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Abstract:

The more exposures of the photocatalytically active sites are one of the essential elements to achieve high
photocatalytic efficiency. Through the architecture designs, we have proposed an edge-rich MoS; nanoarray
grown on an edge-oriented three-dimensional (3D) graphene (termed as the 3D-graphene/E-MoS;) via
chemical vapor deposition. Unlike the two-dimensional (2D) graphene, the highly conductive and
transparent 3D graphene film has been grown at oblique angles on glass (i.e., a graphene glass), providing
the large exposed surface area for the loading of more photocatalysts. Then, the abundant photocatalytically
active sites can be achieved in the subsequently deposited edge-rich MoS, nanoarrays, which are

significantly beneficial for photocatalytic hydrogen production. The theoretical and experimental studies
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have revealed the new finding in the substantial improvements-of both optical and electrical properties based
on the geometrically designed 3D-graphene/E-MoS, structures. Optically, the excellent light absorption
(wavelength range: 300-800 nm) is observed, which is attributed to the favorable energy band for the
efficient charge transfer between the electronically interconnected graphene and MoS,, and orientation of
the MoS; crystal face array. Electrically, the edge-rich MoS, grown on the edge-oriented 3D graphene glass
can achieve the optimized charge transport along the 2D vector plane from MoS, layers to graphene.
Consequently, the new hybrid nanostructures exhibit excellent performance as an effective photocatalyst for
hydrogen generation from photocatalytic water splitting. The measured hydrogen evolution rate (2232.7
umol/g/h) under white-light illumination is one of the highest among those photocatalysts reported to date.
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1. Introduction

Over the past decades, semiconductor-based photocatalysts have attracted great attention because of their
applications in solar energy conversion and environmental remediation [1-7]. Two-dimensional (2D)
semiconducting transition metal dichalcogenides (TMDs), e.g., MoS,, have gained increasing attention as an
emerging class of new materials because of their unique optical and electrical properties [8-14]. The edges

of the layered materials constitute the active sites for many important catalytic reactions [15-18], including



hydrodesulfurization; hydrogen evolution:reaction, oxygen reduction reaction, and methane conversion [19-
24]. To maximize the exposure of active edge sites and improve the overall activity, significant progress has
been made in nanostructuring MoS; by creating nanospheres, nanoflowers, and nanosheet films [19, 20, 25,
26]. However, a high density of edge exposure is usually difficult because of their inherently high surface
energy. Therefore, increasing the edge dimensions of TMDs remains a challenge.

With regard to graphene nanosheets, various synthesis methods have been reported to produce
graphene nanosheets, including chemical reduction of graphene oxide, liquid exfoliation of graphite, and
chemical vapor deposition (CVD) [7, 27, 28]. Among these techniques, CVD offers unique advantages for
achieving uniform graphene films on metallic substrates in a controllable manner. The use of three-
dimensional (3D) structures is more prevalent than the use of 2D structures in photocatalytic systems
because 3D structures with less aggregation maintain the superior intrinsic properties of graphene sheets,
such as their large surface area, novel physical properties, and high structural stability [29, 30]. Chen’s
group prepared 3D dentate graphene film using a Ni-foam template [29]. However, such a route requires
costly metal substrates and the additional transfer for transparent electrodes can hinder the performance of a
graphene device. Thus, direct growth of graphene on glass (i.e., a graphene glass) has become an important
topic [31-34]. Although Liu’s group successfully synthesized monolayer graphene on the glass [35, 36], a
graphene nanosheet-assembled 3D dentate architecture on glass has not been systematically studied. In the
present work, an edge-oriented graphene nanosheet-assembled 3D dentate architecture (termed as the 3D-
graphene) is directly grown on a glass surface without a template. This nanostructured design exhibits a
large surface area and novel electron transfer properties; thus, it is a promising graphene glass for
photocatalytic reactions.

Recently, TMD-based heterostructures have been extensively investigated as an efficient catalyst with
active sites toward the hydrogen evolution reaction [8, 37-43]. Among these heterostructures, the graphene-
MoS;, nanohybrids have attracted extensive interest [44-53]. From the viewpoint of fabrication, the
preparation of graphene-MoS; hybrids by simply placing MoS, nanosheets on top of a graphene nanosheet

surface has recently been reported [43]. 3D hierarchical ternary hybrid graphene-MoS, composites based on



carbon nanotubes have been fabricated -via:-a chemical method as:catalysts for the hydrogen evolution
reaction [54]. In addition, multilayer van der Waals heterostructures assembled by graphene and MoS; have
shown good charge separation and transfer through theoretical study [42]. Unfortunately, the photocatalytic
efficiency of these heterostructures is still low because of their suboptimal architectures [40, 52, 53]. A
desirable platform should offer versatile benefits, such as a large surface area, preferentially exposed active
sites, optimized charge transport, and broadband and strong light absorption.

In this work, we design and synthesize an edge-rich MoS; array grown on edge-oriented graphene glass
(termed as the 3D-graphene/E-MoS;; see Fig. 1) via CVD as an excellent photocatalyst for the hydrogen
evolution reaction. Two major contributions have been achieved in the proposed hybrid nanostructure.
Firstly, the graphene with an edge-oriented dentate architecture grown on an ordinary transparent insulating
glass maintains the superior intrinsic properties of the 3D graphene, enabling the fabrication of transparent
glass electrodes with a large surface area and good structural stability. Furthermore, the edge-rich MoS;
nanosheets exhibit preferentially exposed active sites, broadband and strong light absorption, and optimized
charge transport along the 2D vector plane. As a result, the hybrid nanostructures exhibit outstanding
advantages as a new effective white-light photocatalyst for water splitting, with a hydrogen evolution rate of

2232.7 umol g * h™*, which is one of the highest values reported to date for a photocatalyst.

2. Results and Discussion

2.1 Preparation of 3D-Graphene/E-MoS;

The preparation process of 3D-graphene/E-MoS; is illustrated in Fig. 1a and detailed in the Experimental
Section. First, 3D-graphene was grown on a glass substrate using ethanol and H,O as a precursor via the
plasma-enhanced CVD (PECVD). Nanopits formed on the glass surface due to the etch of plasma and H,O
function as nucleation sites for graphene sheets and promoted their growth [55]. After 1 h of reaction, edge-
oriented graphene sheets grew on the glass surface at an upward oblique angle. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) images of the 3D-graphene reveal that the
silky nanosheets intertwisted (Fig. S1 and S2). Fig. S2c shows the in-plane structures of the 3D-graphene.

Second, MoO3; was evaporated on top of the 3D-graphene for the preparation of MoS,. After sulfidization of
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MoOs, the 3D-graphene/E-MoS; configuration was obtained: The :morphology of the 3D-graphene/E-MoS;
is similar to that of the 3D-graphene, where the dense and wavy nanostructure is uniformly distributed on
the glass surface (Fig. 1b). The few-layered MoS; nanoflakes cannot be observed in the SEM images
because of their small size. The elemental mapping images of the hybrid structures in Fig. 1b indicate that
the nanoflake material comprises C, Mo, and S without any impurity. The TEM images (Fig. 1c and Fig. 1d)
show the nanostructures grown at oblique angles on the surface of the glass. The high-resolution TEM
image of 3D-graphene/E-MoS; in Fig. 1e shows that dense MoS; is grows on the graphene surface. A line
profile taken from the white line (inset in Fig. 1e) indicates a MoS, lattice constant of 0.62 nm. The selected-
area electron diffraction (SAED) pattern in Fig. le demonstrates that MoS, has a polycrystalline
nanostructure.

Raman spectra were recorded to study the structure of the 3D-graphene and 3D-graphene/E-MoS;
samples. As shown in Fig. 2a, the characteristic peaks of the 3D-graphene are observed, including the G
band at 1580 cm ™, the 2D band at 2680 cm ™, and the defect-related D band at 1350 cm ™ [56, 57]. The
intensity ratio of the D band to G band (Ip/lg) is approximately 0.5, indicating that abundant wrinkle and
edge structures exist in the 3D-graphene [7, 42], consistent with the SEM and TEM observations (Fig. S1
and Fig. S2). The graphene nanosheets are uniformly distributed on the glass, as confirmed by the Raman
mapping of the 3D-graphene in Fig. 2b. For the 3D-graphene/E-MoS, sample, in addition to the three typical
peaks of graphene, two more peaks, i.e., the out-of-plane Mo-S phonon mode (Alg) at 402 cm* and the in-
plane Mo-S phonon mode (Elzg) at 376 cm *, are observed, indicating the presence of MoS; (Fig. 2c. The
Raman peak of MoS; corresponding to the Ay mode is preferentially excited for edge-terminated structures
because of polarization dependence, whereas the E',y mode is preferentially excited for terrace-terminated
structures, as illustrated in Fig. 2d [41, 43]. Accordingly, the integrated intensity ratio of the two Raman
modes (E'z4:A'g) provides information on the structural edge termination of MoS,. A smaller ratio reflects
more edge-terminated structures. For the MoS, grown on graphene in the hybrid nanostructures, this ratio is
approximately 30%, while it is approximately 100% of the horizontal MoS, nanosheets (Fig. S3). This

interesting finding further corroborates that the MoS, nanosheets in the hybrid nanostructure have more



edge-terminated structures, consistent with the: TEM observations (Fig. 1e). Furthermore; the increase in the
In/lg ratio from 0.5 for 3D-graphene to 0.75 for 3D-graphene/E-MoS, is attributed to the increase of in-

plane defects in graphene and the interface generated between graphene and MoS;[58, 59]. In addition, the
D, G, and a 2D band of graphene observed in the hybrid nanostructure are shifted to 1341, 1577, and 2691
cm %, respectively, indicating a substantial increase in the interface between graphene and MoS; [58, 59].
Fig. 2e and Fig. 2f present the Raman mapping images of 3D-graphene/E-MoS,. The Raman mapping image
in Fig. 2e shows that graphene (blue) and MoS, (white) are uniformly distributed within the hybrid

nanostructures.

2.2 Photocatalytic Reaction of 3D-Graphene/E-MoS,

Fig. 3a shows the measurement set-up of the photoelectrochemical (PEC) photocatalytic experiment.
Notably, the 3D-graphene nanosheets exhibit a good electrical conductivity, with a low resistance of 70.6
Q/sq (Fig. S4); they also exhibit high transparency, with a transmittance of nearly 88% in the wavelength
range 300-900 nm (see the photos of 3D-graphene in Fig. 1 a, and the absorption of 3D-graphene in Fig. 4a).
These results indicate that the 3D-graphene nanosheets can be directly used as an indium tin oxide/fluorine-
doped tin oxide (ITO/FTO)-free electrode in photocatalytic tests. For comparison, several other samples,
including edge-rich MoS; layers grown on FTO glass (termed as the E-Mo0S,), edge-rich MoS; layers grown
on a monolayer graphene (termed as the 2D-graphene/E-MoS,), and layered and interwoven MoS;
nanospheres synthesized using a hydrothermal method (termed as the MoS,-spheres), were also prepared
and evaluated under the same conditions (see the Experimental Section for the preparation of the samples).

The magnified TEM image of the edge-rich MoS, grown on FTO glass is displayed in Fig. S5, and the

morphology of the MoS,-sphere sample is shown in Fig. S6.

The photocatalytic hydrogen production activities over the samples were measured without applying a
bias voltage, and the Na,SO3; was selected as the sacrificial agent. The yield of hydrogen production is
presented in Fig. 3b. Clearly, the MoS;, spheres show the weakest photocatalysis activity among the
investigated samples, with a hydrogen yield of approximately 1239.1 umol g*. The photocatalytic activity

of E-MoS; is relatively higher than that of the MoS, spheres, as reflected by the yield of hydrogen
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decreasing from 2037:8 umol g *at the first-cycle-to1746:5 mol -+ after the third cycle: In"comparison,
the yield of hydrogen for the 2D-graphene/E-MoS, sample is approximately 2934.4 umol g * in the first
cycle, which is 1.44 times higher than that of the E-MoS, array sample. For the 3D-graphene/E-MoS;
sample, the photocatalytic activities of hydrogen generation are further enhanced, with a hydrogen yield of
approximately 4465.4 umol g in the first cycle, which is 3.45 times higher than that of the MoS,-spheres
sample. Correspondingly, the hydrogen evolution activity rate in the first reaction is approximately 2232.7
umol g * h™* and approximately 2104.5 pmol g * h™* after a 360 min test. For the sake of clarification, the
photocatalytic activities of the 3D-graphene and horizontal 2D-graphene were also measured under the same
conditions. No trace amount of H;, gas was detectable (Fig. S7 and Fig. S8).

The 3D-graphene/E-MoS; sample, with a hydrogen evolution rate of 2232.7 umol/g/h under white light,
exhibits the best water splitting performance in terms of yield and stability among the photocatalysts
reported to date. In comparison with photocatalysts that achieve hydrogen production with several cycles,
such as Sb-SnO, [60], CdS/Nb,Os/N-doped graphene [61], 5-wt.% MoS, quantum dots/UiO-66-
NH2/graphene [52], TiO,/graphene [62], microwave-g-C3N4 [63], g-C3N4/Ca;Nb,TaO44 [64], phosphorus-
doped C3Ng4 [65], T-C3N4 [66], g-C3Ny4 [67], Au@MoS,-ZnO [25], and Au multimers@MoS; [26], 3D-
graphene/E-MoS; evolves hydrogen at a higher rate (Fig. 3c). 3D-graphene/E-MoS; also exhibits greater
stability than the photocatalysts above. Hence, the as-proposed photocatalyst possesses outstanding
advantages as a new effective white-light photocatalyst for water splitting.

Exploiting the practicability of our photocatalyst, we designed an integrated perovskite solar cell
(PSC)/photocatalyst cell with a parallel connection in which the hydrogen evolution rate from water splitting
can be enhanced based on the “new” bias voltage from the solar cell [68]. As shown in Fig. 3d, PSC was
chosen because it offers a stable bias voltage on the photocatalyst device; thus, more photogenerated
electrons can participate in the hydrogen evolution reaction. The PSC was placed side by side and connected
in parallel with wires to the immersed catalyst electrodes. Under simulated AM 1.5G solar irradiation (100
mW cm2), the PSC had a short-circuit photocurrent density, open-circuit voltage, and fill factor of 18.12

mA cm 2 1.067 V, and 0.69, respectively. The current density-voltage (J-V) characteristic of a
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representative PSC/photocatalyst parallel-cell is shown in Fig-:3e, indicating that the current density of the
photocatalyst combined with the solar cell is enhanced approximately four folds compared to that of the
photocatalyst without the solar cell. The performance of the device under chopped AM 1.5G illumination is
shown in Fig. 3f wherein the current is measured as a function of time in a two-electrode setup. The
photocurrent of the parallel cell is approximately 11 mA cm 2, whereas that in the photocatalyst device is
approximately 3.5 mA cm™% this enhancement by the parallel cell is beneficial to the hydrogen evolution

reaction.

2.3 Optical Properties of 3D-Graphene/E-MoS;

It is necessary to understand the underlying fundamentals of the excellent photocatalytic performance of the
3D-graphene/E-MoS,. Because the photocatalytic reaction involves both optical and electrical processes, we
first investigated the absorption of 3D-graphene/E-MoS; along with the other four control samples: MoS,-
spheres, E-MoS,, 3D-graphene, and 2D-graphene/E-MoS;, as shown in Fig. 4a. The 3D-graphene sample
exhibits little visible-light absorption, while the MoS,-spheres sample exhibits strong absorption in the
wavelength range of 500-800 nm, which is consistent with the results of the previous study [20]. Regarding
E-MoS,, interestingly, the broadband absorption is observed at 300-800 nm, and a strong absorption region
at approximately 300-500 nm exists in comparison with that of the MoS,-spheres sample. Furthermore, after
the introduction of E-MoS, to 2D-graphene or 3D-graphene as a hybrid nanostructure (i.e., 2D-graphene/E-
MoS; and 3D-graphene/E-MoS,), a similar absorption region at approximately 300-800 nm is observed with
intensity decreasing in the order of 3D-graphene/E-MoS,, 2D-graphene/E-MoS,, and E-MoS,.

To clarify the origin of the ultra-broadband absorption enhancement and additional absorption region at
approximately 300-500 nm in the absorption spectra of E-MoS,, 2D-graphene/E-MoS,, and 3D-graphene/E-
MoS,, we investigated the energy band of E-MoS; (Fig. 4b). The light absorption at approximately 600-800
nm is ascribed to band-edge A/B excitons, and the high-energy C excitons due to the band nesting effect
contribute the additional absorption at 300-500 nm (Fig. 4b and Fig. 4c) [41]. When MoS; nanosheets were
placed on top of the graphene substrate, the oscillator strengths of the high-energy C excitons increase at
approximately 422 nm, which is further verified by the extracted absorption based on the Density Functional
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Theory (DFT) simulation (Fig: 4d) [69]. This phenomenan arises from the favorable energy band for the
efficient charge transfer between the electronically interconnected graphene and MoS,, which will deliver
absorption enhancement particularly for the high-energy C-exciton associated with the banding nesting
effect [41, 70]. Furthermore, the absorption of 3D-graphene/E-MoS; stronger than that of 2D-graphene/E-
MoS; is mainly attributed to the edge-oriented 3D-graphene having a sufficiently large specific surface area
to permit the loading of MoS, (see the calculation of surface area in Experimental Section) and more
interaction between graphene and MoS; in 3D-graphene/E-MoS; (i.e., more efficient charge transfer).

In addition, the large difference in the optical responses of the MoS,-containing samples is attributed to
the difference in the orientations of the MoS; crystal face arrays (Fig. 4e and Fig. 4f). The as-prepared edge-
rich MoS; sample (i.e., E-M0S;) shows an aligned film in the present work (Fig. 1e). In contrast, the MoS,
sphere prepared using the hydrothermal method exhibits disordered characteristics (Fig. S6). For ordered
MoS,, the enhanced absorption is attributed to the excitation of the collective optical resonance, which can
be readily recognized by the field distribution of the electric field (Fig. 4e). The positive and negative fields
are symmetrically localized at both sides of the MoS; surface in the vertical direction. The characteristic of
symmetrical field profiles will induce polarized surface charges at the aligned E-MoS; surface and produce a
collective optical resonance, resulting in a considerable enhancement in E-MoS; optical absorption at 300-
500 nm. For MoS; spheres prepared using the hydrothermal method, there is no clear feature of the excited
optical mode in the absorption spectra (Fig. 4g) and the corresponding near-field distribution (Fig. 4f).
Therefore, this new absorption region at approximately 300-500 nm can be attributed to the favorable energy
band in the 3D-graphene/E-MoS,, and the aligned MoS, assemble.

Fig. 4h presents the external quantum efficiency (EQE) spectra of the involved samples, including the
MoS,-spheres, E-Mo0S,, 2D-graphene/E-MoS,, and 3D-graphene/E-MoS; samples. The MoS,-sphere sample
only exhibits a good quantum efficiency at 600-800 nm. In contrast, the E-MoS; and 2D-graphene/E-MoS,
photocatalysts show good quantum efficiencies in the range 300-800 nm, with maximum EQEs of
approximately 13.6% and 16.1%, respectively, at 422 nm. The 3D-graphene/E-MoS, sample presents a

similar tendency and exhibits an EQE of 27.5% at 422 nm in Fig. 4h, which is also greater than the EQE of



the MoS,-spheres, E-MoS;, and 2D-graphene/E-M0oS; samples in the: spectral range from 300 to 800 nm.
When comparing the EQE values and absorption plots (Fig. 4a and Fig. 4h), we observe that the wavelength
regions where the absorption increases strongly match with the regions where the EQE increases. These
similar behaviors of EQE and absorption indicate that the EQE enhancement partially arises from the
absorption enhancement. The EQE is determined by two contributors: optical absorption and electrical
effects. To investigate whether the electrical effects contribute to the EQE enhancement, we deduced the
internal quantum efficiency (IQE) data reflecting the electrical effects from the EQE and absorption (Fig. 4a
and Fig. 4h, respectively), and the results are presented in Fig. 4i. The 1QE curves gradually increase for the
MoS,-spheres, E-Mo0S,, 2D-graphene/E-MoS,, and 3D-graphene/E-MoS, samples, indicating that the EQE

enhancement also originates from the electrical enhancement.

2.4 Electrical properties of 3D-Graphene/E-MoS,

Two PEC characterizations and photoluminescence (PL) analyses were performed to investigate the
electrical effects, including exciton separation and carrier transport. Fig. 5a displays the photocurrent
density-time (I-t) curves of the 3D-graphene/E-MoS,, 2D-graphene/E-MoS;, MoS;-spheres, and E-MoS;
samples under white-light illumination. The 3D-graphene/E-MoS;, sample shows the highest photocurrent,
which is 3.4, 2.8, and 1.8 times higher than those of the MoS,-spheres, E-MoS; array, and 2D-graphene/E-
MoS, samples, respectively. Fig. 5b presents the electrochemical impedance spectroscopy (EIS) Nyquist
plots of the four samples under white-light irradiation. The Nyquist plots for all four samples show
semicircles at high frequencies. The smallest arc radius is that of the 3D-graphene/E-MoS; sample, which
implies the fastest interfacial electron transfer compared to that of the 2D-graphene/E-MoS,, E-MoS,, and
MoS,-sphere samples.

In addition, the most efficient exciton separation and charge carrier transfer occur over the 3D-
graphene/E-MoS, sample, as further verified by the PL analysis, which is often used to study surface
processes involving the photoexcited energy and electron transfer and recombination. As shown in Fig. 5c,
clear emission peaks are observed at 689.5 and 708 nm for the MoS,-sphere sample and 689 and 707 nm for
the E-MoS, sample; this finding is in good agreement with the literature data [26]. Interestingly, with the

10



introduction jof graphene; the intensity -at. 689 nm is suppressed-under. the excitation of a 480-nm Xe lamp
light. The peak at 707 nm is quenched based on the excellent electron transport of graphene. The substantial
decrease in the relative PL peak intensity in the 3D-graphene/E-MoS, sample further indicates that the 3D-
graphene/E-MoS; exhibits the most outstanding electrical effects among the investigated samples.

The projected density of states and the charge density difference image were constructed through first-
principles calculations to further reveal the electric properties in detail. A more intuitive understanding can
be obtained from the charge density difference image in Fig. 5d. The accumulation and depletion of
electrons mostly occur at the interface region; the overall direction of such transfers is from MoS; to
graphene, as indicated by the arrow. The density of states of MoS, from the heterostructures reveals that the
energy bands of MoS; in heterostructures move to the low energy states and the conduction band (CB) gets
electrons easier than the pristine MoS; nanosheets. Thus, the electrons filling the CB of MoS; from
heterostructures are more than those that filling the CB of the pristine MoS; nanosheets (Fig. 5e). The photo-
induced electrons transfer along the E-MoS;, nanosheets and then to the 3D-graphene nanosheets (Fig. 5f).
Based on the optical and electrical results, we propose a mechanism of photocatalytic reaction for the hybrid
nanostructure. As shown in Fig. 6, the MoS, sample, which exhibits broadband and strong light absorption
in the wavelength range of 300-800 nm, will produce a considerable number of photoexcitons under white-
light illumination (Fig. 4). With regard to the Fermi level of graphene, which is lower than that of MoS,, the
photoexcitons generated from MoS; will be separated and transferred to the 3D-graphene. Because of the
enhanced conductivity of 3D-graphene, there is an improvement in carrier transport and reduction in
recombination (Fig. 5a-c). The photoinduced electrons then participate in the hydrogen evolution reaction at
the photocatalytic active sites, and the photoinduced holes can be captured by a sacrificial agent. Because
the 3D-graphene/E-MoS, sample exhibits strong and broadband absorption, efficient exciton separation, and

good electron transport, it demonstrates the best hydrogen evolution performance among the five samples.

3. Conclusions

In summary, an edge-rich MoS, array grown on an edge-oriented 3D-graphene glass via CVD is an

excellent photocatalyst for the hydrogen evolution reaction. Because the 3D-graphene grows at an upward
11



oblique orientation on the traditional glass as-a highly conductive graphene glass, the 3D-graphene/E-MoS;
heterostructures could be directly used as an ITO/FTO-free electrode with an excellent photocatalyst
capacity. In addition, the edge-rich MoS, sample exhibits preferentially exposed active sites, excellent light
absorption, and optimized charge transport along the 2D vector plane. As a result, the hybrid nanostructures
exhibit outstanding performance: they serve as a new effective white-light photocatalyst for water splitting,
with a hydrogen evolution rate of 2232.7 umol g™* h™ under white light, which is one of the highest values

among the photocatalysts reported to date.

4. Experimental section

4.1 Preparation of photocatalysts
3D-graphene: The glass after ultrasonic cleaning and ultraviolet ray cleaning was loaded into a PECVD
system (commercial 13.56 MHz RF source, with the power of 400 W) for 3D-graphene growth at 1140 °C
under 50 Pa pressure for 1 h using C,HsOH/H,0 as a precursor. The introduction of C,HsOH/H,O into the
PECVD system was realized by a digital injection with the injection rate of 0.8 ml/min. After cooling to
room temperature, the 3D-graphene was obtained.

3D-graphene/E-MoS;: The 3D-graphene substrates were firstly coated with 15-nm-thick MoO3 film as a
precursor by thermal evaporation at a low deposition rate of ~0.2 A/s. After that, the substrates were placed
at the hot center of a single-zone tube furnace. Sulfur powder (from Aladdin) was placed at the upstream
side of the furnace at carefully adjusted locations to set the temperature. The tube was pumped to a base
pressure of 200 Pa and flushed with Ar gas to remove residue oxygen. Subsequently, the heating center of
the furnace was quickly raised to a reaction temperature of 550 °C in 30 min, and the sulfur precursor was
kept at 220 °C well above their melting temperature. The furnace was held at reaction temperature for 10
min, during which Ar gas was kept flowing at a rate of 100 s.c.c.m. to transport sulfur to the substrate. After
the reaction, 3D-graphene/E-MoS, was obtained.

E-MoS; and 2D-graphene/E-MoS,: Preparation of E-MoS; and 2D-graphene/E-MoS, was similar to that
of the 3D-graphene/E-MoS,. 3D-graphene substrates were replaced by a glass substrate and horizon 2D-

graphene grown on the glass for the E-MoS; and 2D-graphene/E-MoS,, respectively.
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MoS,-spheres: MoSz-spheres were obtained through the hydrothermal process [25]. In detail, Na,M0O,
(2.0 mmol) and L-cysteine solutions (4.0 mmol) were prepared and dispersed in 40.0 ml ultrapure water.
After 20 min sonication, the solution was transferred into a 50 ml Teflon-lined stainless steel autoclave. The
autoclave was heated at 200 °C for 12 h and cooled to room temperature naturally. Hereafter, the resulting

samples were named as the MoS;-spheres.

4.2 Characterization of the photocatalysts

The morphology of the samples was characterized using SEM (FEI NOVASEM) and TEM (FEI Tecnai
F30G2). The absorption was measured using an UV-vis spectrophotometer (Perkin-Elmer Lambda 35 UV-
VIS). The PL was examined using a PL spectrometer (FLS 980) that was equipped with a Xe lamp. The
Raman spectrum was measured using a Raman spectrometer (Renishaw inVia) with a 532 nm laser. EQE
measurements of the samples were performed with a 300 W Xe lamp coupled with a monochromator

controlled by a computer.

4.3 Computational methods

The first-principles calculations were performed with the projector augmented wave (PAW) pseudopotential
[71] and plane-wave basis set with a cutoff energy of 400 eV, implemented in the Vienna Ab-initio
Simulation Package (VASP) code [72, 73]. Generalized gradient approximation (GGA) with the Perdew—
Burke—Ernzerhof (PBE) functional and the van der Waals correction proposed by Grimme were employed to
solve the Kohn-Sham DFT [74]. All structure relaxations were carried out until all the atomic forces on each
ion are less than 0.01 eV-A™. The Monkhorst-Pack k-point mesh was sampled with a separation of about
0.015 A in the Brillouin zone during the relaxation and electronic calculation periods. Dipole corrections
were applied in the self-consistent calculations to eliminate the spurious interaction between the dipole
moments of periodic images in the z-direction. For the 3D-graphene/E-MoS, model, a 5x5 graphene
supercell and a 4x4 MoS; supercell were adopted to minimize the lattice mismatch of the sample. A vacuum

region of about 15 A normal to the interface was added to prevent interactions between periodic image slabs.
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The profile of the electric field-distribution: was obtained through rigorously solving Maxwell’s
equations by finite difference method [75-77]. The edge-ordered MoS; in the model was vertically aligned
with the width of 0.62 nm, height of 15 nm and periodicity of 1 nm. A non-uniform grid size was used in the
model, and the grid size of 0.01 nm was adopted to capture the geometrical characteristics of MoS; in the
horizontal x-direction, while the grid size of 1 nm was used in the vertical y-direction. The perfectly
matched layer was adopted for truncating the simulation domain and absorbing the reflected wave at the top
and bottom side. The periodic boundary condition was imposed on the right and left sides. The dielectric

constant of MoS, was obtained from the reference [78].

4.4 Photocatalytic Activity

The photocatalytic reaction was conducted in a closed gas circulation and evacuation system. The three
electrode system is used to carry out hydrogen evolution reaction with no external bias, in which the
nanostructured materials as the working electrode, Pt plate as the counter electrode, and Ag/AgCl as the
reference electrode. And the aqueous Na,SOjs solution (0.3 M) was prepared as a sacrificial agent to
consume the photo-generated holes for hydrogen evolution reaction. A light source (Microsolar 300 with a
300 W Xe arc lamp) was equipped with a fan for dissipating excessive heat effectively. The average power
was determined to be 0.5 W cm ™. The quartz cell was placed 5.0 cm away from the lamp. During the
photocatalytic reaction, the gasses evolved were transferred into a sample loop by a peristaltic pump and
were further quantified using gas chromatography (Shimadzu GC-2014c), equipped with a thermal
conductivity detector (TCD). The yield of hydrogen gas produced from the reactor was measured every half
hour.

MoS; loading amount in the 3D-graphene/E-MoS, or 2D-graphene/2D-MoS; could be calculated.
Every graphene sheet in the 3D-graphene can be approximated as a rectangle. As shown in Fig. 1b and Fig.
1c, the length and width is 500 nm and 150 nm, respectively. By counting, we find that there are 6 graphene
sheets in the 500 nm? area. Thus, the graphene area in 500 nm? area is 500 nm x150 nm x6 = 450000 nm?.
For the 2D graphene, the graphene area is only 500 nm x 500 nm = 250000 nm? in 500 nm? area. Therefore,
the graphene area in 3D graphene is 1.8 folds larger than that of 2D-graphene. After a 15-nm-thick MoOj3
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film was coated on the graphene sheets-and the: MoO3 were:-subsequently sulfurized to MoS,, the MoS;
loading in the 3D-graphene is also estimated to be 1.8 folds larger than that in the 2D-graphene.
Photoelectrochemical measurements including I-t curves and EIS Nyquist plots were performed using a
three-electrode reactor, with the nanostructured materials as the working electrode, Pt plate as the counter
electrode, and Ag/AgCl as the reference electrode. The electrolyte for the photoelectrochemical study was
prepared with 0.3 M Na;SO4. The photocurrent was measured with linear-sweep voltammetry. The current
intensity-time was obtained with 1.2 V bias (electrochemical workstation, Chenhua 760). The EIS at a

frequency range from 100 kHz to 1 Hz was measured under light illumination.
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__3D-graphene/MoO; _ 3D-graphene/E-MoS,

Fig. 1. (a) Schematic of the fabrication process of 3D-graphene/E-MoS,. The background photos of samples
are school badge of Northwestern Polytechnical University. (b) SEM image and elemental mapping images
of 3D-graphene/E-MoS,. (c) and (d) TEM images of 3D-graphene/E-MoS,. (e) A magnified TEM image of
3D-graphene/E-MoS,. The insets of (e) are a line profile taken from the white line (in (e)) with the MoS,
lattice constant of 0.62 nm, the SAED of MoS,, and a structured scheme of 3D-graphene/E-MoS,,

respectively.
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Fig. 2. (a) Raman spectrum of 3D-graphene. (b) Raman mapping image of the G band (1580 cm™) in the
3D-graphene sample and the Raman intensity is normalized. (c) Raman spectrum of 3D-graphene/E-
MoS,. The inset is the zoomed in part from the yellow region. (d) Schematics of preferentially excited Alg
Raman mode for the edge-terminated film, and Elzg mode for the terrace-terminated film. (e) Raman
mapping image of 3D-graphene/E-MoS; obtained from Raman components direct classical least squares
(DCLS) analysis based on the reference spectra (pure3D-graphene Raman spectrum and pure E-MoS,
Raman spectrum). The match between the reference spectra and the collected spectra is normalized to a

value between 0.65 and 1, where values close to 1 indicate areas within the image with high similarities in
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shape to that of the reference spectrum. (f)- Raman mapping: images,of graphene and MaoS; in the 3D-
graphene/E-MoS; sample obtained from Raman Components DCLS analysis based on the pure 3D-graphene
Raman spectrum and pure E-MoS, Raman spectrum, respectively. The match between the reference spectra
and the collected spectra is normalized to a value between 0.7 and 1, where values close to 1 indicate areas

within the image with high similarities to that of the reference spectrum.
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Fig. 3. (a) Schematic illustration of the photocatalysis activity measurement. (b) The photocatalytic activities
of different MoS,-based samples. (c) Photocatalysis-performance comparison of 3D-graphene/E-MoS; with
the values of other photocatalysts in literature: (1) Sb-SnO,, (2) CdS/Nb,Os/N-doped-graphene, (3) 5 wt%
MoS, quantum dots/UiO-66-NHa/graphene, (4) TiO./graphene, (5) g-C3N4, (6) g-C3N4/CayNb,TaOqg, (7)
phosphorus-doped C3Ng, (8) T-C3N4, (9)g-C3N4, (10) Au@MoS,-Zn0O, and (11) Au multimers@MoS,. (d)
Schematic of the perovskite solar cell/photocatalysts parallel cell. The illuminated surface area of the
photovoltaic (PV) cell is 0.22 cmX0.22 cm (0.0484 cm?). (e) The current density-voltage curve of the
perovskite solar cell-photocatalyst parallel device under the standard AM 1.5G irradiation and in the dark. (f)
The i-t curve of the parallel cell in 0.3 M Na,SO; electrolyte under 1 Sun AM 1.5G (100 mW cm ) up to
200 s.
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Fig. 4. (a) Experimental light absorption of samples. (b) Energy band of E-MoS,. (c) Energy band of E-
MoS; placed on top of the graphene. (d) Simulated light absorption of samples based on energy band. (e)
Electrical field distribution of MoS, with an edge-ordered orientation. (f) Electrical field distribution of
MoS; with disordered orientation. (g) Light absorption simulation based on the nanostructure. The inset is

the schematic of the edge -ordered MoS, nanostructure. (h) EQE plots of samples, and (i) IQE plots of
corresponding samples.
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Fig. 5. (a) I-t curves, (b) EIS, and (c) PL of different samples. (d) The charge density difference at the
interface of 3D-graphene/E-MoS,. (e) The calculated total density of states of a pristine MoS, and the
projected density of states for MoS; in the MoS,-graphene nanostructure, and (f) schematic of charge

transfer of 3D-graphene/E-MoS,.
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Fig. 6. Schematic of mechanisms of photocatalytic reaction.
Highlight
A conductive and transparent three-dimensional (3D) graphene is grown on a glass.
Edge-rich MoS; array grown on edge-oriented 3D graphene glass is rationally designed.
New finding in optical and electrical properties of the novel design is revealed.

One of the highest hydrogen evolution rates has been achieved based on the design.

29





