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ABSTRACT

Multi-component 3D porous structures are highly promising hierarchical materials for numerous
applications. Herein we show that atomic-layer deposition (ALD) of MoS, on graphene foams
with variable pore size is a promising methodology to prepare complex 3D heterostructures to
be used as electrocatalysts for the hydrogen evolution reaction (HER). The effect of MoS,
crystallinity is studied and a trade-off between the high density of defects naturally presented in
amorphous MoS, coatings and the highly crystalline phase obtained after annealing at 800 °C is
established. Specifically, an optimal annealing at 500 °C is shown to yield improved catalytic
performance with an overpotential of 180 mV, a low Tafel slope of 47 mV/dec, and a high
exchange current of 17 uA/cm?2. The ALD deposition is highly conformal, and thus advantageous
when coating 3D porous structures with small pore sizes, as required for real-world applications.
This approach is enabled by conformal thin film deposition on porous structures with controlled
crystallinity by tuning the annealing temperature. The results presented here therefore serve as
an effective and general platform for the design of chemically and structurally tunable, binder-
free, complex, lightweight, and highly efficient 3D porous heterostructures to be used for

catalysis, energy storage, composite materials, sensors, water treatment, and more.

INTRODUCTION

The large ecological footprint of fossil fuels has motivated the scientific community to seek
renewable energy sources as substitutes. Hydrogen is one of the most promising alternative
renewable energy sources to replace fossil fuels. 2 Water splitting in general, and

electrochemical water splitting in particular, is an effective and environmentally friendly method



Nanoscale

to produce hydrogen, and platinum-based materials are the most effective electrocatalyst for
the hydrogen evolution reaction (HER). However, the scarcity and high price of Pt limit its wide
implementation. Therefore, significant effort has been invested in the search for alternative, Pt-
free catalysts that reduce the overpotential and increase energy efficiency compared to the
current state of the art. One class of potential candidates are the transition metal
dichalcogenide (TMD) family of layered materials (MX,; M = Mo, W, Nb, Re, etc. and X=S, Se,
Te). 34 Among these materials, MoS, has drawn particular interest because it offers low cost, a
tunable density of exposed electroactive sites along the layer edges, and electrochemical

stability in an acidic environment.

The extraordinary physical and chemical properties of layered materials®>’ has motivated the
development of highly controllable synthetic methodologies.> ¢ &4 Hence, TMD isolation can be
achieved through chemical exfoliation> ! and their direct growth via chemical vapor deposition
(CvD)*16 and atomic layer deposition (ALD).”2! From the electrocatalytic point of view,
chemical approaches for the dispersion of MoS, have already demonstrated the assembly of
large quantities of these materials on active electrodes. However, the quality and homogeneity
of MoS, within the dispersion and thus on the final working electrode are difficult to control.”> 1!
The efficiency of the working electrode is governed by the catalyst properties and the
conducting support material. Hence, the careful design of the catalyst and its conducting
support is of utmost importance. A very convenient approach to fabricate efficient electrodes
for electrocatalysis is based on the integration of 2D-TMDs with a highly conductive support
material. Large surface areas (3D porous structures) and high electrical conductivity of the active
HER electrocatalysts represent two important factors that are key for enhancing and optimizing
catalytic activity." 22 The coating of 3D structures such as porous materials using wet chemical
approaches can be challenging due to the wetting behavior and diffusion-based limitations
within pores having a wide range of sizes, often characteristic of such materials. CVD, as a non-
line-of-sight gas phase growth methodology, is considered a very promising method to achieve
large-scale and high quality TMD films on porous substrates.> & 1% 15 16 |t can also be used to
coat 3D features, but careful tuning of the chamber pressure and temperature is needed to
avoid thickness inhomogeneities due to different flow regimes within the 3D porous matrix.
ALD, in contrast, enables atomic layer control and conformal deposition using sequential, self-
limiting surface reactions,”® ?* and is a well-established methodology for the deposition of ultra-

thin coatings on both flat and 3D substrates.?* 2* Furthermore, recent developments enable ALD
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processes at atmospheric pressure,? 26 which increases deposition rates and lowers costs. From
the application point of view, 3D porous structures with high surface area are advantageous for
electrocatalysis as they can provide higher current densities at lower overpotentials.?’-?° Note
that the controlled formation of 3D heterostructures is of crucial importance in many scientific
and technological fields. Despite advances in the preparation of porous electrocatalysts,?” 2°-32
the synthesis of such complex 3D heterostructures remains a great challenge, and improved,

scalable methodologies are needed for the conformal coating of sub-micron porous materials.

Here we study the deposition of thin MoS, layers on 3D foams via ALD and investigate how the
degree of crystallinity affects the resulting catalytic performance for the HER. 3D graphene
frameworks, having good thermal, mechanical, chemical and electrochemical stability, as well as
high electrical conductivity, low density, high surface areas, and tunable pore sizes, proved to be
good candidates as support materials for HER electrodes. 2% 27. 2933 Hence, CVD-derived?? 33-36
graphene foams (GF) with different pore sizes are used here as the 3D conducting support.
Following the synthesis of the GFs with variable pore size, thin MoS, layers were deposited as a
catalyst using a recently developed ALD process.!” Although ALD has been used to synthesize
conformal MoS, coatings on flat substrates,” 2> 21 jts use to coat TMDs on high-aspect ratio
materials is rare.3”-38 Here we explore two main approaches for the improvement of MoS,-based
electrocatalysts: i. control the number and activity of active sites, and ii. improve the electron
transport between electrode and electrocatalyst for effective proton reduction. The first
approach was addressed by controlling the crystallinity of the MoS, phase annealed at different
temperatures (300-800 °C) while the second was achieved by combining the thin MoS, layer and
a highly conducting and porous graphene foam. The growth and structure characterization, by
means of SEM, TEM, EDX, XPS, and Raman spectroscopy, are described. We conclude by
demonstrating the promising catalytic properties and stability of such binder-free 3D
heterostructures for the HER. The reported methodology for the formation of the complex 3D
TMD/GF could be extended by doping of the MLG (multi-layer graphene) with boron or nitrogen
to increase the charge carrier concentration and/or doping the MoS, with transition metals

during ALD, thus enhancing the catalytic activity even further.

EXPERIMENTAL SECTION
Materials Synthesis

Graphene foam
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A commercial Ni foam with an average pore size of 580 um (INCOFOAMTM, Novamet Specialty
Products Corp., 99.999 %) was used as the growth-template. Low-density (LD) foams were
prepared using these materials as received.3® To prepare the high density (HD) foams, a paste
was made of Ni powder (3-7 micron, 99.9%, Alfa Aesar) mixed with isopropanol (IPA). This paste
was infiltrated into the foams by experimenting with the viscosity and applying manual
mechanical pressure, and then allowing to dry in air for 24 h. The growth and Ni etching
processes are the same for both materials. For the CVD growth, the Ni foams were cut into 2x4
cm? strips, and placed at the center of a 1” fused quartz tube in a hot-wall furnace
(TF55035COMC-1, Lindberg® BlueM®). The furnace was heated to 1000 °C (20 °C/min) at
atmospheric pressure under flowing Ar (5 sccm, 99.9999 %) and H, (20 sccm, 99.9999 %). The
system was held at 1000 °C for 30 min to anneal the Ni foam. CH,; (99.9999 %) was then
introduced at a rate of 5 sccm for 60 min at 1000 °C, and finally the furnace was cooled (100 °C
min!) to room temperature. The Ni was then etched in an FeCl; solution (0.5 M, reagent grade,
97%, Sigma-Aldrich), washed gently with deionized water (DIW), and soaked in a 10M HCI
solution (Bio-Lab, 32%) for ~2 hrs. to remove Ni impurities. Finally, the foams were rinsed with

IPA and dried on a hot plate in air at 100 °C for 30 min.

Atomic layer deposition of MoS,

Approximately 10 nm thick MoS, layers were grown on the graphene foams by sequential
pulsing of H,S and Mo(NMe,),.” Growth was performed in a hot-wall viscous-flow reactor
(modified Ultratech Savannah S200 with insulated lid) in continuous flow mode at 80 °C. H,S was
supplied at ca. 1 Torr as 5% H.,S in N, (Matheson), Mo(NMe,), was supplied at ca. 25 mTorr from
a cylinder heated to 80°C, and N, (99.999%, Airgas) was used as a carrier gas at a flow rate of 20
sccm. The graphene foams were fixed by carbon tape on a metal substrate and degassed for >
15 min in the reactor prior to growth. Each cycle of MoS, growth followed the sequence: 5 s
Mo(NMe,), dose, 15 s purge, 1 s H,S dose, and 15 s purge. The MoS, thickness was monitored
with an in-situ quartz crystal microbalance (QCM) and confirmed with AFM imaging of step

heights on planar test substrates.

Annealing of the ALD-Deposited MoS,/GFs
The amorphous MoS,/GFs were placed at the center if a 1” tube furnace. Sulfur powder (500
mg, 99.9% Sigma-Aldrich) was placed upstream and heated separately to ~180 °C using heating

tape. An Ar (20 sccm, 99.9999 %) flow was used to flush air from the system and as the carrier
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gas. The furnace was then heated to the desired annealing temperature (300-800 °C) and

maintained for 20 min. The furnace was then allowed to cool at a rate of ca. 20 °/min.

Materials Characterization

Raman spectroscopy and photoluminescence measurements were carried out in a LabRam HR
Evolution system from Horiba Jobin Yvon (A= 532 nm). Scanning electron microscopy (SEM)
analysis was carried in a FEI Quanta 200F ESEM equipped EDS detectors. Transmission electron
microscopy (TEM) was carried out directly on the samples grown on samples mechanically
exfoliated on lacey carbon coated Cu TEM grids using either JEOL JEM2100 or FEI Tecnai F20-UT
TEMs operating at 200 kV. XPS measurements were performed on a Kratos AXIS-Ultra DLD
spectrometer, using a monochromatic Al ka source at 75 W and detection pass energies in the
range of 20-80 eV. The base pressure in the analysis chamber was 5x10%° Torr. lon sputtering
was applied by a 4 kV beam of Ar+ ions, at incidence of 45°. Due to the structured surface
morphology of the samples, very short sputtering steps were initially taken, such as to identify
the early incremental changes at domains of direct accessibility by the beam. Gradually longer
sputtering steps were then taken in order to identify beam-induced artifacts (to be considered

also for the analysis of the initial steps).

Electrochemical Hydrogen Evolution Reaction

Electrochemical measurements were conducted at room temperature in a three-electrode glass
cell using a Bio-Logic VSP-300 potentiostat. All the potentials were calibrated to a reversible
hydrogen electrode (RHE) and the catalytic activity was compared to platinum. The stability was
measured using cyclic voltammetry out to 3000 cycles in an N,-saturated 0.5 M H,SO,
electrolyte with a scan rate of 200 mVs™ and potential region of 0.3 V and -0.3 vs. RHE. Linear
sweep voltammetry with a scan rate of 5 mVs™ in potential region from 0.3 V to -0.38 vs RHE
was recorded before and after the cycling. The reference electrode was Ag/AgCl (in 3.5 M KCl
solution), a graphite rod (Alfa Aesar, 99.9995%) was used as the counter electrode,® and a
graphite rod electrode attached to different MoS,/GFs was used as the working electrode.
Electrochemical surface area (ECSA) was measured using the double-layer capacitance method
at room temperature. This method is based on double-layer capacitance as measured from
voltammetric curves, which were recorded at various scan rates. A plot of the charging current
vs. scan rate is constructed. Under the condition where the double layer charging is the only

process occurring in that potential range, this plot is a straight line, the slope of which yields the
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value of double layer differential capacitance. The surface area can then be calculated by
referring the capacitance obtained to the reference value of capacitance per the unit area (C,):

ESA = C/C,or.

Figure 1: Multi-layer graphene (MLF) foam formation. (a) Schematic representation of the formation of the low-
density (LD) foams. (b)-(c) SEM images of low and high magnification of the MLG coated Ni foam. The inset in (b)
show an optical image of a ~2.5 cm long G/Ni foam. {d)-(e) SEM images of the same foam after etching of the Ni.
The inset in (d) shows an optical image of the Ni-free foam. (f) Schematic representation of assembly of the high-
density (HD) foams. (g)-(j) SEM images with increasing magnification of a free-standing HD-GF, showing the
graphene grown on the original Ni foam and on the Ni particles.

RESULTS AND DISCUSSION

Graphene Foam Formation

The methodology used here for the synthesis of the two types of graphene foams is illustrated
in Figure 1. Low density (LD) GF foam, is obtained using commercial nickel foams as the growth
template, and the growth of the multi-layer graphene (MLG) was achieved via CVD, as reported
previously.3® Figure 1 (a) shows a schematic representation of the process, and Figures 1(b)-(e)
show SEM images at the different stages. The multilayer coated Ni foam is shown in (b)-(c),
where the inset in (b) shows an optical image of the foam at this stage. The stand-alone GF is

shown in (d)-(e), and the respective optical image as an inset in (d). Figure 51 shows the Raman
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spectra of such graphene foams, suggesting a high quality graphene with AB stacking.*® In order
to reduce the pore size in the above GFs, a powder technology approach was implemented. In
this scheme, the commercial Ni foam is first loaded with Ni particles (see Experimental Section)
and then MLG is grown by CVD. An annealing step in H, prior to the growth (see Experimental
Section) sinters the Ni particles to each other and to the original Ni foam, resulting in a complex
hierarchical 3D Ni foam template for the subsequent growth of high-density (HD) GF. Figure S2
shows a MLG-coated Ni foam (prior to Ni etching), in which neck formation can be observed.
Figure 1 (f) depicts a schematic representation of the process, and SEM images of the stand-
alone HD GF ((g)-(j)) show the graphene grown on both the Ni foam and the particles. The
electrical and mechanical properties of the LD and HD GFs are shown in Table S1 and Figure S3,

exhibiting a highly conductive 3D framework.

MoS,/GF 3D Heterostructure Formation

Following the synthesis of the highly conductive and robust GFs, and the selective etching of the
Ni to leave a freestanding GF, they were coated with a 10 nm layer of MoS, using ALD. This was
achieved using a recently reported process and implemented here on the LD- and HD-GFs, as
described in the Experimental Section. Figure S4 shows the 10 nm layer on a flat SiO,/Si sample
used for thickness calibration together with a quartz crystal microbalance thickness monitor
(QCM). The resultant MoS, layer was amorphous and a post-growth annealing step under sulfur
atmosphere was conducted at various temperatures, 300-800 °C in order to obtain different
degrees of crystallinity. Figure 2 shows a schematic representation of the ALD coating and

annealing processes. Characterization of the 3D MoS,/GF heterostuctures is shown in Figure 3.

Step 1: MoS, ALD Coating

N cycles
L
H,S
Purge» ~ /@M/ » Purge »\/e\
N — .
A N
Mo(NMe,), A-MoS,/GF

Step 2: Sulfurization
Furnace — T, = 300-800 °

Figure 2: Schematic representation of the MoS, ALD coating and the
following sulfurization process.
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Figure 3: Characterization of the 3D MoS,/GFs heterostructures: (a)-(b) SEM images taken with different
detectors, in-lens (a), and back-scattered electrons (BSE), (b). (c)-(d) SEM images of the HD-800 sample showing
that the morphology of the GF is unchanged with the ALD and sulfurization processes. (e) EDS mapping, Mo
(red), S (yellow), C (green) and O (light blue) of the area shown in the inset. (f) HRTEM of the HD-500 sample
showing the MoS; (red) and MLG (black). (g)-(h) analysis of the layer distances in (f). (i) HRTEM of an LD-800
sample showing a standing MoS2 flake or wrinkle in the center. The FFT analysis of the red-square area shows
the characteristic peaks for both phases, the MLG and the MoS,, proving again to have a conformal coating of
the GF. (j) Selected area electron diffraction of the same sample in (i), showing the diffraction peaks from both
phases.

SEM images from the in-lens and back scattered electrons (BSE) detectors are shown in (a) and
(b), respectively. The latter generates contrast based on differences in the atomic mass of the
carbon and Mo, so the metal appears much brighter and, thus, is easily distinguished from the
graphitic phase. SEM images of the ALD-coated HD foams after sulfurization at 800 °C (Figures
3(c) and (d)) show that the morphology of the HD foam template is preserved. Further SEM
images showing the morphology of the 3D high-density GFs before and after etching the Ni, can
be seen in Figure S2(f)-(i).

The morphology of the MoS, coating was first analyzed on flat samples using AFM, as shown in
Figure S4, showing a very smooth film as expected from ALD. Figure S5 shows a series of SEM
images, on the as-deposited (a)-(c) and annealed (d)-(e) MoS,/GFs. It can be clearly seen the
formation of some protrusions when annealing at 500 °C. Further annealing to 800 °C exhibit a

significant morphological change by the formation of nanocrystallinities and faceted film edges,
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mostly planar but occasionally, standing crystals can be observed as well. Important to note, the

film continuity is conserved after the annealing.
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Figure 4: Raman and X-ray photoelectron spectroscopy (XPS) characterization of the 3D heterostructures. (a)
Raman spectra showing the normalized (with the G-band of the MLG) characteristic peaks for MoS, and MLG for
the different samples. The inset is a magnification of the MoS, spectra. (b)-(d) XPS windows showing
respectively the valence bands, the S 2p and the Mo 3d spectral regions of the LD-800 sample.

In order to evaluate the advantages of using gas-phase methodologies for the production of the
3D MoS,/GFs, relative to more common wet chemistry approaches, similar 3D heterostructures
were made by the deposition of the MoS, from solution based on previously reported
methods.3% 3% 41 42 | D and HD GFs were coated with an ammonium molybdate tetrahydrate
solution (as previously reported,3° see Sl), and sulfurized at 800 °C. Figure S6 shows that the wet
method changes the HD foam morphology, likely due to capillary effects. We did not observe
significant differences in the morphologies of the final 3D heterostructures for LD and HD foams
when using ALD-based coatings. This emphasizes the advantages of using gas phase
methodologies in general, and ALD in particular, to coat 3D structures: consistency in conformal
coating and reproducibility.?* Further chemical characterization of the ALD-based deposition of

MoS, on GFs was carried out using energy dispersive spectroscopy (EDS) and mapping of foam
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cross-sections. Figure 3(e) shows the EDS mapping for the amorphous-MoS, coated GF (as
deposited), exhibiting a conformal coating on the 3D foam structure. Further EDS mapping of
the annealed samples can be seen in Figure S7. The 3D heterostructured foams were further
characterized by transmission electron microscopy (TEM) and selected area electron diffraction
(SAED). Figures 3(f) show the presence of MLG (black) and MoS; (red) in a HD-500 sample (high-
density MoS,/graphene foam sulfurized at 500 °C). The distance between neighboring layers in
both phases is emphasized in (g), MLG, and (h), MoS,. The in-plane imaging of a MoS,/GF
annealed at 800 °C (LD-800), in which some standing MoS, layers or a wrinkle are observed, is
shown in (i). An FFT analysis from the red-square area is given in the inset, showing peaks
corresponding to the graphitic and MoS, phases. SAED further confirms the presence of the two
crystalline phases (Fig. 3j). Additional TEM data is provided in Figure S8. The influence of
sulfurization temperature on the structure of the MoS, layer and the GF was interrogated using
Raman spectroscopy (Figures 4a, S9 and Table S2).

The ALD-coated MoS,/GF is known to be amorphous!’ and, indeed, no Raman signal was
detected; similar observations were made with annealing at 300 °C. In both cases, only the
graphitic peaks, the characteristic G and 2D modes, were detected. The characteristic MoS,
modes, E%g and Ay, could be detected only after annealing at 500 and 800 °C, exhibiting peaks
characteristic of the 2H-MoS, phase,*® with no evidence of any other phase (e.g. 1T — MoS,,
metal oxides, etc.). The Raman full-width half-maximum (FWHM) decreases with increasing
crystallinity of the material. Therefore, the observed inverse relation with the annealing
temperature suggests, as expected, that the MoS, crystallinity improves with increasing
sulfurization temperature. The sample sulfurized at 500 °C yields FWHM of 14.2 and 12.5 cm™
for E,; and Ay, respectively (Table S2). Sulfurization at 800 °C reduces these values to 9.7 and
9.2 cm™. Since the ALD deposition for all samples was performed under the same conditions,
yielding similar thicknesses (~10 nm), the relative intensity of MoS, to graphene peaks can serve
as an indication of the TMD layer crystallinity. To reliably compare the relative intensities,
spectra were normalized to the G mode intensity of the graphene, Figure 4(a). The I(MoS;:
A;;)/I(Graphene: G mode) was found to be 0.68 and 3.32 for the samples annealed at 500 °C and
800 °C, respectively, demonstrating the improved structural order of MoS, when sulfurized at
higher temperatures (Table S2). The absence of the D peak in the GFs indicates that the ALD

process and the annealing in sulfur atmosphere do not damage the graphene lattice.
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XPS characterization confirms the presence of high quality MoS,, however with some surface
oxidation (mainly to MoQ;). Figure 4(b) shows the MoS, valence bands while Figs. 4(c)-(d)
present, respectively, the Mo 3d (including S 2s) and S 2p core levels. The valence bands, (b),
consist of five characteristic peaks in the energy range of 0-8 eV,** at 1.82, 3.2, two overlapping
peaks at ~4.4 and 5.2 and a shoulder at 6.6 eV (with an even smaller shoulder at 8.15 eV). These
bands are dominated by the five j-states of Mo 4d electrons and provide a qualitative indicator
of the MoS, quality. Figure 4(c) shows the S 2p doublet, with the 3/2 peak at 161.92 eV. Figure
4d presents the S 2s and Mo 3d lines at 226.3 eV, 229.1 and 232.2 eV, respectively. Curve fitting
of this spectrum reveals a finite amount of oxidized Mo as well, appearing as a doublet at 232.57
and 235.70 eV. For the disulfide components, the measured atomic concentration ratio is Mo:S
~ 1:2 (9.83%/19.69%), suggesting a well preserved MoS, stoichiometry. The Mo-O phase
(presumably MoQs) is attributed to surface oxidation estimated to be of ~0.8 nm thickness in
average (based on standard photoelectron attenuation considerations for flat substrates, thus
the actual oxide thickness might be slightly lower for 3D structures). The survey, O 1s and C 1s
spectra are shown in Figure S10. A very mild sputtering step (30s at 1.5 pA sample current,
rastered across a 7x5 mm? area), was used to identify the top surface components, showing a
pronounced decrease in the oxygen and carbon signals: The carbon concentration decreased by
28% of its original concentration and the oxygen by 35%. In addition, the oxidized Mo signal was
suppressed by 17% of its pre-sputtering intensity. In contrast, the MoS, signals increased and a
‘new’ small signal of partially reduced Mo, presumably MoS, appeared at 228.45 eV, which is
likely a consequence of the different sputtering yields for S and Mo. Figure S10 (b) shows related
spectra. It should be stressed that the foam morphology creates ‘shadowed’ regions for which
the sputtering is ineffective. As such, the reduced signals provide only a qualitative indication of

the top surface components.

Electrochemical hydrogen evolution reaction (HER)
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Figure 5 — Hydrogen evolution reaction (HER) measurements: (a) - (b) Polarization

curves for the LD and HD samples (with varying °C sulfurization temperature),
respectively. (c) - (d) Calculated Tafel slopes for the two types of foams, from the curves
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Here we aimed to characterize the electrocatalytic behavior of the two-types of MoS,/GF 3D
heterostructures, the LD and HD foams, as a function of sulfurization temperature. The
polarization curves are shown in Figure 5{(a) and (b), for the LD and HD foams, respectively.
Geometrical surface area was used here in order to allow for comparison between the LD and
HD foams. The HER results with a Pt working electrode are shown as a reference (black curve).
In both cases, the starting 3D amorphous MoS,/GF exhibits a good catalytic performance, with
overpotentials of 264 and 247mV for the LD and HD foams (at j=-10 mA/cm?), respectively.
Sulfurization at 300 °C has little influence (Figure 5(a)-(b)), suggesting it makes minor structural
differences to the MoS, phase. Further increase in the sulfurization temperature to 500 °C
caused significant improvement in catalytic properties, as seen in the polarization curves,
especially for the HD foam. An overpotential as low as 180 mV was obtained for the HD foam
sulfurized at 500 °C (HD-500). However, further increase of the sulfurization temperature to 800
°C resulted in a significant decline in catalytic performance, as seen by the large overpotential,

(at j = -6 mA/cm?) that resembles values reported for crystalline MoS, (>350 mV).*®

The Tafel slope is one of the most important metrics in HER evaluation as it represents the

voltage increase needed to raise the current by 10x. A lower slope means that the HER kinetics
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increase faster with the working potential and therefore, implies a better catalyst.! Tafel slopes
were extracted from the present polarization curves and are shown in Figures 5(c) and (d) for
the LD and HD foams, respectively. It is evident that the Tafel slope decreases on raising the
sulfurization temperature to 500 °C, to the lower values of 56 and 47 mV/dec for the LD-500 and
HD-500 foams. Further increasing the sulfurization temperature to 800 °C causes an increase in
the Tafel slope, reaching the original values of the starting material, the amorphous MoS,/GFs.
The exchange current density is another important parameter related to the inherent activity of
the catalyst. Here again, the larger exchange current densities were achieved for the LD- and
HD-500. The exchange current density, Tafel slopes and overpotential for the two type of foams

as a function of the sulfurization temperature, are summarized in Table 1 and Figures 6(a) - (c).

Table 1: HER Catalytic Performance of the MoS,/GFs

Sample Overpotential, n (@ Tafel Slope [mV/dec] = Exchange Current,

Jj=-10 mA/cm?) [mV] Jo [1A/cm?’]
LD-A 264 71 8.4
LD-300 266 64 8.5
LD-500 231 56 11
LD-800 350 (@ j=-6mA/cm?) 81 9.5
HD-A 247 71 9.6
HD-300 235 58 10.9
HD-500 180 47 17.1
HD-800 261 78 9.6
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Figure 6 — Annealing temperature effects and catalyst stability: (a) - (c) Tafel slopes, overpotential and

exchange currents obtained as a function of sulfurization temperature. (d) Stability test showing the polarization

curve for the HD-500 sample at the initial (black), 1200 cycles (blue) and 3000 cycles (red).
The effect of the annealing temperature on the catalytic properties can be visualized from the
polarization curves and Tafel slopes, Figures 5 (a)-(d). MoS, crystallinity is known to increase
with sulfurization temperature,*® 47 as evident from the Raman data presented in Figure 4(a)
and Table S2. The basal plane of the MoS, has low catalytic activity and therefore, the reduction
in the current density seen in the polarization curves and raising of the Tafel slopes (Figure 5)
results from raising the annealing temperature to 800 °C.*> In contrast, it is well known that
defects in the MoS, phase, such as edges, vacancies, etc., act as preferred catalytic sites and
thus, increase the catalytic HER performance.*® Hence, the higher catalytic HER performance of
the amorphous MoS, coated GFs relative to the crystalline samples can be understood as a
consequence of the higher density of defects present in the amorphous and 300 °C annealed
samples compared to the more crystalline MoS, annealed at 800 °C. In contrast to previous
reports, in which the MoS, catalyst was prepared or annealed at low temperatures, up to ~350
°C,2» 4830 3 significant improvement in the LD and HD MoS,/GFs hetersotructure catalytic

performance is achieved upon sulfurization at 500 °C. Raman and HRTEM characterization
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clearly show the presence of crystalline MoS, films, apparently with smaller domains as
indicated by the FWHM and relative peak intensities (Figure 3 (a) and Table S2) when comparing
to sulfurization at 800 °C. The catalytic performance improvement when annealing at 500 °C
indicates there is a trade-off between the density of defects (higher for the amorphous and 300
°C annealed samples) and the crystallinity following the sulfurization at higher temperatures.
One possible explanation for this phenomena could be a reduction in the resistivity of the MoS,
film with the thermal treatment, as shown for vapor phase deposited amorphous films®! and
sulfurized thin Mo films,*” that compensates for the reduction in the density of catalytic sites

(defects).

The major difference between the low- and high-density foams, as evident in the polarization
curves, is the current density increase for the HD foams. This is expected due to the increase in
surface area and thus, the density of catalytic sites, emphasizing again the advantage of using
porous materials as electrocatalysts. To confirm that the surface area has indeed increased, the
electrochemical active surface area (ECSA) of the graphene foams (LD and HD) was measured,
Figure S11. Indeed, a ~4.8-fold increase was found for the HD-GFs, from 4.33 cm? (LD) to 20.86
cm? (HD), per geometrical surface area, therefore creating significantly more catalytic sites.
Interestingly, the current density increase for the HD foams is not fixed for all sulfurization
temperatures, Figures 5(a)-(b), increasing from 1.1x for the A-MoS, foams, 1.5 (300), 2.6 (500),

reaching a maximum of a 4.7-fold raise to the 800°C samples.

The Tafel slope is an inherent property of the catalyst, and therefore, the same material system,
i.e. MoS,/GF, is expected to have similar values. Interestingly, this is not the case here when
comparing the low- and high-density foams annealed at the same temperature. The Tafel slopes
calculated for the LD- and HD-500 samples are 57 and 47 mV/dec, respectively, therefore
showing a ~18 % reduction. The measured overpotential for the same pair of samples (LD- and
HD-500) shows a reduction of more than 20%, from 230 mV (LD-500) to 180 mV for the HD-500
sample, and more than 50% increase was obtained for the exchange currents (from 11, for the
LD-500, to 17 uA/cm?, for the HD-500 foam). A similar trend, but with milder variations, is
observed for the remainder of the samples. Therefore, the HD heterostructure foams may have
structural and/or chemical differences arising probably from curvature effects of the MoS,
layers on top of the MLG grown on the Ni particles (comparing to the one grown on the Ni

foam). This may lead to an increase in the surface area of the HD-500 sample, strained MoS,
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regions and different grain size and orientations, which may have a high impact on the catalytic
sites.>>>* This may explain also the differences in the current density increase, as mentioned
above, for the HD foams annealed at different temperatures. Further work is needed in order to
explain the observed catalytic differences between the LD and HD foams and to study the

structural and chemical differences between them.

The low Tafel slopes, relatively large exchange current densities and moderate overpotential
values suggest that the 3D MoS,/GFs sulfurized at 500 °C are good candidates as electrocatalysts
for the hydrogen evolution reaction. Table 1 summarizes the measured overpotentials, Tafel
slopes and exchange currents for all the samples. These results are among the best obtained
using 2H-MoS, catalysts. For example, the best reported results, to our knowledge, on
amorphous and defect-rich MoS, thin films exhibit overpotentials around 180-250 mV and Tafel
slopes of 40-60 mV/dec.% >> 6 A recent study on sputtered MoS, films showed an overpotential
of 180 mV and Tafel slope around 45 mV/dec.>” Despite these promising results, most of the
methodologies used have moderate or low ability to coat 3D nanoporous materials. Vapor
phase methods relaying on the evaporation of metal oxide precursors (usually Mo0;),>8-%° which
is the most common CVD-based procedure for the synthesis of TMD layers,'>* have a growth
temperature limitation of > ~600 °C, due to the low vapor pressure of the MoO; precursor.'? 4
This limitation inhibits the study of MoS, coatings formed at lower temperatures, and based on
the present work, achieving improved catalytic performance. Previous reports on ALD-derived
MoS, films reported higher overpotentials (>220 mV) and Tafel slopes (>47 mV/dec) compared
to the present results.*® 4% 61 62 As mentioned in the Introduction, many attempts have been
made to fabricate MoS,/graphene (or other carbon) heterostructures to be used as HER
electrocatalysts, with and without metal supports. The vast majority used wet-chemical
approaches, therefore having moderate compatibility with nanoporous support materials. The
electrocatalytic results in those cases span a wide, 42-54 mV/dec range of Tafel slopes, and 140-
350 mV overpotentials.??> 30-32, 58,59, 63 Tgple S3 summarizes the comparisons above, arguing the
results reported herein are among the best for 2H-MoS,-based catalysts with improved

compatibility with 3D porous support materials, as required for practical applications.

Stability tests were conducted by cycling the measurements 3000 times. Figure 6 (d) shows the

polarization curves for the best sample, the HD-500, at the initial (black), 1200 cycles (blue) and
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3000 cycles (red). Similar curves for the rest of the samples are shown in Figure S12. Despite
their low catalytic performance, the better stability and thus smaller change in the overpotential
and Tafel slopes between the initial cycle and after 3000 cycles, were achieved for the higher
sulfurization temperature samples, the LD- and HD-800, likely due to their higher crystallinity.
This is followed by the LD- and HD-500 samples, which exhibit the best catalytic performance
with overpotentials as low as 231 and 180 mV, and Tafel slopes of 56 and 47 mV/dec. The
amorphous and 300 °C sulfurized samples exhibit good catalytic performance, lower than the
500 °C samples, with lower stability, Figure S12. The overpotential and Tafel slopes derived for

all the samples at the initial stage and after 3000 cycles are shown in Figure S12 (d).

CONCLUSIONS

In summary, we demonstrated the use of ALD as an effective process for conformal MoS,
coatings of MLG foams of different pore sizes. The crystallinity of the MoS, coating is tunable via
the sulfurization temperature, with a significant effect on the catalytic performance and a
maximum efficiency at 500 °C, as tested. Although amorphous MoS, is considered to be a very
good catalyst, when high density of defects/catalytic sites are present, we find that there is a
trade-off between the density of such sites and the crystallinity of the sample. Exploiting this
trade-off, one can optimize the catalytic and charge transport properties with respect to the
MoS, crystallinity density of grain boundaries), crystal orientation and strain that may be related
to the MoS,/GFs heterostructure morphology. Our findings are competitive with the best results
reported so far with the intrinsic 2H-MoS, phase. We have demonstrated high exchange
currents (17 uA/cm?), very low Tafel slopes (47 mV/dec) and moderate overpotentials (180 mV),
making our approach a good platform for the design of binder-free, light-weight and complex 3D
electrocatalysts. Moreover, this approach could potentially be further improved by doping the
GF support material to increase the charge carrier density, or by doping the MoS, layer to

increase its catalytic activity.
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