGOAM samples annealed at 450 °C (black) and
after 1000 CVs under light exposure (red). Solid lines represent experiments in dark conditions, dashed lines
the PEC-HER measurements performed under illumination. Figure S11. Raman spectra of graphene oxide and
MoSe; of MoSey/GOAM and MoSe,/prGOAM reduced to 450 °C (right) after 1000 CVs under light exposure.
Figure S12. Raman spectra of bulk (a) exfoliated (b) and prGOAM hybrid (c) MoS, samples. Figure S13. XPS
spectra of Mo 3d (left) and S 2p (right) regions for exfoliated and bulk MoS, samples. Figure S14. Raman spectra
of bulk (a) exfoliated (b) and prGOAM hybrid (c) WS, samples. Figure S15. XPS spectra of W 4f (left) and S 2p
(right) regions for exfoliated and bulk WS, samples. Figure S16. Raman spectra of bulk (a) exfoliated (b) and
prGOAM hybrid (c) WSe; samples. Figure S17. XPS spectra of W 4f (left) and Se 3d (right) regions for exfoliated
and bulk WSe, samples. Figure S18. SEM images and related EDX maps of the samples (a,b) MoS,/prGOAM,
(c,d) WS,/prGOAM and (e,f) WSe,/prGOAM. In EDX maps the green signal correspond to C, while red to Mo or
W. Scale bars are 50 um for SEM images and 20 pm for EDX maps. Table S1. Binding Energy (BE) values and
composition of Mo 3d core level of the XPS data shown in Figure 2b of the main text. The reported BE values error
is 0.1 eV. Percentage value of nonoxidized Mo and 2H: 1T ratio of MoSe; are reported as well. Table S2. Se 3d
BE values and surface composition of the XPS data shown in Figure 2b of the main text shown in Figure 2b. Se
3s BE values are reported as well. The BE values error is +0.1 eV. Table S3. BE values and composition of C 1s
photoemission line. The reported values error is 0.1 eV. Table S4. HER activity parameters of MoSe,/prGOAM
from data reported in Figure S10. Table S5. Fitting parameters calculated for MoSe;/GOAM and MoSe,/prGOAM
in the Raman spectra in Figures S6 and S11. Table S6. BE values and composition of Mo 3d core level of MoS,
samples. The reported BE values error is +0.1 eV. Percentage value of nonoxidized Mo and 1T:2H ratio of MoS,
are reported as well. Table S7. BE values and composition of S 2p region of MoS, samples. S 2s BE values are
reported as well. The error on BE values is +0.1 eV. Table S8. BE values and composition of W 4f core level of WS,
samples. The reported BE values error is +0.1 eV. BE of W 5p3, percentage value of nonoxidized W and 1T:2H
ratio of WS, are reported as well. Table S9. BE values and composition of S 2p region of WS, materials. BE values
error is +0.1 eV. Table S10. BE values and composition of W 4f core level of WSe, samples. The reported BE values
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error is 0.1 eV. BE of W 5p3, percentage value of nonoxidized W and 1T:2H ratio of WSe; are reported as well.
Table S11. BE values and composition of Se 3d region of WSe, materials. BE values error is +0.1 eV.

Author Contributions: Conceptualization, M.L., S.A., H.X. and G.G.; investigation, M.L., D.M., ].R ; writing—original
draft preparation, M.L. and D.M.; writing—review and editing, S.A., G.G., CM., Z.W. and H.X,; supervision, S.A.
and G.G.; funding acquisition, G.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Italian Ministry of Foreign Affairs and International Cooperation
(MAECI) and the National Science China Foundation (NSCF, Grant Number: 51861135201) through the Cooperation
Project “GINGSENG” (Grant PGR05249) between Italy and China.

Conflicts of Interest: The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper. The funders had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in
the decision to publish the results.

References

1.  Davis, M.E. Ordered porous materials for emerging applications. Nature 2002, 417, 813-821. [CrossRef]
[PubMed]

2. Zhang, H.; Cooper, AL Synthesis and applications of emulsion-templated porous materials. Soft Matter 2005,
1,107. [CrossRef] [PubMed]

3. White, R].; Luque, R.; Budarin, V.L.; Clark, J.H.; Macquarrie, D.]. Supported metal nanoparticles on porous
materials. Methods and applications. Chem. Soc. Rev. 2009, 38, 481-494. [CrossRef] [PubMed]

4. White, RJ.; Budarin, V.; Luque, R.; Clark, J.H.; Macquarrie, D.]. Tuneable porous carbonaceous materials
from renewable resources. Chem. Soc. Rev. 2009, 38, 3401. [CrossRef] [PubMed]

5. Bae, Y,; Snurr, R.Q. Development and Evaluation of Porous Materials for Carbon Dioxide Separation and
Capture. Angew. Chemie Int. Ed. 2011, 50, 11586-11596. [CrossRef] [PubMed]

6. Novoselov, K.S.; Geim, A.K. The rise of graphene. Nat. Mater 2007, 6, 183-191.

7. Rao, C.N.R,; Sood, A.K.; Subrahmanyam, K.S.; Govindaraj, A. Graphene: The New Two-Dimensional
Nanomaterial. Angew. Chemie Int. Ed. 2009, 48, 7752-7777. [CrossRef]

8.  Pumera, M. Graphene-based nanomaterials and their electrochemistry. Chem. Soc. Rev. 2010, 39, 4146.
[CrossRef]

9. Stoller, M.D.; Park, S.; Zhu, Y.; An, J.; Ruoff, R.S. Graphene-Based Ultracapacitors. Nano Lett. 2008, 8,
3498-3502. [CrossRef]

10. Liu, L.; Niu, Z.; Zhang, L.; Chen, X. Structural Diversity of Bulky Graphene Materials. Small 2014, 10,
2200-2214. [CrossRef]

11.  Worsley, M.A.; Pauzauskie, PJ.; Olson, T.Y.; Biener, J.; Satcher, ].H.; Baumann, T.F. Synthesis of Graphene
Aerogel with High Electrical Conductivity. J. Am. Chem. Soc. 2010, 132, 14067-14069. [CrossRef] [PubMed]

12.  Gorgolis, G.; Galiotis, C. Graphene aerogels: A review. 2D Mater. 2017, 4, aa7883. [CrossRef]

13. Liu, H.; Qiu, H. Recent advances of 3D graphene-based adsorbents for sample preparation of water pollutants:
A review. Chem. Eng. ]. 2020, 393, 124691. [CrossRef]

14. Wu,Y,; Zhuy,].; Huang, L. A review of three-dimensional graphene-based materials: Synthesis and applications
to energy conversion/storage and environment. Carbon N. Y. 2019, 143, 610-640. [CrossRef]

15. Yoon, J.-C,; Lee, ].-S.; Kim, S.-I.; Kim, K.-H.; Jang, J.-H. Three-Dimensional Graphene Nano-Networks with
High Quality and Mass Production Capability via Precursor-Assisted Chemical Vapor Deposition. Sci. Rep.
2013, 3, 1788. [CrossRef]

16. Sha, ].; Gao, C.; Lee, S.K; Li, Y.; Zhao, N.; Tour, ].M. Preparation of three-dimensional graphene foams using
powder metallurgy templates. ACS Nano 2016, 10, 1411-1416. [CrossRef]

17.  Chen, X.; Ma, X.C; He, K;; Jia, ].F,; Xue, Q.K. Molecular beam epitaxial growth of topological insulators.
Adv. Mater. 2011, 23, 1162-1165. [CrossRef]

18. Wang, Y,; Guo, L.; Qi, P; Liu, X.; Wei, G. Synthesis of three-dimensional graphene-based hybrid materials for
water purification: A review. Nanomaterials 2019, 9, 1123. [CrossRef]

19. Shehzad, K.; Xu, Y.; Gao, C.; Duan, X. Three-dimensional macro-structures of two-dimensional nanomaterials.
Chem. Soc. Rev. 2016, 45, 5541-5588. [CrossRef]

20. Choi, B.G.; Yang, M.; Hong, W.H.; Choi, ].W.; Huh, Y.S. 3D Macroporous Graphene Frameworks for
Supercapacitors with High Energy and Power Densities. ACS Nano 2012, 6, 4020-4028. [CrossRef]


http://dx.doi.org/10.1038/nature00785
http://www.ncbi.nlm.nih.gov/pubmed/12075343
http://dx.doi.org/10.1039/b502551f
http://www.ncbi.nlm.nih.gov/pubmed/32646082
http://dx.doi.org/10.1039/B802654H
http://www.ncbi.nlm.nih.gov/pubmed/19169462
http://dx.doi.org/10.1039/b822668g
http://www.ncbi.nlm.nih.gov/pubmed/20449059
http://dx.doi.org/10.1002/anie.201101891
http://www.ncbi.nlm.nih.gov/pubmed/22021216
http://dx.doi.org/10.1002/anie.200901678
http://dx.doi.org/10.1039/c002690p
http://dx.doi.org/10.1021/nl802558y
http://dx.doi.org/10.1002/smll.201400144
http://dx.doi.org/10.1021/ja1072299
http://www.ncbi.nlm.nih.gov/pubmed/20860374
http://dx.doi.org/10.1088/2053-1583/aa7883
http://dx.doi.org/10.1016/j.cej.2020.124691
http://dx.doi.org/10.1016/j.carbon.2018.11.053
http://dx.doi.org/10.1038/srep01788
http://dx.doi.org/10.1021/acsnano.5b06857
http://dx.doi.org/10.1002/adma.201003855
http://dx.doi.org/10.3390/nano9081123
http://dx.doi.org/10.1039/C6CS00218H
http://dx.doi.org/10.1021/nn3003345

Nanomaterials 2020, 10, 2376 14 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jayanthi, S.; Krishnarao Eswar, N.; Singh, S.A.; Chatterjee, K.; Madras, G.; Sood, A.K. Macroporous
three-dimensional graphene oxide foams for dye adsorption and antibacterial applications. RSC Adv. 2016,
6,1231-1242. [CrossRef]

Fu, X; Zhan, Y.; Meng, Y.; Li, Y; Liao, C.; Lu, Z. Graphene oxide/poly (vinyl alcohol) hydrogels with good
tensile properties and reusable adsorption properties. Plast. Rubber Compos. 2017, 46, 53-59. [CrossRef]
Liao, S.; Zhai, T.; Xia, H. Highly adsorptive graphene aerogel microspheres with center-diverging
microchannel structures. J. Mater. Chem. A 2016, 4, 1068-1077. [CrossRef]

Salata, O. V Tools of nanotechnology: Electrospray. Curr. Nanosci. 2005, 1, 25-33. [CrossRef]

Almeria, B.; Gomez, A. Electrospray synthesis of monodisperse polymer particles in a broad (60 nm-2 um)
diameter range: Guiding principles and formulation recipes. ]. Colloid Interface Sci. 2014, 417, 121-130.
[CrossRef]

Freytag, A.; Sanchez-Paradinas, S.; Naskar, S.; Wendt, N.; Colombo, M.; Pugliese, G.; Poppe, J.; Demirci, C.;
Kretschmer, I.; Bahnemann, D.W.; et al. Versatile Aerogel Fabrication by Freezing and Subsequent
Freeze-Drying of Colloidal Nanoparticle Solutions. Angew. Chemie Int. Ed. 2016, 55, 1200-1203. [CrossRef]
Mattevi, C.; Eda, G.; Agnoli, S.; Miller, S.; Mkhoyan, K.A.; Celik, O.; Mastrogiovanni, D.; Granozzi, G.;
Garfunkel, E.; Chhowalla, M. Evolution of Electrical, Chemical, and Structural Properties of Transparent and
Conducting Chemically Derived Graphene Thin Films. Adv. Funct. Mater. 2009, 19, 2577-2583. [CrossRef]
Deng, W.; Klemic, ].F,; Li, X.; Reed, M.A.; Gomez, A. Increase of electrospray throughput using multiplexed
microfabricated sources for the scalable generation of monodisperse droplets. J. Aerosol Sci. 2006, 37, 696-714.
[CrossRef]

Bocanegra, R.; Galan, D.; Marquez, M.; Loscertales, 1.G.; Barrero, A. Multiple electrosprays emitted from an
array of holes. J. Aerosol Sci. 2005, 36, 1387-1399. [CrossRef]

Huang, H.; Yan, M.; Yang, C.; He, H,; Jiang, Q.; Yang, L.; Lu, Z.; Sun, Z.; Xu, X.; Bando, Y.; et al. Graphene
Nanoarchitectonics: Recent Advances in Graphene-Based Electrocatalysts for Hydrogen Evolution Reaction.
Adv. Mater. 2019, 31, 1-34. [CrossRef]

Wang, R.; Han, ].; Zhang, X.; Song, B. Synergistic modulation in MX; (where M = Mo or W or V, and X =S or
Se) for an enhanced hydrogen evolution reaction. J. Mater. Chem. A 2018, 6, 21847-21858. [CrossRef]

Peng, B.; Ang, PK.; Loh, K.P. Two-dimensional dichalcogenides for light-harvesting applications. Nano Today
2015, 10, 128-137. [CrossRef]

Chen, Y,; Yang, K,; Jiang, B.; Li, J.; Zeng, M.; Fu, L. Emerging two-dimensional nanomaterials for
electrochemical hydrogen evolution. J. Mater. Chem. A 2017, 5, 8187-8208. [CrossRef]

Lukowski, M.A.; Daniel, A.S.; Meng, E,; Forticaux, A.; Li, L.; Jin, S. Enhanced Hydrogen Evolution Catalysis
from Chemically Exfoliated Metallic MoS, Nanosheets. . Am. Chem. Soc. 2013, 135, 10274-10277. [CrossRef]
[PubMed]

Tuci, G.; Mosconi, D.; Rossin, A.; Luconi, L.; Agnoli, S.; Righetto, M.; Pham-Huu, C.; Ba, H.; Cicchi, S.;
Granozzi, G.; et al. Surface Engineering of Chemically Exfoliated MoS; in a “Click”: How To Generate
Versatile Multifunctional Transition Metal Dichalcogenides-Based Platforms. Chem. Mater. 2018, 30,
8257-8269. [CrossRef]

Mosconi, D.; Giovannini, G.; Jacassi, A.; Ponzellini, P.; Maccaferri, N.; Vavassori, P.; Serri, M.; Dipalo, M.;
Darvill, D.; De Angelis, E; et al. Site-Selective Integration of MoS, Flakes on Nanopores by Means of
Electrophoretic Deposition. ACS Omega 2019, 4, 9294-9300. [CrossRef] [PubMed]

Garoli, D.; Mosconi, D.; Miele, E.; Maccaferri, N.; Ardini, M.; Giovannini, G.; Dipalo, M.; Agnoli, S.; De
Angelis, F. Hybrid plasmonic nanostructures based on controlled integration of MoS, flakes on metallic
nanoholes. Nanoscale 2018, 10, 17105-17111. [CrossRef]

Libra, J. KoIXPD: Software for Spectroscopy Data Measurement and Processing, Kolibrik.net, s.r.o., Zd'ar
nad Sdzavou, Czech Republic, (n.d.). Available online: http://www.kolibrik.net/science/kolxpd/ (accessed on
27 November 2020).

Gupta, U; Naidu, B.S.; Maitra, U.; Singh, A.; Shirodkar, S.N.; Waghmare, U.V.; Rao, C.N.R. Characterization
of few-layer 1T-MoSe; and its superior performance in the visible-light induced hydrogen evolution reaction.
APL Mater. 2014, 2, 092802. [CrossRef]

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


http://dx.doi.org/10.1039/C5RA19925E
http://dx.doi.org/10.1080/14658011.2016.1268755
http://dx.doi.org/10.1039/C5TA09540A
http://dx.doi.org/10.2174/1573413052953192
http://dx.doi.org/10.1016/j.jcis.2013.11.037
http://dx.doi.org/10.1002/anie.201508972
http://dx.doi.org/10.1002/adfm.200900166
http://dx.doi.org/10.1016/j.jaerosci.2005.05.011
http://dx.doi.org/10.1016/j.jaerosci.2005.04.003
http://dx.doi.org/10.1002/adma.201903415
http://dx.doi.org/10.1039/C8TA05912H
http://dx.doi.org/10.1016/j.nantod.2015.01.007
http://dx.doi.org/10.1039/C7TA00816C
http://dx.doi.org/10.1021/ja404523s
http://www.ncbi.nlm.nih.gov/pubmed/23790049
http://dx.doi.org/10.1021/acs.chemmater.8b03663
http://dx.doi.org/10.1021/acsomega.9b00965
http://www.ncbi.nlm.nih.gov/pubmed/31460018
http://dx.doi.org/10.1039/C8NR05026K
http://www.kolibrik.net/science/kolxpd/
http://dx.doi.org/10.1063/1.4892976
http://dx.doi.org/10.1364/OE.21.004908

Nanomaterials 2020, 10, 2376 15 of 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Koroteev, V.O.; Bulusheva, L.G.; Asanov, L.P; Shlyakhova, E.V.; Vyalikh, D.V.; Okotrub, A.V. Charge transfer
in the MoS,/carbon nanotube composite. J. Phys. Chem. C 2011, 115, 21199-21204. [CrossRef]

Wang, H.-W.; Skeldon, P.; Thompson, G.E. XPS studies of MoS; formation from ammonium tetrathiomolybdate
solutions. Surf. Coatings Technol. 1997, 91, 200-207. [CrossRef]

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 2 composition. Chem. Commun. 2015, 51, 8450-8453.
[CrossRef] [PubMed]

Zhu, C.; Han, T.Y.-].; Duoss, E.B.; Golobic, A.M.; Kuntz, ].D.; Spadaccini, C.M.; Worsley, M.A. Highly
compressible 3D periodic graphene aerogel microlattices. Nat. Commun. 2015, 6, 6962. [CrossRef] [PubMed]
Worsley, M.A,; Olson, T.Y,; Lee, ].R.I,; Willey, TM.; Nielsen, M.H.; Roberts, S.K.; Pauzauskie, PJ.; Biener, J.;
Satcher, J.H.; Baumann, T.F. High Surface Area, spz—Cross-Linked Three-Dimensional Graphene Monoliths.
J. Phys. Chem. Lett. 2011, 2, 921-925. [CrossRef] [PubMed]

Pei, S.; Cheng, H. The reduction of graphene oxide. Carbon N. Y. 2012, 50, 3210-3228. [CrossRef]

Das, A.; Chakraborty, B.; Sood, A.K. Raman spectroscopy of graphene on different substrates and influence
of defects. Bull Mater. Sci. 2008, 31, 579-584. [CrossRef]

Malard, L.M.; Pimenta, M.A_; Dresselhaus, G.; Dresselhaus, M.S. Raman spectroscopy in graphene. Phys. Rep.
2009, 473, 51-87. [CrossRef]

Yu, Y.; Nam, G.; He, Q.; Wu, X.; Zhang, K.; Yang, Z.; Chen, J.; Ma, Q.; Zhao, M,; Liu, Z.; et al. High
phase-purity 1T’-MoS;- and 1T’-MoSe;-layered crystals. Nat. Chem. 2018, 10, 638-643. [CrossRef]

Guo, Y;; Sun, D.; Ouyang, B.; Raja, A.; Song, J.; Heinz, T.F; Brus, L.E. Probing the Dynamics of the
Metallic-to-Semiconducting Structural Phase Transformation in MoS, Crystals. Nano Lett. 2015, 15,
5081-5088. [CrossRef]

Ma, Y,; Liu, B.; Zhang, A.; Chen, L.; Fathi, M.; Shen, C.; Abbas, A.N.; Ge, M.; Mecklenburg, M.; Zhou, C.
Reversible Semiconducting-to-Metallic Phase Transition in Chemical Vapor Deposition Grown Monolayer
WSe, and Applications for Devices. ACS Nano 2015, 9, 7383-7391. [CrossRef]

Soboleva, T.; Malek, K ; Xie, Z.; Navessin, T.; Holdcroft, S. PEMFC catalyst layers: The role of micropores and
mesopores on water sorption and fuel cell activity. ACS Appl. Mater. Interfaces 2011, 3, 1827-1837. [CrossRef]
[PubMed]

Chia, X.; Eng, A.Y.S.; Ambrosi, A.; Tan, S.M.; Pumera, M. Electrochemistry of Nanostructured Layered
Transition-Metal Dichalcogenides. Chem. Rev. 2015, 115, 11941-11966. [CrossRef] [PubMed]

Tsai, C.; Chan, K.; Abild-Pedersen, F; Nerskov, ] K. Active edge sites in MoSe, and WSe; catalysts for the
hydrogen evolution reaction: A density functional study. Phys. Chem. Chem. Phys. 2014, 16, 13156-13164.
[CrossRef] [PubMed]

Zheng, D.; Cheng, P; Yao, Q.; Fang, Y.; Yang, M.; Zhu, L.; Zhang, L. Excess Se-doped MoSe; and
nitrogen-doped reduced graphene oxide composite as electrocatalyst for hydrogen evolution and oxygen
reduction reaction. J. Alloys Compd. 2020, 848, 156588. [CrossRef]

Najafi, L.; Bellani, S.; Oropesa-Nuiiez, R.; Ansaldo, A.; Prato, M.; Del Rio Castillo, A.E.; Bonaccorso, F.
Engineered MoSe,-Based Heterostructures for Efficient Electrochemical Hydrogen Evolution Reaction.
Adv. Energy Mater. 2018, 8, 1-16. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/jp205939e
http://dx.doi.org/10.1016/S0257-8972(96)03186-6
http://dx.doi.org/10.1039/C5CC00803D
http://www.ncbi.nlm.nih.gov/pubmed/25740712
http://dx.doi.org/10.1038/ncomms7962
http://www.ncbi.nlm.nih.gov/pubmed/25902277
http://dx.doi.org/10.1021/jz200223x
http://www.ncbi.nlm.nih.gov/pubmed/26295629
http://dx.doi.org/10.1016/j.carbon.2011.11.010
http://dx.doi.org/10.1007/s12034-008-0090-5
http://dx.doi.org/10.1016/j.physrep.2009.02.003
http://dx.doi.org/10.1038/s41557-018-0035-6
http://dx.doi.org/10.1021/acs.nanolett.5b01196
http://dx.doi.org/10.1021/acsnano.5b02399
http://dx.doi.org/10.1021/am200590w
http://www.ncbi.nlm.nih.gov/pubmed/21574609
http://dx.doi.org/10.1021/acs.chemrev.5b00287
http://www.ncbi.nlm.nih.gov/pubmed/26426313
http://dx.doi.org/10.1039/C4CP01237B
http://www.ncbi.nlm.nih.gov/pubmed/24866567
http://dx.doi.org/10.1016/j.jallcom.2020.156588
http://dx.doi.org/10.1002/aenm.201703212
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Synthesis of Graphene Oxide Aerogel Microspheres (GOAMs) 
	Preparation of Exfoliated MX2 TMDCs (M = Mo, W; X = S, Se) 
	Synthesis of MX2/GOAM and MX2/prGOAM 
	Preparation of Benchmark Samples 
	Physico-Chemical Characterization 
	Electrochemical Characterization 

	Results and Discussion 
	Chemical and Structural Characterization 
	Electrocatalytic HER Characterization 

	Conclusions 
	References

