IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Multidimensional Thin Film Hybrid Electrodes with MoS, Multilayer
for Electrocatalytic Hydrogen Evolution Reaction

Eungjin AhnT and Byeong-su Kim*’»‘-’j;

"Department of Energy Engineering and *Department of Chemistry, Ulsan National Institute of Science and Technology (UNIST),

Ulsan 44919, Korea

© Supporting Information

ABSTRACT: Hybrid electrodes are widely used in various
energy storage and conversion devices. However, conventional
fabrication methods like simple mixing allow only limited
control over the internal electrode structure, and it is often
difficult to elucidate the structure—property relationship
among the electrode components. Taking advantage of the
versatile layer-by-layer (LbL) assembly method, herein we
report the preparation of electrocatalytic thin film electrodes
for hydrogen evolution reaction (HER), highlighting the
importance of nanoscale composition in multidimensional
hybrid electrodes. The fabrication utilized the electrostatic
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interaction between the two components: catalytically active two-dimensional MoS, nanosheets and conductive, one-dimensional
multiwalled carbon nanotube (MWNT) support. The electrocatalytic activity was found to be highly tunable by adjusting the
thickness of the electrode, suggesting structural dependence of electron transfer and mass transport between the electrolyte and
electrode, which is otherwise difficult to investigate in electrodes fabricated by simple conventional methods. Furthermore, the
detailed mechanism of HER on the hybrid electrode was also investigated, revealing the fine balance between the catalytic activity
of MoS, and conductivity of MWNT. We anticipate that this unique approach will offer new insights into the nanoscale control
of electrode architecture and the development of novel electroactive catalysts.
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1. INTRODUCTION

The rapid depletion of fossil fuels and growing environmental
concerns have created a global demand for alternative energy
sources that are clean and renewable.’ Among the many
technological advances in electrochemical energy conversion,
the hydrogen-based fuel cell has received considerable attention
as an attractive option for next-generation energy source, owing
to its high energy density and environmentally benign
operation.”” Hydrogen generation is generally achieved
through the hydrogen evolution reaction (HER) from water.
While platinum and its alloys are still the most popular
electrocatalysts for HER, their natural scarcity and associated
high cost have spurred the relentless pursuit of alternative
catalysts with reliable electrochemical performance.
Molybdenum disulfide (MoS,) is a promising candidate to
substitute noble metal catalysts for electrochemical HER from
water, due to its relatively low cost, high catalytic activity, and
high stability.** In particular, the small energy variation of
MoS, for the adsorption of proton and subsequent desorption
of hydrogen during HER offers a significant opportunity for
developing MoS,-based electrocatalysts.”'" In order to
optimize the active edge sites over the inert basal plane of
MoS,, considerable efforts have been dedicated to synthesize
various Mo$, structures with a higher number of edge sites,”""
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including nanoparticles,'”'® mesoporous materials,' "
wires,'®"” and thin films."®"’

Among these materials, the colloidal suspension of two-
dimensional (2D) MoS, sheets is very attractive, due to by
taking advantages of their large surface areas as well facile
synthetic nature of the sheets in a controllable and scalable
manner. However, the suspension of chemically exfoliated
MoS, sheets is often in the metastable 1T phase, which changes
into the thermodynamically more stable semiconducting 2H
phase or becomes oxidized into insulating structures. Thus, it
often requires a carefully chosen conductive support as its
electrocatalytic activity is known to be strongly influenced by
the supporting materials. A number of approaches have been
reported to address these issues, such as using graphene sheets
or carbon fiber as a conductive support for MoS,.'”*” Perhaps
the most facile approach to improve the catalytic activity of the
electrode is using a simple mixture of MoS, and conductive
carbon based support. Nevertheless, maintaining the ordered
architecture and preventing severe aggregation in the electrodes
are often very challenging.
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Figure 1. (a) Schematic of the LbL assembly of (MoS,/MWNT), multilayer electrode for HER from water. (b) UV—vis absorbance spectra,
showing the growth of (MoS,/MWNT), multilayers. The number of bilayers (BL, n) in the film is labeled in the graph. Inset shows the linear
growth of the multilayer thickness as measured by ellipsometry. (c¢) QCM analysis of mass loading for each cycle of MoS, and MWNT deposition.
Inset shows the photograph of the multilayer films deposited on a quartz slide with different number of BL.

In this regard, the layer-by-layer (LbL) assembly offers many
opportunities for preparing multilayer thin films for desired
functions, as it is a truly nanoscale blending method with
nanometer-precision control over the composition and thick-
ness.” 7' The integration of carbon nanostructures, such as
carbon nanotubes and graphene nanosheets into multilayer
films by LbL assembly has been recently demonstrated in
multiple examples including our own studies.”” > Never-
theless, many of these studies are focused on creating
electrically conducting thin-film electrodes.

Herein, we report the unique integration of electrocatalytic
2D MoS, nanosheets with one-dimensional (1D) carbon
nanotube support by LbL assembly, to create three-dimensional
(3D) structured hybrid electrocatalytic thin-film electrodes that
are active toward HER. Specifically, the negatively charged
MoS, sheets in suspension and the positively charged
multiwalled carbon nanotubes (MWNT) are assembled
through their electrostatic interactions on a silicon wafer or
fluorine-doped tin oxide (FTO) coated glass slide, which results
in the hybrid multilayer thin films of MoS, supported by carbon
nanotubes. In this study, the MWNT not only serves as a
structural component within the multilayer films but also as a
catalytic support layer due to its high conductivity and unique
1D morphology that can create porosity within the 3D hybrid
electrodes, thereby ensuring high mass transfer rates in the
electrochemical system. Although there are several reports on
MoS," ™" or hybridized MoS,-MWNT based electrocata-
lyst**** with noticeable catalytic performances toward HER, to
the best of our knowledge, this is the first report of
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conventional LbL-assembled electrocatalytic thin film for
hydrogen evolution catalysis. We find that the versatile LbL
assembly method allows the integration of materials of varying
dimensions into hybrid electrocatalytic thin films in a highly
controllable manner. In particular, the catalytic performance
strongly depends on the thickness of the electrode (ie., the
number of bilayers (BL)). We also explore the mechanism of
electrocatalytic HER behavior on the thermally treated hybrid
electrode, as the treatment strongly influences the phase of the
MoS, nanosheets and the conductivity of the MWNT within
the multilayer.

2. RESULTS AND DISCUSSION

Bulk MoS, powder was exfoliated into a suspension of MoS,
sheets using a well-established lithium intercalation method,
which generates negative charges on the surface of MoS, sheets
due to the adsorption of OH™ ions.*® After extensive cycles of
purification, the as-prepared MoS, suspension displayed fairly
good colloidal stability without noticeable aggregation for
several months. According to the atomic force microscopy
(AFM) measurements, the majority of the exfoliated MoS,
sheets were around a few hundred nanometers in width and
2.0—2.6 nm in thickness. The thickness indicates that the
exfoliated MoS, nanosheets are tri- and tetra-layers, compared
to that of fully exfoliated MoS, monolayers (0.60—0.70 nm; see
Figure S1 in the Supporting Information for details).
Meanwhile, a stable dispersion of chemically modified
MWNT was prepared based on our previous report."” The
typical oxidation in strong acids introduced carboxylic acid
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groups onto the surface of the MWNT. The carboxylic acid
groups further reacted with excess ethylenediamine through the
reaction mediated by N-ethyl-N-(3-(dimethylamino)propyl)
carbodiimide (EDC) methiodide to afford the positively
charged MWNT with free amine groups (MWNT-NH,). FT-
IR results confirmed the presence of the reactive surface
functional groups in MWNT-NH, (Figure S2). Specifically, a
broad peak at 3440 cm™' and a strong peak at 1631 cm™' can
be ascribed to NH stretching in amine and C=0 stretching,
respectively, due to the formation of the amide linkage.**"
According to the zeta-potential measurement, both negatively
charged MoS, and positively charged MWNT suspensions
possessed sufficient colloidal stability with zeta potentials of
—38.3 + 0.8 mV for MoS, and +41.1 + 1.7 mV for MWNT-
NH, at pH S (LbL assembly condition; Figure S3).

With these two stable suspensions carrying opposite charges,
their electrostatic interaction was exploited to assemble the
hybrid multilayer electrodes on a silicon wafer or FTO-coated
glass slide, by repeated alternating deposition of the two
suspensions, resulting in a multilayered architecture of (MoS,/
MWNT),, with the typical number of bilayers (BL, n = 2—14).
The experimental procedures are schematically shown in Figure
la and detailed in the Supporting Information. It should be
noted that a polyaniline (PANi) primer layer was first coated in
order to increase the initial adhesion to the substrate for
effective film growth.

The successful buildup of the multilayer was confirmed by
UV—vis spectroscopy, ellipsometry, and quartz crystal micro-
balance (QCM) analysis (Figure 1b,c). The gradually increased
absorbance at the characteristic peaks at 250 nm for MWNT
and 395 nm for MoS, indicates an increasing number of layers,
demonstrating the linear growth of the hybrid (MoS,/
MWNT),, multilayer electrode. As reported in our previous
study of MoS, multilayer spaced by polyelectrolyte layers, the
as-assembled film did not exhibit the characteristic excitonic
peaks of MoS, without thermal treatment, suggesting the
presence of the metastable 1T-form of MoS, sheets synthesized
by Li-intercalation and exfoliation method.*® In accordance
with the absorbance spectra, ellipsometry measurements
showed that the thickness of the multilayer increased linearly
with increasing number of BLs, with an average BL thickness of
1.77 + 0.06 nm. The QCM analysis results further supported
the linear growth of the (MoS,/MWNT), multilayers. The
average mass of each component within a single BL was
determined to be 0.20 ug/cm® for MoS, and 0.14 ug/cm? for
MWNT, resulting in a mass density ratio of between MoS, and
MWNT approximately to 1.5:1 within a single BL. This result is
critical for building a comparable control set consisting of a
simple mixture of MoS, and MWNT, in order to highlight the
importance of nanoscale architecture in the electrode through
LbL assembly for high electrocatalytic performance.

After confirming the successful growth of (MoS,/MWNT),
films, we assembled the multilayers on FTO-glass substrates
(Figure S4) prior to performing the electrochemical analysis. As
a control, the two solutions were mixed and drop-casted using
the mass ratio determined from QCM analysis. SEM surface
morphology showed a clear difference between the LbL-
assembled multilayers and drop-casted mixture of MoS, and
MWNT (Figure 2). The former showed a relatively smooth
morphology with a regular porous structure, compared to that
of the drop-casted control. Therefore, the LbL assembly
technique is important for the nanoscale blending of two
heterogeneous components into a controlled architecture. In
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LbL-assembled
film

Figure 2. SEM images of (a, b) LbL-assembled (MoS,/MWNT),,
film and (c, d) drop-casted MoS,-MWNT mixture. The substrate is
FTO-coated glass (see Figure S4 for photographs of the films).

the cross-section view, the thicknesses of the LbL-assembled
and drop-casted samples were both measured as ~150 nm. The
difference between this value and that obtained from
ellipsometry could be originated from difference of intrinsic
surface roughness between the FTO-coated glass and the
silicon wafer.

To further confirm the presence of MoS, and MWNT in the
multilayer film, Raman analysis was performed (Figure SS).
Raman spectroscopy is the most direct and nondestructive
technique to characterize the structures of various nanomateri-
als. The characteristic Raman peaks indicated the Elzg (3814
cm™') and A, (405.5 cm™') vibration modes of MoS,. In
addition, the peak separation between them (~24 cm™) also
supported the presence of MoS, nanosheets with three to four
layers, in accord with the AFM observation. Three character-
istic peaks of MWNT were observed: the D-band (1351 cm™),
G-band (1588 cm™), and 2D-band (2692 cm™).*" The strong
D-band of MWNT was attributed to the damaged graphitic
structures via introduction of amine moiety onto the nanotube
surface.

The catalytic activity for HER was evaluated by electro-
chemical analysis in 0.50 M H,SO, electrolyte using a three-
electrode system with the assembled (MoS,/MWNT), film on
FTO-coated glass substrate, Pt foil, and saturated calomel
electrode (SCE) being the working, counter, and reference
electrodes, respectively (inset in Figure 3a). The simple mixture
of MoS, and MWNT with no structural control was employed
for comparison as described earlier. As shown in Figure 3, the
current density increased linearly with the thickness of the
(MoS,/MWNT), multilayer electrode. This is not surprising,
as more catalytic sites and conductive supporting material
deposited on the electrode would enhance the electrochemical
activity. Interestingly, however, this trend changed when BL is
over 14, where the current density decreased with increasing
film thickness. The origin of this phenomenon will be the
subject of our discussion as follows: For HER electrocatalysts,
the relationship between the overpotential (17) and the current
density (J) is described by the cathodic term of the Butler—
Volmer equation, known as the Tafel eq 1:

J=],x10"" 1)

,where ] is the measured current density, J, is the exchange
current density, and 7 is the overpotential. Tafel slope, b, is a
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Figure 3. (a) Polarization curves of hybrid multilayer (MoS,/MWNT), electrodes and (b) the corresponding Tafel plot of HER. The curves are
labeled by the number of BL (1) in each electrode, and the dotted line is the control sample of a simple mixture. Inset in panel a shows the
experimental setup of the three-electrode system. All displayed electrochemical results were after iR-correction to account for the Ohmic drops.
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Figure 4. (a) Current density (at —0.3 V, closed square) and Tafel slope (closed circle) of (MoS,/MWNT), multilayers with different number of BL
(n). Open square and circle correspond to the control set. (b) Proposed mechanism of the changing electrochemical activity with respect to the film

thickness under different electrocatalytic operating regimes.

barometer for the catalytic efficiency of HER and usually
determined by the intrinsic properties of the catalyst such as the
binding energies to protons and hydrogen molecules. We found
that the Tafel slope of (MoS,/MWNT), multilayer film
strongly depends on the number of BL (ie., thickness and
architecture of the electrode). For example, b initially decreased
with increased number of BL from 200.3 to 62.7 mV/dec
between 2 BL and 14 BL and then increased to over 86 mV/
dec at 30 BL (Figure 3b). This wide range of Tafel slope
(between 62.7—200.3 mV/dec) indicates that the electro-
catalytic activity of the thin-film electrode can vary significantly
with the film thickness, even when using the identical materials
and structure. The optimized Tafel slope of 62.7 mV/dec at 14
BL indicates the better catalytic efficiency than the MoS,/
pyrolytic carbon thin film catalyst®" and is also comparable to
the reported values of other catalysts.”*™>*

The long-term stability of (MoS,/MWNT),, film toward
HER is also assessed by cyclic voltammetry for 200 cycles
(Figure S6). Interestingly, its long-term stability was maintained
over 200 cycles and even increased slightly (~7%), possibly due
to the structural reorganization during the electrochemical
cycles and hydrogen evolution.

The trend of the Tafel slope versus BL consists of three
regimes, in which different electrocatalytic principles are
involved (Figure 4). (I) In the initial stage of assembly (n =
2—6), the Tafel slopes were above 100 mV/dec due to the low
amount of catalytic active sites of MoS, and insufficient
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MWNT conductive support, resulting in poor catalytic activity.
(I1) At moderate thickness (n = 8—14), the increased amounts
of catalytic sites and conductive support lead to a good balance
between the electron transfer from the electrode and mass
transfer from the electrolyte. (III) In thicker films (n = 24—30),
excessive loading of the materials could slow the mass transfer
into the catalytic film, thus lowering the overall catalytic
efficiency of the multilayer film. The same trend was also
observed in the current density, onset potential, and over-
potential values as a function of BL. The overall electrochemical
activity parameters of HER are summarized in Table S1 (see
the Supporting Information).

In parallel, we investigated the kinetics of HER with respect
to the number of layers by employing electrochemical
impedance spectroscopy (EIS). As representative samples, we
chose three different (MoS,/MWNT), multilayer electrodes,
including thin (4 BL), moderate (14 BL), and thick (24 BL)
film electrodes. The Nyquist plots showed that (MoS,/
MWNT),, film with a moderate film thickness displayed the
smallest charge transfer resistance (R.) value of 33.9 Q than
those of thin (4 BL, 1580 Q) and thicker films (24 BL, 60.9 Q),
indicating the fastest Faradaic process for the optimized
hydrogen evolution kinetics (Figure S7). Hence, these results
highlighted our claim that the film thickness is critical for thin-
film based electrochemical reactions. In a clear contrast, the
control set consisting of a simple mixture of the two
components showed a considerably lower catalytic activity in
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terms of both current density (—0.32 mA/cm?) and Tafel slope
(173 mV/dec). The poor catalytic activity of the reference
electrode is proposed to arise from the randomly distributed
catalytic active sites and conductive supporting materials, which
form random aggregations that limit the number of exposed
electrocatalytically active sites. This comparison suggests the
importance of the organized electrode architecture produced
with nanoscale precision by LbL assembly, compared to a
random composite.

Next, we explored the mechanism of electrocatalytic behavior
of the hybrid electrode upon thermal treatment, as the thermal
treatment can strongly influence the phase of MoS, sheets and
the conductivity of the MWNT within the multilayer. We chose
the 14 BL multilayer electrode as a representative sample, as it
demonstrated the highest catalytic activity among all samples
prepared. This electrode was analyzed after annealing for 1 h
under three different temperatures (100, 200, and 300 °C;
Figure S). Along with the different temperature conditions, we
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Figure 5. Polarization curves of (MoS,/MWNT),, multilayer
electrodes treated at different annealing temperatures. Inset shows
the corresponding Tafel plot from the polarization curve, where the
numbers are the corresponding Tafel slopes.

have observed variations in electrochemical behavior such as
current density, Tafel slope, and onset potential between the
samples. The hybrid electrode annealed at 100 °C did not
appear a critical difference in catalytic activities compared to as-
prepared (MoS,/MWNT),,. However, the electrode annealed
at 200 °C showed the lowest Tafel slope (60.1 mV/dec),
indicating the highest electrocatalytic efficiency. The enhanced
electrocatalytic activity upon annealing can be attributed to the
enhanced electron transfer in MoS,-based catalysts, as observed
in other studies.”'" We specifically measured the sheet
resistance of (MoS,/MWNT),,, which dramatically decreased
from 46.1 kQ (as-deposited) to 11.4 kQ (300 °C), due to mild
reduction of the MWNT carbon lattices upon removal of
surface functional groups (Figure $8).>° In contrast, the
corresponding electrocatalytic activity dropped in the sample
treated at 300 °C, as indicated by the significant current drop. It
is well-known that thermal treatment promotes the transition
from the metastable 1T phase of MoS, to the thermodynami-
cally stable 2H phase, and most of MoS, is converted to the 2H
phase at above 300 °C.*° Accordingly, the deactivation of
catalytic MoS, with the increment of annealing temperature
was demonstrated by the change in the onset potential and
electrochemical surface area (ECSA; Figure S9). For instance,
the onset potential for HER gradually shifted from —0.222 to
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—0.250 V upon annealing at 300 °C. We compared the ECSA
of annealed samples by measuring the double-layer capacitance
(Cq), as the Cg4 is proportional to the ECSA. As-deposited
(MoS,/MWNT),, multilayer electrode displayed the highest
Cy value (3.09 mF/cm?) than annealed samples, indicating the
decreased electrocatalytic active sites under thermal treatment.
In concert with the ECSA measurement, we observed the loss
of porous structures as increasing the annealing temperature
under SEM (Figure S10).

X-ray photoelectron spectroscopy (XPS) is a powerful tool
to provide clear insight into the internal structure and phase of
MoS,. We performed a series of XPS measurements on the
(MoS,/MWNT),, multilayer films to find the relationship
between the phase of MoS, and the electrochemical properties.
For instance, the characteristic peaks of Mo** 3ds,, Mo*" 3d; ,,
and S 2s in MoS, were visible at 232.5, 229.3, and 226.2 eV,
respectively, regardless of the thermal treatment conditions
(Figure 6a). The S 2p spectra can be interpreted in terms of
2H-MoS, doublets, with S 2p,,, and S 2p;, binding energies of
163.2 and 162.1 eV, respectively. Additionally, the deconvo-
luted Mo*" 3d;;, and S 2p peaks clearly demonstrated the
phase transition from 1T to 2H in MoS,, such that the 1T
phase appeared with a binding energy approximately 0.9 eV
lower than that of the 2H phase.”” It was found that the fraction
of 1T phase in the entire Mo*" 3d;/, peak is 42% before
annealing (41% for S 2p;,,), and disappeared completely at 300
°C (5% for S 2p;,). The relatively low content of 1T phase and
the appearance Mo®" 3d;), peak at 235.7 €V in every condition
may originate from the oxidation of MoS, in the aqueous
suspension.sg’59 Upon increasing the annealing temperature,
the Mo peaks became sharpened with reduced fraction of 1T
phase and the associated fwhm (Figure 6b).>° Taken together,
the thermal treatment could enhance the overall electrocatalytic
activity of the hybrid multilayer electrocatalyst of (MoS,/
MWNT),, by optimizing the interplay between the catalytically
active MoS, and conductive MWNT.

3. CONCLUSION

In summary, we fabricated a hybrid thin film that integrates
MoS, nanosheets with MWNT and studied the mechanism of
the synergistically enhanced catalytic activity toward hydrogen
evolution reaction. The electrode was easily fabricated by the
LbL assembly of chemically exfoliated few-layered MoS,
nanosheets with amine-functionalized MWNT, owing to the
electrostatic interaction between them. The LbL-assembled
electrode showed superior catalytic activity compared to a
simple mixture of the two components, demonstrating the
importance of nanoscale architecture in these hybrid electrodes.
Moreover, the electrocatalytic activity, as characterized by the
current density and Tafel slope, was found to strongly depend
on the thickness of the multilayer electrode due to the balance
between the electron and mass transfers in the system. In
addition, thermal treatment at the appropriate temperature
further enhanced the catalytic activity through facilitating the
electron transfer, while preserving the phase of the electro-
chemically active MoS, nanosheets. We anticipate that the
general concept presented in this study will guide the
development of hybrid electrodes for next-generation catalysts
and energy devices.
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