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ABSTRACT 
Hetero-nanostructures of plasmonic metals and semiconductors have attracted increasing attention in the field of photocatalysis. 
However, most of the hetero-nanostructured catalysts are randomly arranged and therefore require comprehensive structural design 
for optimizing their properties. Herein, we report the robust construction of hierarchical hetero-nanostructures where gold (Au) 
nanorods and molybdenum disulfide (MoS2) quantum sheets (QSs) are integrated in highly ordered arrays. Such construction is 
achieved through porous anodic alumina (PAA) template-assisted electrodeposition. The as-fabricated hetero-nanostructures 
demonstrate exciting electrocatalysis towards hydrogen evolution reaction (HER). Both plasmon-induced hot-electron injection and 
plasmonic scattering/reabsorption mechanisms are determinative to the enhanced electrocatalytic performances. Notably, broadband 
photoresponses of HER activity in the visible range are observed, indicating their superiority compared with random systems. Such 
integrated hetero-nanoelectrodes could provide a powerful platform for conversion and utilization of solar energy, meanwhile would 
greatly prompt the production and exploration of ordered nanoelectrodes. 
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1 Introduction 
Hetero-nanostructures integrating varying nanoscale components 
have recently attracted much attention thanks to their intrinsic 
interactions of individual functions (electronic, optical, 
optoelectronic, catalytic, etc) [1–3]. Such interactions can be 
further enhanced when the components are orderly arranged 
in the integrated structures [4]. By precise control of the 
periodic and structural lengths, the collective behaviors which 
are not hosted in the individual components can be readily 
observed [5, 6]. A variety of hetero-nanostructures, such as 
metal/metal [6–9] and metal/semiconductor [10], have been 
reported. Notably, the metal/two-dimensional (2D) material 
hetero-nanostructures [11–13] are emerging for plasmon- 
enhanced applications in optoelectronics [14], optical sensing 
[15], and photocatalysis [16]. For example, by combining the 
plasmonic metal and 2D material catalyst into nanocomposites, 
enhanced catalytic performances are achieved [17, 18]. However, 
such randomly mixed structures are lack of sophisticated 
structural design, which would greatly hinder their potential 
applications where advanced structures and optimized functions 
are simultaneously required. Evidently, the hetero-nanostructures 
with periodicity and hierarchy are highly desired towards 
integrated functional devices. 

The fabrication of hierarchical, periodic hetero-nanostructures 

often involves state-of-the-art fabrication tools such as 
lithography. However, the lithographic methods rely on expensive 
equipment and the as-fabricated structures are usually limited 
to sub-1 mm length scale, both of which would be problematic 
for alternative developments where low cost and large area 
could be primary concern [14, 19]. Many efforts have been 
made for bridging hetero-nanostructures to macroscale devices. 
Porous anodic alumina (PAA) templates have been widely 
utilized for fabrication of hexagonally arranged periodic 
hetero-nanostructures through electrochemical deposition [6–9] 
or capillary assembly of colloidal nanoparticles [20]. 

So far, the metal/2D material hetero-nanostructures have 
never been fabricated in PAA templates. Herein, we report the 
robust fabrication of gold-molybdenum disulfide (Au-MoS2) 
heterostructured nanorod arrays through PAA template-assisted 
electrodeposition. The longitudinally segmented Au and MoS2 
nanorods were the plasmonic and catalytic components, respec-
tively. Note that the MoS2 nanorods were fabricated by direct 
electrodeposition of the intrinsic and defect-free MoS2 quantum 
sheets. Such unique structure enabled the maximum exposure 
of the MoS2 catalysts, facilitating the desired catalytic reactions. 
Compared with randomly dispersed MoS2 quantum sheets on 
indium tin oxide (ITO), the as-fabricated Au-MoS2 nanorod 
arrays demonstrated significantly enhanced electrocatalytic 
performances in hydrogen evolution reaction (HER). The HER 
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catalysis could be further enhanced under external broadband 
illumination, indicating exciting photoelectrocatalytic behavior of 
the integrated hetero-nanoelectrodes. Such plasmon-enhanced 
electrocatalysis could be driven by both plasmonic hot-electron 
injection and scattering/reabsorption mechanisms. 

2  Results and discussion  
Figure 1(a) showed the schematic illustration of the fabrication 
process for the integrated hetero-nanoelectrodes. The Au 
thin film was sputtered onto one side of the PAA template 
(Fig. S1(a) in the Electronic Supplementary Material (ESM)) 
to form Au-PAA working electrode (Fig. S1(b) in the ESM). 
By sequential electrodeposition of Au and MoS2 quantum sheets 
in PAA, the Au-PAA-Au (Fig. S1(c) in the ESM) and Au-PAA- 
Au-MoS2 (Fig. S1(d) in the ESM) hetero-nanostructures were 
constructed. Note that the Au-PAA-Au-MoS2 was annealed at 
350 °C for 1 hour in argon atmosphere to improve the Au-MoS2 
interfaces and the MoS2 assembled nanorods. After removal 
of the PAA templates, the Au-Au-MoS2 hetero-nanoelectrodes 
were obtained. Figure 1(b) presented the low-magnification 
scanning electron microscopy (SEM) image of the hetero- 
nanoelectrodes, from which highly uniform, high-density 
integrated structures were observed. High-magnification SEM 
images were utilized for revealing the microstructure of the 
hetero-nanoelectrodes. From the top view (Fig. 1(c)), vertically 
aligned, hexagonally arranged nanorod arrays were identified. 
Based on the fixed periodic distance of 100 nm, ultrahigh 
density (approximately 1.1 × 1010 unit/cm2) of the nanorods 
was achieved. From the tilted view (Fig. 1(d)), longitudinally 
segmented Au and MoS2 nanorods were clearly identified from 
their light and dark contrast, respectively. Note that the Au-Au 
(film-nanorod) contacts were partially broken by sonication  

 
Figure 1  Fabrication and microscopic structure of the Au-Au-MoS2 
integrated hetero-nanoelectrodes. (a) Schematic illustration of the fabrica-
tion process. (b) and (c) Top-view and (d) tilted-view SEM images. 

treatment for complete exposure (facilitating the observation) 
of the Au-Au-MoS2 hetero-nanoelectrodes. Such integrated 
structures enabled sophisticated structural design in terms of 
segmental materials, lengths, and diameters [21]. The crystal 
structures of the Au-MoS2 hetero-nanorods (i.e., units of the 
integrated electrodes) were revealed with transmission electron 
microscopy (TEM) and high-resolution TEM (HRTEM). 
Figure S4(c) in the ESM showed the TEM image of a 
representative single hetero-nanorod (after annealing), in which 
the Au and MoS2 segments were resolved by their dark and light 
contrast, respectively. Figure S4(d) in the ESM presented the 
HRTEM image of the Au-MoS2 interface (after annealing) where 
the compact, distinct hetero-junction was observed. In the Au 
segment, clear lattices were observed with the spacing of 0.23 nm 
corresponding to the (111) plane of Au. While in the MoS2 
segment, polycrystalline structures were identified and confirmed 
by the fast Fourier transform (FFT) pattern. The lattice fringes 
with an interplanar spacing of 0.27 nm corresponded to the 
(100) lattice planes of MoS2. As shown in Figs. S4(a) and S4(b) 
in the ESM, relatively loose MoS2 segment and Au-MoS2 
interface were detected in the hetero-nanorod before annealing. 
Evidently, the annealing process was crucial to obtain improved 
structures of both MoS2 segment and Au-MoS2 interface, 
which would facilitate the charge transfer across MoS2 and 
between Au and MoS2. Meanwhile, the assembled nature of 
the MoS2 nanorod was firmly supported by the TEM and 
HRTEM images. After annealing, the assembled nature (with 
sub-2 nm gaps) remained, facilitating the examined catalytic 
reactions. As stated above, the MoS2 nanorods were formed 
through electrodeposition of the MoS2 quantum sheets which 
were obtained based on our recent reports [22, 23]. Such unique 
MoS2 nanorods had never been reported before, which could be 
extended to other types of 2D materials [23]. The MoS2 quantum 
sheets were 2–3 nm in lateral sizes (Figs. S3(a), S3(b) and S3(c) 
in the ESM) and 1–2 layers in thicknesses, much smaller than 
the PAA pores (80 nm) (Fig. S1(a) in the ESM). Besides, the 
MoS2 quantum sheets showed satisfactory stability in water 
with the negative zeta potential of −31.7 mV (at 0.1 mg/mL). 
Such features ensured the successful electrodeposition of 
the MoS2 quantum sheets into the PAA templates. Detailed 
information of the MoS2 quantum sheets could be found in our 
recent work [23]. 

The as-fabricated Au-Au-MoS2 integrated hetero-nanoelectrodes 
were optically/spectroscopically characterized. Figure 2(a) 
showed the optical images of the Au-Au (Au nanorod arrays 
on the Au film, without PAA) and Au-Au-MoS2 structures, 
respectively. Compared with the Au-Au, the Au-Au-MoS2 
exhibited apparently dark color, indicating its enhanced 
absorption of the light. Such direct observation was confirmed 
by the evolution of their extinction spectra, as presented  
in Fig. 2(b). Two characteristic peaks at 595 and 707 nm were 
detected in the spectrum of the Au-Au, corresponding to the 
transverse and longitudinal modes of the surface plasmon 
resonances (SPR) of the Au nanorods (with diameters and 
lengths of 80 and 240 nm, Fig. S1(d) in the ESM), respectively 
[24]. However, the longitudinal SPR red-shifted (by 18 nm) to 
725 nm in the spectrum of the Au-Au-MoS2, indicating the 
existence of the Au-MoS2 interactions [17, 18, 25]. Besides the 
characteristic peak shifting, the absorption in the visible range 
was greatly increased in the Au-Au-MoS2 compared with the 
Au-Au. The deposition of the MoS2 quantum sheets onto the 
Au nanorods would be responsible to the improvement in 
absorption. Meanwhile, the as-formed MoS2 nanorods (with 
lengths of 120 nm, Fig. S1(d) in the ESM) could demonstrate 
enhanced absorption compared with the dispersed MoS2 
quantum sheets [23]. Such broadband, strong absorption in 
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the visible range for the Au-Au-MoS2 could be driven by the 
plasmon-enhanced light-matter interactions, as shown in 
Fig. 2(c). Two mechanisms were proposed for the light-matter 
interactions in the Au-Au-MoS2. One involved the plasmonic 
scattering/reabsorption and the other indicated the plasmon- 
induced hot-electron injection. The relatively large (e.g., > 60 nm) 
Au nanorods could efficiently scatter the resonant photons 
[11, 26–28], which would significantly increase the path length 
of photons in the Au-Au-MoS2. The scattered photons could be 
reabsorbed by the adjacent Au and MoS2 nanorods therefore 
improved the light absorption of the Au-Au-MoS2. Considering 
the deep subwavelength gaps (20 nm) between nanorods, the 
transverse SPR coupling could be very strong [20], ensuring 
the desired light-trapping in the arrays. Such light-trapping 
promised sufficient light scattering/reabsorption, resulting in 
enhanced absorption in the Au-Au-MoS2. The plasmon-induced 
hot-electron injection could contribute to the absorption 
enhancement as well. From Fig. 2(d), when the plasmon-induced 
hot electrons were injected from Au to MoS2, the excited 
plasmons would be relaxed. Such non-radiative relaxation 
of SPR would evidently improve the light absorption [11]. 
Meanwhile, the electron transfer between Au and MoS2 could 
be determinative to the examined catalytic reactions (see the 
following section). The interactions between Au and MoS2 
were also supported by Raman spectroscopy (Fig. S5 in the 
ESM), in which both E1

2g and A1g modes in the Au-MoS2 red- 
shifted compared with the MoS2 quantum sheets [23, 29, 30]. 
Considering that the HER measurements were conducted in 
aqueous solution, the extinction spectra of the Au-Au-MoS2 were 
measured in solution as well. From Fig. 2(b), the longitudinal 
SPR in solution red-shifted to 764 nm, probably because of the 
relatively large dielectric functions of the aqueous solution 
compared with those of the air [24]. In addition, the X-ray 
photoelectron spectroscopy (XPS) measurements were con-
ducted to further illustrate the electron transfer. From the XPS 
spectra (Fig. S6 in the ESM), the binding energy of Mo 3d3/2 
and Mo 3d5/2 in Au-Au-MoS2 heterostructure negatively shifted 

by 0.22 and 0.35 eV respectively, compared with those in MoS2 
QSs. Similarly, S 2p1/2 and S 2p3/2 in the heterostructure showed 
lower binding energy (negatively shifted by 0.29 and 0.41 eV 
respectively) than those in MoS2 QSs. However, the binding 
energy of Au 4f5/2 and Au 4f7/2 in Au-Au-MoS2 positively shifted 
by 0.28 and 0.25 eV respectively compared with those in Au-Au. 
Further, the intensity ratio of Mo 3d3/2 and Mo 3d5/2 in Au-Au- 
MoS2 was evidently different from that in MoS2 QSs. These results 
all suggested the electron transfer from Au to MoS2 [17]. 

The exceptional absorption behavior of the Au-Au-MoS2 
could greatly facilitate its plasmon-enhanced applications. As 
a demonstration, the HER electrocatalytic performances of the 
Au-Au-MoS2 were evaluated in this work. Current research on 
the Au/MoS2 catalysts was far from satisfactory, largely because 
of their random structures [17, 18, 30–33]. The Au-Au-MoS2 
was fabricated as the hierarchical, periodic integrated hetero- 
nanoelectrodes where the Au, Au, and MoS2 functioned as 
the supporting conductive film, plasmon generator, and 
electrocatalyst, respectively. Figure S7 in the ESM showed the 
schematic illustration of the typical three-electrode configuration 
(the Au-Au-MoS2 as the working electrode) for the HER 
measurements. Detailed information of the HER measurements 
could be found in the ESM. From Fig. 3(a), both Au film and 
MoS2 quantum sheets on ITO showed negligible HER activity. 
The Au-Au presented improved HER performance with the 
ηonset (onset overpotential) and η10 (overpotential at the current 
density of 10 mA/cm2) at –0.24 and –0.36 V respectively. Such 
improvement could be related with the formation of sub-
wavelength nanorod arrays with increased specific surface areas 
(Fig. S2 in the ESM). Compared with the Au-Au structure, the 
Au-Au-MoS2 hetero-nanoelectrodes demonstrated significantly 
enhanced HER performance with the ηonset and η10 at –0.15 and 
–0.28 V respectively. The as-deposited MoS2 nanorods could be 
responsible to the enhancement of the HER performance. With 
the annealed Au-Au-MoS2, the η10 positively shifted to –0.26 V, 
while the ηonset remained unchanged. When irradiated with the 
721 nm (comparable to the longitudinal SPR wavelength of  

 
Figure 2  Optical/spectroscopic characterization and mechanism elucidation of the Au-Au-MoS2 integrated hetero-nanoelectrodes. (a) Optical images 
and (b) extinction spectra of the Au-Au and Au-Au-MoS2 structures. Schematic illustration of (c) plasmon-enhanced light-matter interactions and (d) 
plasmon-induced hot-electron injection. 
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the integrated hetero-nanoelectrodes) laser (1 W/cm2), the 
HER activity of the (annealed) Au-Au-MoS2 was remarkably 
increased. The ηonset and η10 at –0.12 and –0.22 V respectively 
were achieved, indicating exciting photoelectrocatalysis in 
HER. The evolution of the ηonset and η10 with varying structures 
and states was shown in Fig. 3(b). Such evolution clearly 
demonstrated the determinative roles of the integrated hetero- 
nanoelectrodes and the plasmon-enhanced electrocatalysis of 
HER. To better understand the electrode reaction kinetics 
and mechanism, Tafel plots and slopes were derived from the 
polarization curves in Fig. 3(a). As shown in Fig. 3(c), high 
Tafel slopes (e.g., > 100 mV/dec) indicated that the Volmer 
step was the rate-determining step. Similar trends were found 
in both evolutions of the potentials and the slopes. Particularly, 
the Tafel slope of the (annealed) Au-Au-MoS2 was decreased 
from 82 to 63 mV/dec when the 721 nm (near resonance) 
laser was illuminated on the sample. The decrease of Tafel 
slope suggested that Volmer reaction was no longer the only 
determinative step, meanwhile confirmed the plasmon-enhanced 
(accelerated) electrocatalysis of HER. The reaction kinetics 
was further explored by the electrochemical impedance 
spectroscopy (EIS), as shown in Fig. 3(d) and Table S1 in the 
ESM. The large radii of the spectra of Au film, MoS2 on ITO, 
and Au-Au indicated the high charge transfer resistance in 
reaction. However, the Au-Au-MoS2 showed much lower charge 
transfer resistance of approximately 780 Ω than its individual 
components (e.g., Au film, Au-Au, and MoS2 on ITO). When 

annealed, the charge transfer resistance was decreased to 
approximately 350 Ω. These results confirmed that the annealing 
process could improve the interfaces between Au and MoS2 
thus facilitate the electron transfer. Notably, the charge transfer 
resistance of the annealed Au-Au-MoS2 was further decreased 
to approximately 210 Ω when illuminated with 721 nm laser, 
which supported that the plasmon-induced hot electrons would 
cause higher charge transport efficiency in the electrode.34 In 
addition, the Mott-Schottky plots were measured to investigate 
the flat-band potentials (Vfb) of the annealed Au-Au-MoS2 
with and without 721 nm laser illumination. From Fig. S9 in 
the ESM, the positive slopes of the curves indicated the n-type 
characteristic of the Au-Au-MoS2. The flat-band potential (equal 
to Fermi level, Ef, for n-type semiconductors) was determined 
to be –0.303 V (vs. NHE) in the dark, while it was shifted to 
–0.366 V (vs. NHE) under 721 nm laser illumination. Such 
shift of flat-band potential (equal to Ef) under illumination 
was a solid evidence for continuous electron transfer from Au 
to MoS2 [34]. From the above, the enhancement/acceleration 
could be explained as follows. In the Au-Au-MoS2 integrated 
hetero-nanoelectrodes, the Schottky barriers at the Au-MoS2 
junctions blocked the electron transfer from Au to MoS2. However, 
the near-resonance laser illumination enabled the (longitudinal) 
plasmonic excitation. The excited plasmons could decay non- 
radiatively by transferring their energies to the energetic charge 
carriers (i.e., hot electrons and holes) [35]. The hot electrons 
with energies high enough to overcome the Schottky barriers 

 
Figure 3  HER performances of the Au-Au-MoS2 integrated hetero-nanoelectrodes. (a) HER polarization curves with varying structures and states. (b) Evolution 
of the ηonset and η10 with varying structures and states. (c) Tafel plots and slopes derived from the polarization curves. (d) EIS spectra with varying 
structures and states. (e) Stability test for the Au-Au-MoS2 electrode. (f) Photoresponses of the Au-Au-MoS2 electrode. 
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were then injected into the conduction band of the MoS2, 
ensuring satisfactory conductivity for the desired chemical 
reactions [36–38]. Meanwhile, the excited plasmons could decay 
radiatively as well by scattering of the resonant photons [35]. 
The scattered photons were then reabsorbed by the adjacent 
nanorods, improving the light utilization. Both plasmonic 
scattering/reabsorption and plasmon-induced hot-electron 
injection mechanisms (Figs. 2(c) and 2(d)) could be responsible 
to the observed plasmon-enhanced electrocatalysis of HER. 
Figure 3(e) showed the stability of the electrode. At overpotential 
of –0.22 V, the current density remained relatively stable 
(~ 12 mA/cm2) over 24 h with an acceptable loss of 5.8%. To 
testify the photoresponses of the integrated hetero-nanoelectrodes, 
the linear sweep voltammetry (LSV) measurement with the 
laser (721 nm, 1 W/cm2) on and off was conducted. As shown 
in Fig. 3(f), when the laser was blocked (at –0.2 V) during the 
scanning, the polarization current would abruptly drop to its 
dark state. Such instant dropping in current was attributed 
to the photoelectrocatalytic rather than photothermal effect 
(gradual dropping) [34, 39]. 

To systematic investigate the photoresponses of the HER per-
formances of the Au-Au-MoS2 integrated hetero-nanoelectrodes, 
the chronoamperometric (CA) curves (at –0.2 V) with varying 
structures and states were recorded. Figure 4(a) showed the CA 
curves with alternating 721 nm laser (1 W/cm2) on/off states. 
The MoS2 quantum sheets on ITO exhibited almost no response 
to the 721 nm laser illumination, while other structures with 
Au components presented switchable, stable photoresponses, 
identifying the determinative role of Au in the plasmon- 
enhanced electrocatalysis. Compared with the Au film and the 
Au-Au, the Au-Au-MoS2 demonstrated remarkably enhanced 
photoresponses to the 721 nm (near-resonance) laser, supporting 
the proposed mechanisms in Figs. 2(c) and 2(d). In addition, 
the annealed Au-Au-MoS2 showed much higher photoresponses 
than the unannealed, which could be resulted from the 
improved Au-MoS2 interfaces by annealing (facilitating the 
plasmon-induced hot-electron injection). Figure 4(b) presented 

the CA curves of the (annealed) Au-Au-MoS2 with varying laser 
(fixed at 1 W/cm2) wavelengths. Evidently, the Au-Au-MoS2 
demonstrated broadband, switchable photoresponses thanks 
to its strong absorption of the visible light (Fig. 2(b)). The 
photoresponses were steadily improved with the increasing 
wavelengths and reached the maximum when illuminated 
with the 721 nm (near the longitudinal resonance) laser. 
However, the photoresponse with the 946 nm laser was greatly 
suppressed due to the dramatically decreased absorption  
in the near infrared (IR) range (Fig. 2(b)). Such broadband 
photoresponses of the HER performances were further con-
firmed by utilizing the white light (1 W/cm2) illumination 
(Fig. S10 in the ESM). From Fig. 4(c), the Au-Au-MoS2 showed 
satisfactory photoresponse under white light, comparable to 
that under 721 nm laser, facilitating its practical applications in 
photoelectrocatalysis. The broadband photoresponses of the HER 
activity of the Au-Au-MoS2 integrated hetero-nanoelectrodes 
were beyond the capacity of the random Au/MoS2 structures [17]. 
Such photoelectrocatalysis in hierarchical, periodic hetero- 
nanostructures (Fig. 4(d)) would boost the mass production 
and full exploration of ordered nanoelectrodes. 

3  Conclusions  
In summary, we have presented the Au-Au-MoS2 integrated 
hetero-nanoelectrodes where the longitudinally segmented Au 
and MoS2 nanorods were vertically aligned, hexagonally arranged 
on the conductive Au film. This was achieved through sequential 
electrodeposition of the Au and MoS2 quantum sheets into the 
PAA template. The Au-Au-MoS2 showed broadband, strong 
absorption in the visible range, which could be driven by both 
plasmonic scattering/reabsorption and plasmon-induced hot- 
electron injection mechanisms. Such unique absorption behavior 
enabled the broadband, switchable, and stable photoresponses 
of the HER performances of the Au-Au-MoS2. The plasmon- 
enhanced electrocatalysis could be readily manipulated by 
either laser or white light illumination, facilitating their practical 

 
Figure 4  Broadband photoresponses of the HER performances of the Au-Au-MoS2 integrated hetero-nanoelectrodes. (a) Structure-determined, 
(b) laser-dependent, and (c) white-light-excited, photoresponsive CA curves (at –0.2 V). (d) Schematic illustration of the photoelectrocatalysis in HER. 
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applications in photoelectrocatalysis. Our work would open new 
avenues towards the design and development of hierarchical, 
periodic nanoelectrodes for solar energy conversion and 
utilization. 
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