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The Effect of the 3D Nanoarchitecture and Ni-Promotion
on the Hydrogen Evolution Reaction in MoS,/Reduced
GO Aerogel Hybrid Microspheres Produced by a Simple

One-Pot Electrospraying Procedure

Jiajia Ran, Leonardo Girardi, Goran DraZi¢, Zhanhua Wang, Stefano Agnoli,*

Hesheng Xia, and Gaetano Granozzi

The transition toward renewable energy sources requires low-cost, efficient,
and durable electrocatalysts for green H, production. Herein, an easy

and highly scalable method to prepare MoS, nanoparticles embedded

in 3D partially reduced (pr) graphene oxide (GO) aerogel microspheres

(MoS,/prGOAMs) with controlled morphology and composition is described.

Given their peculiar center-diverging mesoporous structure, which allows
easy access to the active sites and optimal mass transport, and their efficient
electron transfer facilitated by the intimate contact between the MoS, and
the 3D connected highly conductive pr-GO sheets, these materials exhibit a
remarkable electrocatalytic activity in the hydrogen evolution reaction (HER).

1. Introduction

Hydrogen has emerged as the most effec-
tive energy vector alternative to fossil fuels
because of its high energy density and
environmental sustainability, given that
its only oxidation product is water.ll To
fulfil the requirements of the hydrogen
economy,? a cheap route to green
hydrogen production through water split-
ting (WS) must be developed, possibly
using renewable energy sources (sun,

Ni atoms, either as single Ni atoms or NiO aggregates are then introduced
in the MoS,/prGOAMs hybrids, to facilitate water dissociation, which is the
slowest step in alkaline HER, producing a bifunctional catalyst. After optimi-
zation, Ni-promoted MoS,/prGOAMs obtained at 500 °C reach a remarkable
110 (overpotential at 10 mA cm™2) of 160 mV in 1 M KOH and 174 mV in 0.5 M
H,SO,. Moreover, after chronopotentiometry tests (15 h) at a current den-
sity of 10 mA cm~2, the 1o value improves to 147 mV in alkaline conditions,

indicating an exceptional stability.
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wind...). One of the most promising WS
processes involves electrolysis,*l possibly
photoassisted, and many efforts are
currently taken to develop advanced elec-
trocatalysts able to reduce the overpo-
tential needed to dissociate water into
molecular oxygen and hydrogen. The
oxygen evolution reaction at the anode
is still the bottleneck of the whole pro-
cess, but there is also much room for
the optimization of electrocatalysts
for the hydrogen evolution reaction
(HER) at the cathode side.> The most effective HER elec-
trocatalysts, especially in acid conditions, are based on
Pt-group metals (PGMs), which have a long story behind.[%]
However, the current challenge is to develop highly active HER
catalysts based on materials that are cheap and earth-abundant”!
and that can work in a variety of pH environments. Recently,
remarkable advances have been made using transition-metal-
dichalcogenides (TMDCs, e.g., MoS,, MoSe,, MoTe,, WS,...) as
PGM-free HER electrocatalysts.B13l Their prototype is MoS,,
which has a relatively low hydrogen adsorption free energy at
its edge sites or sulfur vacancies, making it competitive with
Pt. However, in MoS,, both the activity of basal plane and the
electron conductivity are rather low, which ultimately limit
the overall electrocatalytic performances.®! To overcome these
hurdles, several strategies were proposed, e.g., the combination
of MoS, with highly conductive materials and the optimization
of structure and morphology to maximize the density of active
sites.

Several studies sought to improve the electron transfer
capabilities of MoS, by creating nanocomposites with various
conductive materials, e.g., nanoporous carbons,!®l carbon
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nanotubes,”)  nanoporous metals,™® or mesoporous gra-
phene.’ Even if significant advances were obtained, MoS,
nanosheets are intrinsically prone to stack together during
the synthesis, given their layered nature, severely limiting the
number of the exposed catalytically active sites.2%) On the other
hand, integrating MoS, nanosheets on 3D conductive porous
scaffolds can enhance the electron transfer, while maintaining
a high dispersion of the sheets because of the restricted move-
ments allowed within the scaffold.?!l Following this idea, MoS,
was grown on 3D graphene,?223 nickel foams?*%" and silical?®!
structures. The most common route to create such nano-
composites consists of mixing the 3D template with an exfoli-
ated TMDC. However, in presence of an intrinsically irregular
3D template, some aggregation of the MoS, nanosheets can
still persist, reducing the number of the exposed electrocatalytic
sites, whereas the use of an ordered (i.e., with a narrow disper-
sion of pores) 3D template can partially fix this issue. Ina p s
paper,?%l we reported a successful route to disperse chemically
exfoliated TMDC nanosheets within a graphene oxide (GO)
aerogel having a special center-diverging microchannel 3D
structure. These GO Aerogel Microspheres (GOAMs), with a
radius of a few hundred micrometers, can be easily obtained by
a bottom-up approach combining two subsequent steps, i) the
electrospraying of GO suspensions and ii) the freeze-casting.*"!
Interestingly, the microspheres maintain their shape even
after a thermal reduction process (providing partially reduced
GOAMs, prGOAMs). Adding exfoliated TMDCs during the
GOAMs preparation step, TMDC/pr-GOAM hybrids were
obtained, which kept their special morphology even during the
electrochemical (EC) work and achieved better performance in
the HER compared to electrodes built with the same materials,
i.e., rGO and MoS, but without the 3D architecture with meso-
scopic center diverging channels.

Herein, we make a step forward and propose a synthesis
strategy to control not only the morphology of the nanocom-
posite, but also the chemistry of the active phase, realizing quite
active bifunctional catalysts. To achieve this goal, we envisaged
a fully bottom-up approach, which is based on a mole-
cular precursor e.g., ammonium tetrathiomolybdate (ATM,
(NH,4),Mo0S,)), to synthesize the MoS, phase decorating the 3D
GOAM scaffold. The advantages of this approach to prepare the
hybrid MoS,/prGOAM materials are: i) fine and homogeneous
dispersion of MoS, on the graphenic support, ii) higher scal-
ability of the preparation procedure, and shorter preparation
time since there is no need to prepare the TMDC by a lengthy
and expensive exfoliation procedure, iii) possibility to intro-
duce a large variety of promoting foreign metals into the MoS,
moiety. The resulting materials with both tailored morphology
and chemistry demonstrated to be outstanding catalyst for the
HER, superior to previous top-down MoS, based catalysts/?%]
and similar catalysts found in the literature. In fact, the inter-
action at the molecular level of ATM with the oxygenated gra-
phene surface, leads to the formation of intimately dispersed
nanohybrids with a peculiar composition characterized by
the presence of MoO,S, species, which according to previous
works, promotes the electroactivity of the MoS, basal plane by
narrowing the band gapl®!l and guaranteeing an efficient elec-
tronic connection with the GO scaffold. Moreover, our bottom-
up synthesis allows to introduce easily foreign metals into the
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growing MoS, phase, simply adding a soluble metal salt just
before the electrospraying step.

A rich literature demonstrates that the modification of
MoS, with foreign metals can be extremely beneficial for the
electrocatalytic activity. As a case study we investigated the pro-
motion effect of Ni (hereafter indicated as Ni-MoS,/prGOAM),
which has been widely investigated both theoretically 32 and
experimentally 3 even though, different works connect the
higher activity to different reasons such as formation of new
phases, >l substitutional doping with consequent modification
of structural and electronic properties,?? complex interaction
with oxygen, and®¥ change in the morphology.’® This work
therefore exemplifies the enormous potential of electrospray
and freeze casting for the preparation of highly sophisticated
electrocatalytic materials. This technique is extremely cheap
and quick, very suitable to a rather fast and continuous produc-
tion (e.g., hundreds of mg per hour of material produced with
lab scale equipment). However, these extremely high produc-
tivity and cost effectiveness are not at the expenses of materials
properties: as demonstrated here, a mesoporous hierarchical
morphology perfectly suited for the interactions with electrolyte
can be routinely realized and also the chemical composition
can be tuned with high versatility, resulting in the synthesis of
sophisticated nanocomposites designed at multiple scales.

2. Results and Discussion

The different materials tested in this work were prepared as
described in the Experimental Section and summarized in
Scheme 1 (see the Experimental section for the sample labels).
They were first structurally and chemically characterized by
several physicochemical techniques and subsequently tested
toward the HER both in acid and alkaline media.

2.1. Physicochemical Characterization

In the following we will most concentrate on the discussion of
the physicochemical characterization of the Ni-MoS,/prGOAM-
40%-500 sample, which eventually resulted to be the best
performing material for the HER.

As an example, Figure 1la,c shows the scanning electron
microscopy (SEM) micrographs of Ni-MoS,/prGOAM-40%-
500 where the typical spherical morphology of the materials
(=300 um diameter) is easily recognizable. Furthermore, the
inner microstructure of Ni-MoS,/prGOAM-40%-500 can be
clearly observed in Figure 1d,e, and consists of a highly porous
network made up by randomly interconnected graphene sheets.
Such structure, resembling a dandelion blowball, shows radi-
ally oriented microchannels and is the result of the uniform
cooling of the NiCl,/GO/ATM/ice microsphere, where the ice
crystals grow in the radial direction triggering the self-assembly
of NiCl,/GO/ATM blocks, which may organize through elec-
trostatic/dispersive interactions and hydrogen bonds.?>3% The
radially oriented microchannel structure is retained after the
removal of the templating ice crystals during the lyophiliza-
tion step. The SEM images at larger magnification (reported
in Figure 1f), show that the Ni promoted MoS, nanoparticles
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Scheme 1. Schematic illustration of the synthesis of the Ni-MoS,/prGOAMs.

(vide infra), which typically exhibit a brighter contrast, are
uniformly dispersed on the prGO surface. Such nanoparticles
are often observed on GO wrinkles where sometimes they form
larger aggregates, whereas on flatter GO sheets they show a
variable size ranging between 20 and 80 nm. Figure 1g,h shows
the SEM image and the corresponding energy dispersive X-ray
spectroscopy (EDX) spectra. The total mass percentage of S and
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Mo is =39.6%, very close to the 40% value expected from the
concentration in the precursor suspension, and the atomic ratio
of Ni/Mo (5.7%) is very close to the nominal 5%, deriving from
the precursor Ni:Mo ratio. Overall, the SEM/EDX investigation
suggests that MoS, nanoparticles finely decorates the prGO
sheets, which are efficiently interconnected creating a series of
center diverging channels.
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Figure 1. a—c) SEM images of typical Ni-MoS,/prGOAM-40%-500 (a: lower magnification; b and c: higher magnification); d—f) Ni-MoS,/prGOAM-
40%-500 aerogel hemispheres made by cracking the microspheres; g,h) SEM image and EDX analysis of Ni-MoS,/prGOAM-40%-500; i) N, adsorp-
tion—desorption isotherm and pore-size distribution (inset) of Ni-MoS,/prGOAM-40%-500 and MoS,/prGOAM-40%-500.
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For comparison, Figure S1 in the Supporting Informa-
tion, reports the morphology of the corresponding pristine
MoS,/prGOAM-40%-500 sample to verify that the introduc-
tion of the NiCl, in the precursor solution does not change
the morphological features of the materials. In general, by
varying the process parameters during the electrospraying pro-
cess, MoS,/prGOAMs with different average diameters can be
obtained, e.g., 150 um (V = 13 kV, rate = 10 mL h™!), 200 um
(V=12kV, rate =10 mL h), 300 um (V=10 kV, rate=8 mL h™!)
and 400 um (V = 8 kV, rate = 8 mL h™!) (Figure S2 in the Sup-
porting Information), but they still retain the usual spherical
shape and microchannel structure. Figure S3 in the Supporting
Information shows the EDX spectrum of MoS,/prGOAM-40%-
500, which demonstrates again a good agreement between the
nominal and experimental composition values.

The porosity of Ni promoted and pristine MoS,/prGOAM-
40%-500 was characterized using nitrogen adsorption experi-
ments (Figure 1i). The N, adsorption-desorption isotherm of
all samples showed a type IV isotherm (according to the IUPAC
classification) with a small H3 hysteresis loop extending from
P/Py = 045 to 0.95, demonstrating the presence of a meso-
porous structure and slit-shaped pores,*® as expected from the
observed morphology. The N, adsorption—desorption measure-
ments revealed that the as-prepared Ni decorated and pristine
MoS,/prGOAM-40%-500 hybrid with the diameter of 300 um
had Brunauer-Emmett-Teller (BET) specific surface area of 166
and 170 m? g}, respectively, which are slightly higher values
than those obtained for 150 um (144 m?g~), 200 um (151 m?g™),
and 400 um (125 m?g~!) microspheres (Figure S4, Supporting
Information). Moreover, MoS,/prGOAMs (same diameter of
~300 um) with different weight percentage of MoS, have slightly
different BET specific surface area (Figure SS, Supporting Infor-
mation). The pore-size distribution of Ni containing and pristine
MoS,/prGOAM-40%-500 (300 pm) exhibit a dominant feature
around 0.9-1.1 nm, and other weaker features at 2.4-5 nm (inset
of Figure 1i), suggesting the presence of both micro- and meso-
pores. As a result of the BET analyses, we can deduce that the
diameter of prGOAMs maximizing the surface area, is 300 pum,
therefore in the following we will focus on this class of materials.

Figure 2a shows the X-ray diffraction (XRD) pattern of the
Ni-MoS,/prGOAM-40%-500 sample. The diffraction peaks at
33.0°, 39.6°, and 58.2° correspond to the (100), (103), and (110)
planes of 2H-MoS,, respectively. In the diffraction pattern,
weak reflections associated with the formation of a Ni,Mo4Sg
chevrel phase, i.e., a nonstoichiometric mixed metal sulfide,
which can often exchange sulfur atoms for oxygen atoms, can
be identified as well.?”] In fact, the possibility for both Ni and
O to enter the lattice of MoS, is also confirmed theoretically: Ni
atoms can substitute Mo atoms to occupy the transition metal
lattice sites in Ni-doped MoS,*? meanwhile Ni and O atoms
can be co-present into Mo$S, nanosheets. 38!

Figure S6 in the Supporting Information shows the XRD
pattern of the MoS,/prGOAM-30%-500 and MoS,/prGOAM-
40%-500 samples, showing clear diffraction features associated
with 2H-MoS,. It is worth noticing that the intensity of (002)
plane peaks of 2H-MoS, decreases with increasing the gra-
phene amount in the composites, and MoS,/prGOAM-40%-500
exhibits a larger interlayer spacing than MoS,/prGOAM-30%-500
as suggested by the shift of (002) diffraction peak from 12.9°
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to 12.7°. This indicates that graphene inhibits the (002) plane
growth of MoS, crystals in the hybrids.** Finally, the presence of
the peak at =26.0° confirms that GO has been converted to prGO.

The characteristic Raman peaks of 2H-MoS, corresponding
to the E', in-plane vibrational mode at 376 cm™ and the Al,
out-of-plane vibrational modes at 402 cm™! are observed for
MoS,/prGOAM-40%-500 (Figure S7, Supporting Informa-
tion) "4 in agreement with the XRD data. The ratio between
the D and G peak intensity (Ip/Ig) gives important informa-
tion about the disorder degree and defectivity of the carbon
lattice:*! the Ip/I; of ATM/GOAMs was 0.96, smaller than that
of MoS,/prGOAMs (Ip/Ig = 1.3), which means that there are
more defects after the high temperature treatment, which is not
unusual in carbon materials and it is due to the formation of
small new patches of C sp?.[43]

Figure 2c shows the XPS C 1s region of Ni containing MoS,/
prGOAM-40%-500: different chemical species can be identified,
i, C sp? at a binding energy (BE) of 284.2 eV, C sp’ at
285.6 eV, C—O (epoxides and alcohols) at 286.9 eV, C=0
(carbonyls) at 288.0 eV, HO—C=0 (carboxyls) at 289.5 eV and
the m—m* satellite at 290.9 eV. The observed relative intensity
among the chemically shifted components suggests that the
GO sheets have been substantially reduced during the thermal
treatment (see for comparison Figure S8a in the Supporting
Information for the materials before the annealing). The S
2p region (Figure 2d) presents two doublets: the former with
maxima at 161.5 eV (2ps);) and 162.6 eV (2p;),) is ascribed to
Mo—S bonds, while the latter with maxima at 163.8 eV (2p3,)
and 164.9 eV (2p;;;) to Mo—S—0."*! Two small additional
peaks at 168.1 eV (2p;);) and 169.2 eV (2p,,) are due to traces of
SO2.16#1 Figure 2e shows the XPS data of the Mo 3d region
of Ni containing MoS,/prGOAM-40%-500. Apart from the peak
at a BE of 225.9 eV, which is associated with the S 2s core levels
of MoS,, the remaining eight peaks, are assigned to four 3d dou-
blets of chemically distinct Mo species. The two peaks at 228.7
(3ds5) and 231.9 eV (3ds)), are ascribed to 2H-MoS,, #4544
whereas the Mo 3ds;, component at 232.6 eV can be assigned to
Mo®* oxidation state and the other peaks (Mo 3ds, at 230.1 and
231.6 eV) are due to MoS; and to an oxysulfide phase MoO,S,,
with an effective oxidation state of = 5.5%1 in agreement
with the analysis of the S 2p spectrum. The oxysulfide phases
is likely formed at the edges of MoS,, either after environ-
mental oxidation or, most likely, as intrinsic contaminant of
the Ni,MogSg chevrel phase, and especially at the interface with
oxygenated species typical of GO and prGO, forming C—O—Mo
bonds, which have shown to guarantee high structural stability
and excellent electronic connection between the graphenic
support and the TMDC.% Also the Ni 2ps), photoemission line
(in Figure 2f) was separated into chemically shifted compo-
nents taking into account the multiplet structure of Ni?* ions:[!
the set of three peaks at lower BE, which account for 29% of the
whole photoemission intensity is attributed to nickel ions in a
mostly sulfur environment, i.e., NiS,O, whereas the multiplet
triplet centered at higher binding energy to NiO,.13*52 Above
860 eV, it is possible to observe a complex satellite structure,
which is due to final state effects and it is typical of Ni** ions
bonded to ligands capable of charge transfer screening such
as oxygen and sulfur. It is worth nothing that the whole photo-
emission spectrum of Ni is shifted toward higher binding

© 2022 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

www.small-journal.com

* e 2H-Mos, (a)| (b)
V Ni-Mo-S
O prGO
= * NiO = 3
S 2 [°)
8 & =
% =y a
c 2 N
2 g @
£ ‘ | 2H-MoS, (PDF-#87-2416) £
[ 2 1 L1 —_ Nidl
| Ni,sMogS,7 (PDF#78-1047) Ni-MoS,/prGOAMs
. NI BT B ! —— MoS,/prGOAMs
. | NiO (PDF-#78-0643)
T T T T T T v v v v v v v v v
10 20 30 40 50 60 70 1000 900 800 700 600 500 400 300 200 100 O
20 (degree) B.E.(eV)
-+ - Raw Cis (c) S2p (d)
Intensity - - - Raw
= C=C 284.2 eV —— Cumulative fit
- Csp’285.6eV ~ | ——Mos, 1615V
3 | —c-0286.9ev 3 MoO.S 163.8 eV
& | —c=0288.0ev = SO > 168.1 eV
2 HO-C=0 289.5 eV 2 4 108
2 | — 12909 eV 2
K] 2
c £
1] 1] 1] L] 1] v v L) 1] L) 1] v v
296 294 292 290 288 286 284 282 280 172 170 168 166 164 162 160 158
B.E.(eV) B.E.(eV)
--- Raw o 3d (e) A raw data (f)
Cumulative fit —— cumulative fit
MosS, 228.7 eV = NiOxS,
- S 25 225.9 eV -
5 MosS, 230.2 eV B
i MoO S, 2316 eV, s
£ |——Moo, 2326 ev £
c
g g
£ £
L) L) T L] L] L) L) L) T T T T L 1
240 238 236 234 232 230 228 226 224 870 865 860 855 850
BLE.(eV) B.E. (eV)

Figure 2. a) XRD pattern of Ni-MoS,/prGOAM-40%-500; b) XPS broad survey spectrum of Ni- and pristine MoS,/prGOAM-40%-500; XPS data of the
C1s (c), S 2p (d), Mo 3d (e), and Ni 2p (f) regions where the different fitted components are outlined.

energy compared to bulk NiO, indicating the existence of a
charge transfer from interfacial Ni 3d levels to MoS, as rational-
ized by DFT calculations.>’]

Table 1 summarizes the atomic percentage of the different
elements in Ni containing MoS,/prGOAM-40%-500 derived
from the photoemission data. The mass percentage of O and C
atoms are 10.55% and 42.25%, respectively, and the total mass
of S and Mo is 46.4%. In addition, the measured atomic ratio of
Mo:S (1:2.5) is close to the MoS, stoichiometric value and the
atomic ratio of Ni/Mo (5.3%) is very close to the nominal 5%.

We have also investigated by XPS the pristine
MoS,/prGOAM-40%-500 (Figure S9 and Table S2, Supporting
Information). Regarding the Mo3d region, we can observe
the same chemically shifted components of the Ni promoted

Small 2022, 2105694 2105694 (5 of 15)

sample: the Mo 3ds,, peak at 228.8 eV can be assigned to Mo*,
whereas, the other two Mo 3ds), peaks at 229.8 and 231.4 eV
having much lower intensities, arise from the chemical envi-
ronment of Mo atoms in MoS;5* and in a mixed MoO,S, phase.
Notably in this case the peak associated with MoO; is com-
pletely absent, moreover the relative intensity of the chemically
shifted component related to the oxysulfide phase (Table S3
in the Supporting Information) is much higher in the Ni pro-
moted sample compared to the pristine material, suggesting
that the presence of nickel strongly enhances the incorpora-
tion of oxygen into the MoS, lattice. Similar considerations can
be also deduced inspecting the S 2p, (Figure S9b, Supporting
Information) This behavior is not unexpected considering the
high oxophilicity of nickel atoms. Finally, the analysis of the C

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Table 1. The atom and mass percentages of different elements in
Ni-MoS,/prGOAM-40%-500 derived from XPS data.

Element Atom percentage [%)] Mass percentage [%]
C 68.53 42.25
(¢} 14.18 10.55
S 12.17 24.61
Mo 4.86 21.81
Ni 0.26 0.78

1s energy region confirms that GO was partially reduced and
MoS, was successfully synthesized.

The multipeak analysis of the C 1s photoemission spectrum
of the preheated ATM/GOAM sample is reported in Figure S8a
in the Supporting Information. The O-related peaks in the C 1s
region of MoS,/prGOAM-40%-500 (e.g., C—0O, C=0 and O—C=0
groups) have a much lower intensity, suggesting that after the
heat treatment the GOAMs were reduced to a large extent to
prGOAMs. In Figure S10 and Table S4 in the Supporting Informa-
tion, we report the XPS data of MoS,/prGOAM-30%-500: the total
mass percentage of S and Mo are 30.7%, once again, confirming
the good agreement between the expected and actual composition.

Figure 3 and Figure S11 in the Supporting Information show
some typical high resolution (HR) transmission electron micro-
scopy (TEM) data of the Ni-MoS,/prGOAM-40%-500 sample.

The chemical maps indicate a homogeneous distribution
of molybdenum, sulfur and nickel on the prGO surface with

www.small-journal.com

only the occasional formation of more contrasted areas, which
indicate the presence of small aggregates. It can be seen an
obvious correlation between the Mo and S signals as expected for
MoS,, but also a correlation with the signal of Ni, suggesting the
formation of a MoNi,S, solid solution. High-angle annular dark-
field imaging (HAADF)-scanning transmission electron micro-
scopic (STEM) images (Figure 3) clearly show the presence
of crystalline nanosheets of MoS, of variable size, even as small
as 2-3 nm, stacked on top of each other and characterized
by disordered edges. On a closer look, single atomic defects
(Figure 3d) can be identified, which on the basis of HAADF-
STEM contrast simulations, can be associated with two types of
surface defects, i.e., single Ni atoms either at regular threefold
or interstitial sites. The presence of stable single atoms on the
surface of MoS, on similar sites has been consistently reported
in the case of several other transition metal atoms.l>>>¢]

For comparison, Figure S12 in the Supporting Information
shows microscopic data of the Ni containing sample annealed
at 900 °C. From the large area bright field image (Figure S12a,
Supporting Information), the occasional formation of large
nanoparticles (1040 nm) is apparent. Based on the electron
energy-loss spectroscopy (EELS) chemical maps, these features
can be associated with both MoS, and nickel rich phases, either
a Ni-Mo sulfide solid solution or Ni metal. Microdiffraction
measurements (see inset in Figure S12a, Supporting Informa-
tion) indeed show the presence of the diffraction features of
metal Ni and MoS,. Despite such sintering phenomenon, on
a local scale HAADF-STEM images (Figure S12b, Supporting
Information) show a situation very similar to the sample

Figure 3. a) HAADF-STEM image of Ni-MoS,/prGOAM-40%-500. b) Simulation of HAADF-STEM contrast for Ni single atoms on substitutional Mo
sites or interstitial position on the surface according to the structural models shown in (c). d) Noise corrected enlarged area of the red rectangle in (a).
e) Simulations of HAADF-STEM contrast for Ni substitutional atoms on the surface according to the structural model shown in (f).
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Figure 4. Polarization curves and Tafel plots in 0.5 M H,SO, (a,b) and in 1 M KOH (c,d), respectively, for prGO, MoS, powder, MoS,/prGOAM-40%-

500, and Ni-MoS,/prGOAM-40%-500.

annealed at lower temperature with small crystallites of MoS, in
a very small size range (3-5 nm). Moreover, it is quite frequent
to observe Janus structures made of nickel Nanoparticles sup-
ported on MoS, crystals suggesting the idea that the annealing
at 900 °C produced a dealloying between MoS, and Ni.
(Figure S13, Supporting Information) Finally, on this sample,
given the loss of oxygen form the carbon support produced by
the annealing at 900 °C, it is possible to observe a clear correla-
tion between the EELS signal of Mo, S and O, confirming the
formation of an oxysulfide as evidenced also by the XPS data.

In summary, the body of our experimental data suggests
that Ni containing MoS,/prGOAM-40%-500 is a rather com-
plex nanocomposite: small MoS, nanosheets cover homo-
geneously the prGO nanosheets forming only occasionally
large aggregates. Nickel is homogeneously dispersed either as
single atoms located on the surface of the nanosheets, but also
within, as deduced both by STEM-EDX chemical mapping
and macroscopic XRD and XPS data. Finally, the correlation
between Mo, S, and O chemical maps implies the formation of
an oxysulfide substantiating the information provided by S 2p
and Mo 3d spectra. After annealing at 900 °C, this nanocom-
posite undergoes partial sintering and becomes chemically
unstable, and a nickel rich phase precipitates on the surface
of MoS,.

2.2. HER Electrocatalytic Characterization

To identify the active phases, and understand the role of the
morphology and structure of the 3D template, we adopted a
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reductionist approach and investigated both in alkaline and
acid conditions the HER activity of different composite systems,
(Figure 4), ie., prGO, prGO, and MoS, physically mixed
powder, MoS,/prGOAM-40%-500, and Ni-MoS,/prGOAM-40%-
500. The Ni-MoS,/prGOAM-40%-500 sample presents the best
HER activity with the lowest 1y, (i.e., the overpotential neces-
sary to reach a current density of 10 mA cm2) value of 174 mV
versus reversible hydrogen electrode (RHE) in 0.5 m H,SO,
and 160 mV versus RHE in 1 m KOH, compared with the
prGO+MoS,; physically mixed powder (1, of 325 mV vs RHE
in 0.5 M H,SO,4 and 416 mV vs RHE in 1 v KOH) and MoS,/
prGOAM-40%-500 (1 of 189 mV vs RHE in 0.5 m H,SO, and
206 mV vs RHE in 1 m KOH). In Figures S14 and Figure S15
in the Supporting Information, we report the morphologies of
Ni- and pristine MoS,/prGOAM-40%-500 after the HER activity
test: both samples maintain their spherical shape and porous
network features.

The same conclusions are reached when another figure of
merit is taken into consideration, i.e., the Tafel slope, which is
often utilized to evaluate the efficiency of the HER.

The linear portions of the Tafel plots (Figure 4b,d) were fit to
the Tafel equation (n = blog j + a), where j is the current density
and b is the Tafel slope).’’”~% In acid conditions, the Ni-MoS,/
prGOAM-40%-500 exhibits a Tafel slope of 62 mV dec™!, which
is lower than that of MoS,/prGOAM-40%-500 (83 mV dec™)
and prGO+MoS, powder (117 mV dec™)). In alkaline medium,
the Ni-MoS,/prGOAM-40%-500 exhibits a Tafel slope of
55 mV dec’!, which is smaller than MoS,/prGOAM-50%-
500 (84 mV dec’!) and prGO+MoS, physically mixed powder
(143 mV dec™)).
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In the acidic media, the HER reaction proceeds through
three principal reaction steps
Volmer adsorption step

H,0" +e” — H, +H,0 (1)
Heyrovsky desorption step

H,. +H;0"+e” - H, +H,0 (2)
Tafel recombination step

2H,, > H, 3)

In alkaline medium, the reaction proceeds as it follows:

Volmer adsorption step
H,0+e - H,4+OH" (4)
Heyrovsky desorption step
H,y+H,0+e” - H,+0H" (5)
Tafel recombination step

2H.4 —>H, (6)
where H,q is the hydrogen adsorption site onto the surface of
the catalyst. After the first Volmer step, there are two possibili-
ties, i.e., Heyrovsky process, or Tafel recombination step. The
expected value of the Tafel slope depends on the actual rate-
determining step, and is 120 mV dec™ for the Volmer step, and
40 and 30 mV dec™, for the Heyrovsky and Tafel ones respec-
tively.°0-631 Therefore, the HER reaction for Ni-MoS,/prGOAM-
40%-500 and MoS,/prGOAM-40%-500 likely follows a Volmer—
Heyrovsky mechanism.

In general, the overpotential required to drive the overall
reaction differs according to the reaction pathway, which is
strongly dependent on the pH, and usually HER activity and
exchange current densities are lower in alkaline rather than

45
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in acid solutions.*%”] This is caused by the initial cleavage

of the H—O—H bond in the Volmer step required in alkaline
conditions (Equation (7)), which supplies H,q to the following
steps and is considered the rate-determining step of the overall
reaction.l®! Also, in the MoS,/prGOAMs samples we observed
better catalytic figures of merit in acid medium compared to
alkaline conditions. On the contrary, the electroactivity of Ni
containing MoS,/prGOAMs is significantly improved in alka-
line conditions, likely because either Ni single atoms or NiO,H,,
clusters, which are formed by the reaction of Ni metal with
the alkaline medium, supported on or within MoS,, given
their oxophilicity, can assist water adsorption and dissociation.
The combination of MoS, and Ni based oxides or even single
atoms (and more generally oxides of other transition metals)
is not unusual in the literature. DFT calculations suggest that
water is adsorbed either on the nickel single atom or nickel
oxide aggregates and then it is electrochemically dissociated
forming a hydroxide stabilized on nickel and a H adatom on
MoS,.[53:53656 Microscopy, diffraction and spectroscopic data
indicate that bifunctional NiO,H,/MoS, interfaces are exten-
sively present in our materials.

The key role of nickel is also apparent from electrochemical
impedance spectroscopic (EIS) measurements reported in
Figure 5 and Figure S16 in the Supporting Information. The
impedance spectra were fitted with an electric circuit model
(ECM) where a resistance (of the solution) is in series with
two Randle circuits (Figure 5b). Each Randle circuit consists of
a resistance in parallel with a capacitor, which, in our case, is
exchanged with a constant phase element (CPE) that accounts
for the nonideal behavior of the charged interface. The first
Randle circuit was associated with the porous nature of the
electrode,l® and the other one with the charge transfer resist-
ance (Rcry) related to the electrochemical reaction. The values of
Rer for each sample were obtained from a fitting procedure and
are reported in Figure S17 in the Supporting Information as a
function of the electrochemical potential.

Overall the Nyquist plots outline the presence of two
semicircles: one at high frequencies, more evident in the Ni
promoted samples, that is not significantly affected by the
potential, which can be associated with the intrinsic electrical
properties of the porous electrode, and another at low fre-
quency that becomes smaller as the electrochemical potential

Figure 5. a) Nyquist plot acquired at —0.42 V for the different samples. b) Schematic representation of the equivalent electrical circuit model used to

extract the charge transfer resistance.
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is lowered, which therefore can be related to the charge transfer
resistance for the HER.

From these data, we can deduce that the MoS, per se has
poor charge transfer ability as demonstrated by the high Rey
observed for the physical mixture of MoS, and GO. The com-
posite systems MoS,/prGOAMs shows a strongly decreased
Rer, which is further lowered after annealing (from 500 to
900 °C). This indicates that the coupling of MoS, with a sup-
port with good electrical conduction effectively promotes the
electrochemical transfer properties of the composite system.
The situation is also strongly modified in presence of Ni: the
comparison of the Ni promoted versus pure MoS,/prGOAMs
samples, both treated at 500 °C, shows huge differences in the
Rer and actually Ni promoted MoS,/prGOAMs-500 °C is the
best material in term of Rcy, even better than the analogous
sample treated at 900 °C. This indicates that the promotion
effect induced by nickel is more important than the improve-
ment of electrical conductivity triggered by a higher annealing
temperature, which improves the conduction properties of
prGO. Moreover, when the whole set of Ni promoted samples
is considered, the Rey at potential lower than 0.124 V are almost
the same no matter the annealing temperature is.

The previously discussed XPS and HRTEM data suggest that
the presence of nickel induces as secondary effect the inclusion
of oxygen atoms into MoS,, eventually producing an oxysulfide.
This incorporation of O has also an important effect on the
HER, actually several papers report better electrocatalytic perfor-
mances in case of samples incorporating oxygen.l»7%7! In fact,
DFT calculations indicate that substitutional oxygen produces
a narrowing of the band gap of MoS, therefore enhancing
the electron conductivity even in the case of highly defective
samples with poor crystallinity.3'”?] Moreover, the presence
of oxygen in MoS, can activate the basal plane increasing the
electron density on the adjacent S atoms, which become chemi-
cally active facilitating the dissociation of water and assisting
the first step of HER in alkaline conditions.”!

From the Rcr values in the micropolarization region, it
is also possible to extract the exchange current jy, which is
also used as metrics to evaluate the catalytic performance of
electrodic materials. The results are reported in Table S5 in
the Supporting Information and obviously mirror the trend
observed for Rct. The sample obtained by the physical mixing
of MoS, and rGO has a j, of 4.3 HA cm~2, whereas the best
catalyst, Ni promoted MoS,/prGOAMs-500 °C, a values that is
20 times higher.

These considerations are extendedly supported by the elec-
trocatalysis experiments. Figure S18 in the Supporting Informa-
tion compares the activity of Ni-MoS,/prGOAM-40% samples,
which were treated at different temperatures, namely 400, 500,
600, and 900 °C. The sample heated at 500 °C presents the best
HER activity, with the lowest 1, value of 160 mV versus RHE
in alkaline conditions. The same current density, in the case of
400, 600, and 900 °C electrodes can be only reached at signifi-
cantly higher ny, values (243, 186, and 252 mV, respectively).
The Tafel slopes (Figure S18b, Supporting Information) con-
firm the trend observed for 1.

To determine if the optimal thermal treatment temperature
changes without Ni, we also studied the dependence of the
polarization curves of the pristine MoS,/prGOAM-40% after
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different reduction temperatures (Figure S19, Supporting Infor-
mation), obtaining the same trend observed in Ni-promoted
samples. Probably, 500 °C is the best temperature because
it is sufficient to form MoS, from the ATM precursor and
significantly reduced the GO scaffold, but low enough to prevent
sintering and aggregation of the active phase or an alteration of
their stoichiometry and structure as indicated by the HRTEM
measurements (Figures S12 and S13, Supporting Information).
To support this hypothesis, we have evaluated the electro-
chemical surface area (ECSA) of the materials by measuring the
capacitance of the double layer (Cp;), since these two quantities
are usually assumed to be proportional. Cyclic voltammetry can
be used to measure the Cp; at different scan rates in a potential
region where there are no faradic processes. The most relevant
results are reported in Figure S20 in the Supporting Informa-
tion. Interestingly, MoS,/prGOAMS sample shows a slightly
higher ECSA than the analogous nickel promoted sample;
however, the latter is much more active, stressing once more
the fact that the nickel introduction promotes the formation
of new and more active sites compare to the pure MoS,. As
expected by previous literature data on graphene-based com-
posite, the annealing at high temperature determines a signifi-
cant decrease of the surface area partly because of the sintering
of MoS,, but also due to the reduction of the GO, which leads
both to a partial restacking of the nanosheets and a worse inter-
action with the electrolyte as a consequence of the increased
hydrophobicity. Therefore, reduction of the ECSA explains the
decrease of the catalytic performance observed in the samples
treated above 500 °C, even though the annealing improves the
electron transfer properties.

The key role played by Ni prompted us also to investigate
the effect of its concentration in the HER performance, in
particular we synthesized a series of samples with optimized
parameters (MoS,/prGOAM-40%-500) with different quantity
of Ni: 2.5%, 5%, and 10% (Figure S21, Supporting Informa-
tion). The enhancement of the catalytic activity in acid is
radically different compared to alkaline conditions. Actually the
experimental data suggest that the effect of nickel promotion is
more evident and more sensibly dependent on the Ni amount
in 0.1 M KOH compared to 0.5 M sulfuric acid.

Let us consider first what happens in acid conditions when,
based on our electrocatalysis data, the enhancement of the cat-
alytic activity is only modest and weakly dependent on the Ni
loading. The TEM and XRD data suggest the existence Ni single
atoms on the MoS,; surface, or substitutional dopants inside the
MoS, lattice (i.e., Chevrel phase). On the contrary on the basis of
the pourbaix diagram, possible Ni metal islands are dissolved in
acid conditions in the potential window of interest for the HER.

A large body of literature, as well as our own EIS data, indi-
cate that the increase of the catalytic activity can be connected
to enhanced electron transfer properties induced by the pres-
ence of Ni dopants as well as by the convenient modulation of
the hydrogen adsorption energy, which is considered the best
descriptor for the HER activity. In this regard DFT calculations
suggest a more thermoneutral value of the hydrogen adsorption
energy on Ni doped compared to pristine MoS, >>%! or that the
presence of Ni atoms can activate adjacent sulfur vacancies?”?
or modulate locally the charge of the basal planel*? favoring the
HER.
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Figure 6. Polarization curves and Tafel plots in 0.5 M H,SO, (a,b) and in T M KOH (c,d), respectively, for Ni-MoS,/prGOAM-x%-500 and MoS,/prGOAM-

x%-500, (x =20,30,40,50).

Clearly these effects are active also in alkaline conditions, at
high pH, due to the low concentration of H*, the rate deter-
mining step for the HER is the dissociation of water, which
as discussed before can be indeed facilitated by oxophilic Ni
species. Notably, in alkaline conditions the Ni metal nano-
particles are not dissolved but converted to Ni(OH), which are
also known to help water dissociation.

In all media, the best performing system contains 5% of Ni,
whereas the less concentrated sample shows a similar activity
and low overpotential, but worse performance at high currents,
probably because of the reduced number of bifunctional sites.
At 10% Ni, we observe a decreased of the performances, likely
because the Ni increase does not produce additional sites, but
just the formation of phase separated NiO, phases as well as an
excessive oxidation of the MoO,S, component.

The HER electrochemical activity of Ni promoted and pris-
tine MoS,/prGOAMs-x%-500 with different loading of MoS,
was also evaluated. The 1, value of Ni-MoS,/prGOAMs-x%-500
decreases from 262 mV to 174 mV (Figure 6a, in acid condition)
and from 244 to 160 mV (Figure 6c, in alkaline condition)
when the weight content of MoS, increases from 20% to 40%.
This clearly indicates that the HER sites are related to MoS,.
However, when the MoS; loading is increased from 40% to
50%, N9 becomes slightly worse: changing from 174 to 179 mV
(in acid condition) and from 160 to 178 mV (in alkaline condi-
tion), suggesting that the HER cannot indefinitely increase by
adding more active phase. A similar trend can be deduced by
the 1, values of the MoS,/prGOAMs-x%-500 samples. These
data suggests that the MoS, nanoparticles tend to aggregate and
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grew in size so that the TMDC/graphene interaction becomes
less effective with respect to the electron transferl®”! and the
addition of MoS, above 40% does not produce the exposure of
additional active sites.

To facilitate the comparison of performance descriptors,
Tafel slopes and my values are summarized in Table 2. It
results that Ni promotes the activity in all the explored cases,
decreasing the 1 and increasing the current density. However,
the Ni presence is particularly advantageous when the HER is
carried out in alkaline medium.

To assess the role of the special center diverging morphology
of the microspheres, we prepared working electrodes using
milled Ni(5%)-MoS,/prGOAM-30%-500 and Ni(5%)-MoS,/
prGOAM-40%-500 powders. In both cases, the milled elec-
trodes undergo a strong reduction of the catalytic perfor-
mance (Figure 7a,b), especially in the case of the best catalyst,
Ni-MoS,/prGOAM-40%-500. This reduction is also evident in
the pristine MoS,/prGOAMs.

Finally, given its importance for practical applications, the
long-term stability of the samples under HER working condi-
tion was investigated by chronopotentiometric measurements.
Figure S22a,b in the Supporting Information shows the V-t
curves of Ni-MoS,/prGOAM-40%-500 sample obtained in
alkaline and acid environment, respectively. As suggested by
microscopy measurements (Figures S14 and S15, Supporting
Information), the electrodes present a high stability in both pH
conditions. However, in alkaline medium the catalytic activity
increases slightly with time, while a low decrease is observed
in acid conditions. Notably, at the end of the durability test,
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Table 2. HER overpotentials at 10 mA cm™2 (n10) and Tafel slopes for the sample investigated ion the present study in 0.5 M H,SO, and 1 M KOH.

Material Overpotential 1o [MV] Tafel slope [mV dec™]
0.5 M H,S50, 1M KOH 0.5 M H,50, 1M KOH

prGO+MoS, powder 325 416 n7 143
MoS,/prGOAM-20%-500 273 289 97 95
MoS,/prGOAM-30%-500 225 238 94 90
MoS,/prGOAM-40%-500 189 206 83 84
MoS,/prGOAM-50%-500 263 246 156 89
MoS,/prGOAM-40%-400 317 297 148 120
MoS,/prGOAM-40%-500 189 206 83 84
MoS,/prGOAM-40%-600 289 285 n7 99
MoS,/prGOAM-40%-900 250 260 100 96
Ni (5%)-MoS,/prGOAM-20%-500 262 244 94 85
Ni(5%)-MoS,/prGOAM-30%-500 189 187 68 62
Ni(5%)-MoS,/prGOAM-40%-500 174 160 62 55
Ni (5%)-MoS,/prGOAM-50%-500 179 78 65 56
Ni(5%)-MoS,/prGOAM-409%-400 - 243 - 98
Ni(5%)-MoS,/prGOAM-409-500 - 160 - 55
Ni(5%)-MoS,/prGOAM-40%-600 - 186 - 63
Ni (5%)-MoS,/prGOAM-4096-900 - 252 - 105
Ni (5%)-MoS,/prGOAM-4096-900 - 252 - 105
Ni(2.5%)-MoS,/prGOAM-40%-500 177 178 73 88
(Ni(10%)-MoS,/prGOAM-40%-500 196 213 64 83

Ni-MoS,/prGOAM-40%-500 exhibits an outstanding my of
147 mV, corresponding to a mass activity of 50 mA mg~, which
is about twice higher than other similar materials recently
reported in the literature (Table S6, Supporting Information),
e.g., Co-MoS; (M 137 mV, 59 mV dec’!, 28.6 mA mg™)l*8l
and 1T-MoS,/Ni**%0%OH)*(1:1) My 73, 77 mV dec’,
25 mA mg .3l This comparison confirms the exceptional
properties of the prGOAMs as supporting scaffold, which
allows an extremely efficient utilization of the active phase.
The reason for the improvement is related to a higher
surface area (Figure S20, Supporting Information). Actually,
the prGOAMs require some time to be fully permeated by
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the electrolyte because some of the pores are very small and
the material surface is only partially hydrophilic. Moreover, the
prGOAMs are produced by a soft ice templated method and the
crosslinking between the GO sheets is due to dehydration reac-
tions, which are partially reversible especially in alkaline condi-
tions. Therefore, after some time in presence of electrolyte, the
microspheres undergo swelling. Moreover, the H3 hysteresis
type observed in BET spectra for these materials is typical of
loosely aggregated plate like materials with slit shaped pores,
confirming the “soft matter” nature of the prGOAMs.

Finally, Table S7 in the Supporting Information compares
the figures of merits (ny, and Tafel slope) of the catalysts
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Figure 7. a) Polarization curves for Ni(5%)-MoS,/prGOAM-30%-500 and Ni(5%)-MoS,/prGOAM-40%-500 in T M KOH before and after milling;

b) corresponding Tafel plots.
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investigated in this work with other relevant literature data,
where an active MoS, phase is supported on different 2D or
3D nickel or graphenic supports. The HER performance of
the Ni(5%)-MoS,/prGOAM-40%-500 catalyst compares very
favorably to those observed for other non-noble-metal cata-
lysts, e.g., 2D-MoS,/Ni(OH);, (M3 185 mV, 73 mV dec™),%
MCM@MoS,-Ni (159 263 mV, 82 mV dec™),” MoS,~MoO,
hybrids (m;p 240 mV, 76 mV dec),” MoS, on 3D-Ni
Mo 237 mV, 110 mV dec),’® and Ni-3D-MoS, sample
(M10 220 mV, 65 mV dec™).33]

Finally, considering the amount of MoS, deposited on the
electrode and then converting this amount to the number of Mo
sites exposed using the BET data, under the assumption based
on TEM data that the prGO surface is almost completely covered
by MoS,, it is possible to calculate the turnover frequency
(TOF),3 which at 0.2 V results 0.9(1.2) s™! for prGOAMs/MoS,
and 4.6(1.8) s7! for Ni promoted samples in alkaline (acid) condi-
tions. Obviously these values represent the average value of all
active sites (Ni promoted basal plane and edges).

These values are quite similar to previous data on closely
related systems such as MoS,/Ni,O3H, MoS,/Co;0, and
MoS,/Fe,0; composite catalysts, whose TOFs are 2.0, 1.2, and
0.5 s7! at the overpotential of 200 mV, respectively;*® whereas
for Ni(OH),/MoS,, it was reported a TOF of 5 s7! and for Ni
doped MoS, a value of 60 s~1.13%

3. Conclusion

In conclusion, we have demonstrated the successful bottom-
up fabrication of advanced nanocomposites made by MoS,
nanosheets embedded in prGOAMs with a peculiar blowball
morphology. This synthesis was possible through a facile and
quick one-pot method that combines electrospraying and in
situ freeze-drying technique.

The MoS,/prGOAMs nanocomposites demonstrated a
significant activity in the HER thanks to the special center
diverging morphology of the carbon scaffold that guarantees a
high dispersion of the active phase, and an efficient interaction
with the electrolyte

However, the catalytic activity could be further boosted by
the simple addition of a soluble nickel salt, NiCl, during the
synthesis.

As a matter of fact, after a careful optimization procedure,
the best material, Ni-MoS,/prGOAM-40%-500, demonstrated
an excellent performance especially in alkaline conditions,
reaching an my, of 140 mV even after 15 h of continuous
electrolysis.

The presence of nickel during the synthesis produces
important changes in the materials: on the one hand nickel is
introduced into the MoS, both as dopant in the bulk forming
the so called Chevrel solid solutions as demonstrated by XRD
and as a single atom or small cluster on the surface as demon-
strated by HRTEM measurements. Notably, XPS data suggest
that the introduction of nickel strongly favor the formation of
an oxysulfide phase, which has extremely beneficial effects on
the electrochemical properties as demonstrated by the strong
decrease of the charge transfer resistance in all Ni promoted
samples. This can be explained considering that the oxygen
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atoms act as the bridging species between the oxysulfide and
the oxygenates species of the prGO forming a structurally
stable interface that allows an excellent electronic communica-
tion between the TMDC and the carbon support. Moreover, the
oxysulfide phase per se has and improved electronic conduc-
tion compared to pure MoS, as well as an enhanced chemical
activity on the sulfur atoms adjacent to the oxygen ones.

The nickel however has also a more direct role: in the form
of single atom adsorbed on the surface, it is a good catalyst for
the HER since it modifies the electronic properties of the basal
plane, determining a more thermoneutral hydrogen adsorption
energy compared to pure MoS,*>%°72 On the other hand, nickel
species in the form of oxysulfides or small oxidized clusters
can establish a bifunctional effect.’*>>%>%] where the oxofilic
NiO, species facilitate the electrochemical water dissociation
providing a suitable adsorption site for hydroxyls intermedi-
ates,”” whereas the surrounding MoS,, species can stabilize the
resulting H atom and proceeds through the further steps of the
HER.

Interestingly, given the high dispersion of Ni into MoO,S,
the bifunctional effect is already achieved at a very low amount
of nickel, 5% w/w only, which is much lower than similar
NiO,H,/MoS, catalysts in the literature.®>7378 This point is
quite important for practical application because nickel is
not an environmental benign material, and its use should be
minimized in practical applications.

4. Experimental Section

Synthesis of the MoS,/prGOAMs and Ni-MoS,/prGOAMSs: Scheme 1
illustrates the synthetic route for the preparation of Ni-MoS,/prGOAMs
(Ni at 5 at% vs Mo). GO, NiCl,-6H,0 and ammonium thiomolybdate
(ATM) in different ratios were used to prepare a series of samples, which
in the following are labeled as Ni-MoS,/prGOAM-X-Y (where X indicates
the weight percentage of MoS,, and Y is the annealing temperature).
GO, NiCl,-6H,0 and ATM were added to 10 mL of deionized water,
stirred and ultrasonicated at room temperature for 30 min to obtain a
homogeneous suspension of 7.0 mg mL™". Table S1 in the Supporting
Information summarizes the amount of the reagents used for the
different samples. Starting from the precursor solution, a combination
of electrospraying, ice templating, and thermal annealing was used for
the synthesis of the Ni-MoS,/prGOAMs composites. Regarding the
electrospraying step, a beaker containing n-hexane was cooled down to
—45 °C by an acetone/dry ice mixture and used as receiving liquid. Then,
the NiCl,/GO/ATM suspension was added to the injection pump of the
electrospraying device, which was terminating with a small capillary
(nozzle) connected to a high voltage power supply. After a careful
optimization, the parameters for the electrospraying procedure were
set within the following ranges: flow rate = 6-10 mL h~', high voltage
= 9-12 kV, and distance between the receiving liquid and the nozzle =
8-12 cm. Microspheres with different diameters could be prepared by
changing these parameters within these ranges. Under the action of the
electric field, the electrically conductive suspension is stretched forming
a “Taylor cone” and eventually splits into smaller charged droplets that
enter the cooling bath, where they are rapidly frozen, producing NiCl,/
GO/ATM/ice microspheres. Finally, after rapid filtration, the solid
microspheres collected in the cooled n-hexane bath were transferred to
a freeze dryer working at —50 °C and less than 20 Pa, for 48 h, eventually
obtaining the dried NiCl,/ATM/GOAM microspheres (NiCl, and ATM
inside the GOAM). Finally, the dried NiCl,/ATM/GOAMs were heated
to 400, 500, 600, or 900 °C under an Ar:H, = 9:1 (100 sccm in total)
atmosphere for 1 h with a heating rate of 5 °C min™'. The thermal
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decomposition of ATM leads to molybdenum trisulfide (MoSs3),
ammonia (NHs), and hydrogen sulfide (H,S), in the temperature range
between 155 and 280 °C %% according to the following reaction

(NH,),MoS, — MoS; +2NH; +H,S 7)

MoS; then decomposes to MoS, in a broad temperature range from
300 to 820 °C under inert gas and hydrogen according to the following
reaction(®%

MoS; +H; — MoS, +H,S (8)

On the other hand, nickel chloride is reduced in a temperature range
from 300 to 700 °C by hydrogen according to the reactionl®"32

NiCl, + H, — Ni+ 2HCI 9)

During the heat treatment, the GOAMs are also transformed into
prGOAM s, so the final Ni-MoS,/prGOAMs are obtained. For the
preparation of MoS,/prGOAMs, the same procedure was followed
simply without adding the NiCl, in the initial solution.

Structural and Morphological Characterizations: SEM measurements
were carried out with a Zeiss Supra VP35 field-emission scanning
electron microscopy (FE-SEM), equipped with in-lens, secondary
electrons (SE), and backscattered electrons (BSE) detectors for the
imaging (Zeiss, Jena, Germany). Micrographs were obtained with an
acceleration voltage of 5 kV using in-lens high-resolution detection.
EDX data were acquired with the same instrument. The surface area
measurements were carried out with a Micromeritics ASAP 2020/2010
apparatus using the BET model for N, adsorption measurements. Prior
to the adsorption run, the sample was outgassed at 573K for 20h.

XRD patterns were recorded in the diffraction angular range of
5-80° by a PANalytical X'Pert 3 diffractometer, working in the reflection
geometry and equipped with a graphite monochromator on the diffracted
beam (Cu Ko radiation, Pananlytical, Almelo, The Netherlands). Raman
spectra were collected using a DXR Raman microscope system (Thermo
Fisher Scientific, USA) with a 532 nm laser as the photoexcitation
source, with 0.5 mW laser power at the sample and a 50x objective lens.

The surface chemical composition of the samples was investigated
by XPS using a custom-made system working at a base pressure of
107% mbar and equipped with an EA 125 Omicron electron analyzer
ending with a five channeltron detector. The XPS data were collected
at room temperature using the Al Ko line (hv = 1253.6 eV) of a non-
monochromatized dual-anode DAR400 X-ray source. High resolution
spectra were acquired using 0.1 eV energy steps, and 20 eV pass
energy. The multipeak analysis of the C 1s, Ni 2p, Mo 3d, and S 2p
photoemission lines was performed by means of Voigt functions and
subtracting a Shirley background using the XPSPEAK software.

For  microstructural  investigations, probe Cs  corrected
STEM, Jeol ARM 200 CF, equipped with a high-brightness cold field
emission gun (CFEG) operating at 80 kV was used. Elemental chemical
analyses and elemental mappings were performed with energy dispersive
X-ray spectroscopy (EDXS) using Jeol Centurio wide-area silicon drift
detector system and EELS Gatan GIF Quantum ER Dual-EELS system.
For HAADF, collection angles between 68 and 185 mrad were used.
Samples in the powder form were directly transferred to Lacey-carbon
coated Cu TEM grids.

HAADF image simulation was performed using QSTEM code.®

Electrochemical Characterization: The EC HER measurements were
carried out in a custom designed three-electrode cell using an Autolab
PGSTAT-204 potentiostat. Graphite was used as counter electrode,
whereas an Ag/AgClzM () electrode, calibrated with respect to the RHE,
was the reference electrode. All potentials reported in the text and figures
are referred to the (RHE) and corrected according to the equation:
E(RHE) = E(Ag/AgCl) + 0.225 V + 0.059 pH. The EC experiments were
carried out in Ar-saturated 0.5 m H,SO, or 1 M KOH solution prepared
from high-purity reagents (Sigma-Aldrich) and ultrapure Milli-Q water.
The working electrodes were prepared by painting 100 uL of the catalyst
ink (which was obtained by dispersing 1 mg of sample and 5 pL of Nafion
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in 200 pL of DMF, by ultrasonication for powder materials, whereas by
gently shaking only for aerogel microspheres) on a 1x 1cm carbon cloth
(Zoltek Tm PX30 Woven fabric, Hungary). The polarization curves were
recorded at a 5 mV s™' scan rate. The cycling stability measurements
after CV experiments was performed for 1000 cycles with a scan rate
of 50 mV s7'in the potential range of —0.12 to —0.47 V (vs Ag/AgCl).
The stability of the catalysts was tested by chronopotentiometry (CP) at
10 mA cm~2. Curves were iR-corrected using the resistance determined
by EIS.

EIS spectra were carried out using a modulation of 10 mV in a
frequency range between 105 and 1 Hz using a Autolab PGSTAT204
(Metrohm, Utrecht, The Netherlands) instrument. The samples were
polarized at different constant potential between —0.2 and —0.7 V versus
Ag/AgCl (+0.230 V vs RHE) (0.08 to —0.42 V vs RHE).
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