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 ABSTRACT 

Plasmonic metal–semiconductor nano-heterojunctions (NHJs), with their superior

photocatalytic performance, provide opportunities for the efficient utilization of 

solar energy. However, scientific significance and technical challenges remain in

the development of suitable metal–semiconductor NHJ photoelectrodes for new 

generation flexible optoelectronic devices, which often require complex processing.

Herein, we report integrated three-dimensional (3D) NHJ photoelectrodes by 

conformally coating cadmium sulfide (CdS) nanolayers onto ultrathin nano-

porous gold (NPG) films via a facile electrodeposition method. Localized surface

plasmon resonance (LSPR) of NPG enhances the electron–hole pair generation 

and separation. Moreover, the direct contact interface and high conductive

framework structure of the NHJs boosts the photogenerated carrier separation

and transport. Hence, the NHJs exhibit evidently enhanced photocurrent density

and hydrogen evolution rate relative to CdS deposited on either gold (Au) foil

or fluorine-doped tin oxide (FTO) at 0 V vs. SCE (saturated calomel electrode)

under visible-light irradiation. Moreover, they demonstrate a surprisingly 

stable photoelectrochemical hydrogen evolution (PEC-HE) activity over 104 s of 

continuous irradiation. 

 
 

1 Introduction 

Photoelectrochemical (PEC) water splitting, the con-

version of solar energy into clean hydrogen fuel, is 

deemed as one of the most promising strategies for 

addressing the global energy and environmental 

crisis [1–3]. At present, the overall energy conversion 

efficiency of PEC technologies is far below what is 
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required for practical use. This shortcoming is primarily 

attributed to the low efficiency of the three fundamental 

steps of the PEC water splitting process: sunlight 

absorption, electron–hole pair separation and transport, 

and surface redox reactions. To address these issues, 

in addition to the early development of single- 

component semiconductor materials, significant efforts 

have been devoted to the development of semicon-

ductor nano-heterojunctions (NHJs) due to their 

improved photocatalytic activities [4, 5]. Thus far, a 

variety of semiconductor-based heterojunctions have 

been explored, including semiconductor–semiconductor 

(S–S) [6–9], semiconductor-metal (S–M) [10–13], and 

semiconductor–carbon [14–16] heterojunctions. In 

particular, plasmonic S–M NHJs have emerged as 

promising photocatalysts because the photonic and 

plasmon–exciton coupling effects between a metal 

and a semiconductor give rise to many advantageous 

optical and electrical characteristics, such as: (1) enlar-

ging the absorption cross sections [17]; (2) increasing 

the effective average optical path length [18, 19];    

(3) producing an intense electromagnetic near-field 

(E-field) [20]; and (4) transferring the energy stored in 

the local plasmonic field from the metal nanostructures 

to the semiconductor nanomaterials [21, 22]. These 

virtues facilitate the generation, separation, and 

transport of electron–hole pairs, thus improving the 

photon-to-hydrogen conversion efficiency [17, 23–24]. 

As a paradigm in S–M NHJ systems, heterojunctions 

consisting of cadmium sulfide (CdS) with plasmonic 

metal nanoparticles have been demonstrated to be 

optimal candidates for visible-light-driven water splitting 

[25–27]. This is because CdS possesses a suitable 

band gap (~2.4 eV) and conduction band (CB) edge 

(−0.52 eV) [21, 28], which guarantee visible-light-driven 

PEC hydrogen evolution (PEC-HE). Upon further 

combination of CdS with plasmonic metals such as 

gold (Au), the produced light trapping and plasmon– 

exciton coupling effects can significantly improve the 

PEC-HE performance [17, 20, 29]. 

Recently, three-dimensional (3D) photoelectrodes, 

including 1D arrays and 3D interconnected porous 

nanostructures, have shown intriguing performance 

for PEC water splitting by promoting light absorption 

and charge-carrier transport [30–33]. Relative to 1D 

arrays, 3D interconnected porous structures exhibit a 

larger accessible surface area, which can greatly shorten 

the electron pathways and thus decrease the possibility 

of electron–hole recombination [34, 35]. While most 

reported 3D photoelectrodes are based on 1D arrays, 

3D interconnected porous structures, especially with 

sub-micron thickness, have rarely been reported. Herein, 

we report an effective 3D interconnected NHJ photo-

electrode with a CdS nanolayer (NL) conformally coated 

on a nanoporous gold (NPG) film (abbreviated as   

3D NPG/CdS NHJ). By taking advantage of the 

properties of NPG and NPG/CdS NHJ (the localized 

surface plasmon resonance (LSPR) and highly con-

ductive 3D framework of NPG, and the direct contact 

interface of NHJ), the charge-carrier formation, separation 

and transport behavior of these NPG/CdS NHJ 

photoelectrodes can be significantly improved. Specifi-

cally, the proposed NHJ photoelectrodes can achieve 

a photocurrent density of 1.04 mA·cm−2 and a hydrogen 

evolution rate of 406 mmol·h−1·g−1 at 0 V vs. SCE 

(saturated calomel electrode) under visible-light irradia-

tion at an overall electrode thickness of just ~100 nm; 

these values are 2- and 4-fold larger than those for the 

same amount of CdS deposited on gold foil (abbreviated 

as Au/CdS) and fluorine-doped tin oxide substrates 

(abbreviated as FTO/CdS), respectively. More impor-

tantly, the NPG/CdS NHJ photoanodes show surprising 

photostability compared with bare CdS, which is 

known to suffer tremendous photo-corrosion under 

illumination. Furthermore, the obtained photoelectrodes 

are flexible and can be easily mass produced, which 

make them favorable for practical PEC water splitting. 

2 Experimental 

2.1 Synthesis and fabrication of NPG/CdS, planar 

Au/CdS, and CdS photoanodes  

NPG was prepared by dealloying 100 nm Au50Ag50 

(at.%) alloy nanofilms in HNO3 (67%) for 30 min    

at 30 °C. After dealloying, the NPG was washed   

3–4 times with ultrapure water and carefully adhered 

to a clean polyethylene terephthalate (PET) film by 

the lift-coating method (as illustrated in Fig. S1 in the 

Electronic Supplementary Material (ESM)). Then, a 

thin Au foil was overlapped with one side of the NPG 

to serve as a conductor, and the electrodeposition  
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area of the NPG was restricted to 1 cm2 with tape. 

For electrodeposition of CdS, 50 mM Cd(NO3)2·4H2O 

and elemental S (64 mg) were dissolved in dimethyl 

sulfoxide (DMSO) at 50 °C, and a constant cathodic 

current of 0.5 mA·cm−2 was applied to the NPG 

electrode. High-purity N2 was bubbled through the 

solution for at least 15 min before the experiment and 

was maintained throughout the procedure in order 

to create an N2 atmosphere. For the electrodeposition 

of CdS onto planar Au or FTO, the procedure was 

identical to that described above, except that the NPG 

was replaced with Au foil or FTO. 

2.2 PEC-HE performance measurements 

PEC-HE activity measurements were performed in a 

homemade PEC cell (Fig. S2 in the ESM), a three- 

electrode system with a Pt plate as the counter electrode, 

an SCE with a double salt bridge as the reference 

electrode, and the as-prepared photoanode as the 

working electrode. An electrochemical analyzer 

(CHI760D) was used to measure the PEC-HE activities 

of the samples. In this study, the photocatalytic 

experiments were conducted under visible-light irra-

diation from a Xe lamp (420 nm < λ < 780 nm, 

100 mW·cm−2), and the potentials were recorded relative 

to the SCE. The hydrogen evolution process was 

monitored by a gas chromatograph with a thermal 

conductivity detector (GC-TCD). Once the sample and 

N2-saturated 0.1 M Na2S were loaded, the reaction 

cell was closed and connected to a 2 mL·min–1 nitrogen 

line and the GC-TCD. The purging process was applied 

to the cell for at least 15 min while the solution was 

stirred. Once illumination was begun, gas samples 

were automatically drawn for measurement every  

10 min. A stable hydrogen peak was then integrated 

to calculate the evolution rate. The reaction temperature 

was maintained at room temperature using condensate 

water. 

2.3 Characterization of photoelectrode materials 

The morphologies of the NPG/CdS electrodes were 

investigated using a Verios 460L ultrahigh-resolution 

scanning electron microscopy (SEM) instrument. The 

composition of the NHJ was analyzed using an Oxford 

INCA X-Sight energy-dispersive X-ray spectroscopy 

(EDS) apparatus. The microstructures and compositions 

of the samples were characterized using JEOL JEM-2100 

and JEM-2100F transmission electron microscopy 

(TEM) systems operating at 200 kV, and an FEI Titan 

Themis 300 STEM system operating at 200 kV equipped 

with spherical aberration (Cs) correctors for both the 

probe- and image-forming objective lenses. The probe 

convergence angle was 21 mrad. The ultraviolet visible 

(UV-Vis) absorption spectra and diffuse reflectance 

spectra were obtained using Shimadzu UV-1700 and 

UV-2550 spectrophotometers, respectively. The chemical 

statuses and electronic states of the elements were 

investigated using an X-ray photoelectron spectroscopy 

(XPS) instrument (ESCALAB 250Xi, ThermoFisher). 

The electrodeposition procedure and PEC-HE activity 

were carried out on an electrochemical workstation 

(CHI760D). Electrochemical impedance spectroscopy 

(EIS) was performed on a Princeton electrochemical 

workstation operating in a frequency range of 5 kHz 

to 50 mHz. Incident photon-to-electron conversion 

efficiency (IPCE) measurements were conducted on  

a CIMPS-QE/IPCE system at a constant bias (0 V vs. 

SCE). Transient absorption spectroscopy measurements 

were obtained using a Ti:sapphire laser (Spectra- 

Physics, Spitfire ACE, 800 nm, 4.5 mJ/pulse, FWHM 

35 fs, 1 kHz). Electron energy loss spectroscopy (EELS) 

experiments were carried out in an FEI Titan Themis 

G2 (S)TEM operated at 200 kV. The measured energy 

resolution (defined as the full width at half-maximum 

of the zero-loss peak) is better than 200 meV. 

3 Results and discussion 

Nanostructured Au/CdS NHJs are often prepared by 

depositing CdS onto the surfaces of Au nanostructures 

via a wet-chemical process using ligands and polymers 

as bridge molecules because of the strong lattice 

mismatch between Au and CdS [21, 36]. From the 

perspective of the photocatalysis process, however, 

the existence of bridge molecules may hinder the 

transport of charge carriers and aggravate thermo-

dynamic and kinetic energy losses [37]. In the present 

work, CdS was directly electrodeposited onto the 

surface of NPG through interfacial electron transfer 

instead of using bridge molecules (see Fig. 1(a)), thereby 

promoting the charge-carrier transfer process. In the 

NHJs, NPG films are expected to play important roles  
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Figure 1 (a) Schematic illustration of NPG before and after 
electrodeposition of the CdS nanolayer. (b) and (c) FESEM images 
of NPG/CdS structures produced with an electrodeposition time 
of (b) 60 s and (c) 110 s. (d) and (e) TEM images of an NPG/CdS 
structure produced with an electrodeposition time of 60 s. (f) Digital 
photograph of an NPG/CdS photoelectrode under bending. 

in photocatalysis because they are endowed with a 

significant LSPR phenomenon and 3D network nano-

structure [38, 39]. It is well known that the LSPRs of 

plasmonic metals can improve the efficiency of solar 

light harvesting and generate an intense E-field at  

the surface of metals [22, 40]. The presence of many 

nanopores (also known as “hot-spot”) in NPGs, further 

enhances the E-field around the surface of NPG via 

the electromagnetic coupling effect [41, 42]. Once 

CdS is combined with NPG, it would be subjected to 

strong interference from the LSPR of NPG [20, 43], 

and the resulting S–M NHJs could exhibit impressive 

photocatalytic performances. 

SEM images (Figs. S3(a) and S3(b) in the ESM) 

show that NPG possesses a bi-continuous porous 

nanostructure with an average pore size of ~25 nm. 

ssConsidering that the NPG is as thin as ~100 nm, 

with a high porosity of over 60%, there are only 2–3 

porous layers across its thickness [44, 45]. Therefore, 

the NPG film is translucent regardless of whether it 

is coated with CdS (see the insert of Fig. 1(a)). This 

feature is desirable for the potential application of 

such films in photoelectric systems. After just 60 s of 

electrodeposition, SEM images (Fig. 1(b) and Fig. S3(c) 

in the ESM) show evidently coarsened ligaments 

compared with bare NPG, indicative of successful 

coating with a CdS NL. When the electrodeposition 

time is increased to 110 s, the roughness and thickness 

of the ligaments increase, but the nanoporous structure 

is still preserved (Fig. 1(c) and Fig. S3(d) in the ESM). 

The SEM images of these NPG/CdS NHJs at low 

magnification also do not reveal large CdS nano-

particles on the surfaces (Figs. S3(c) and S3(d) in   

the ESM), which suggests that the CdS NL is evenly 

deposited on the surfaces of all the ligaments of the 

NPG. The structure of the NPG/CdS NHJs is further 

confirmed by TEM. As shown in Fig. 1(d), the 

interconnected NPG ligaments are uniformly covered 

by a CdS NL with a thickness of ~8 nm when the 

electrodeposition time is 60 s, consistent with the SEM 

observations. Corresponding high-resolution TEM 

(HRTEM) images from a random region of the NPG/ 

CdS structure (Fig. 1(e)) show that the conformal 

coating exhibits good crystallinity and that the CdS 

nanoparticles are compactly assembled on the NPG 

surface in a highly uniform manner. By varying the 

electrodeposition time from 40 to 140 s, the thickness 

of the CdS NL on the NPG ligaments can be precisely 

tuned from ~5 to ~20 nm (Fig. S4 in the ESM). The 

corresponding EDS analysis shows that the molar 

ratio of Cd to S is approximately 1:1 in the NPG/CdS 

(Fig. S5(a) in the ESM). XPS reveals Cd MNN Auger 

peaks, which are exclusively assigned to CdS (Fig. S5(b) 

in the ESM). More interestingly, the NPG/CdS NHJs 

prepared on PET substrates in this study display both 

excellent flexibility and mechanical rigidity (Fig. 1(f)), 

which are beneficial for the maneuverability of the 

PEC cells. 

The state of the NPG/CdS NHJ interface plays   

an important role in the separation and transport   

of photogenerated charges. Therefore, the NPG/CdS 

structure was investigated via high-angle annular 

dark-field (HAADF) scanning TEM (STEM). The sharp 

interfaces and the details of the atomic and lattice 

structures of CdS and Au at the junction of the two 

crystalline phases can be clearly observed(Fig. 2(a)) 

(the signals of light elements, such as S, are too weak 

to be distinctly observed under the HAADF mode).  
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Two sets of inter planar spacing of 2.0 Å in the NPG 

region are assigned to two orthogonal lattice planes, 

namely, the (020) and (002) planes of face-centered 

cubic (fcc) Au, whereas the spacings of 3.6 and 3.4 Å 

in the CdS NL correspond to the (010) and (002) 

lattice planes of wurtzite CdS, respectively. The crystal 

structures of NPG and NPG/CdS NHJs with different 

electrodeposition times were also confirmed via 

X-Ray diffraction (XRD) (Fig. S6 in the ESM). All the 

diffraction peaks are indexed to the face-centered 

cubic structure of Au and the hexagonal phase of 

CdS. The corresponding fast Fourier transform (FFT) 

pattern, which is precisely indexed in Fig. 2(e), provides 

further support for the above results and indicates 

the single-crystalline nature of NPG and CdS in the 

characterized region that serves to be in thermo-

dynamic equilibrium for improving the stability of 

the material [46] and promoting charge mobility  

and carrier diffusion length [29, 47]. Moreover, the 

simulated atomic-level interface structure of the NHJ 

(see Fig. 2(b)) is nearly coincident with the actual 

boundary between CdS and Au, with only a tiny 

angular distortion (~2°) caused by the stress from the 

different interplanar spacings of the two crystalline 

phases. The ADF-STEM image displayed in Fig. 2(f), 

which is derived from the NPG/CdS interface region 

in Fig. 2(a), illustrates the arrangement of the Cd and 

Au atoms in greater detail, yielding the corresponding 

EELS maps shown in Figs. 2(g)–2(i). Excitingly, Cd and 

S atoms can be clearly seen and easily distinguished 

by ultrahigh resolution from the atomic-scale EELS 

mapping results shown in Figs. 2(g) and 2(h), thereby 

providing decisive proof of the formation of a sharp 

and compact Au/CdS interface with high crystallinity. 

As shown by the digital photographs in Fig. 1(a), 

the color of the electrode becomes much darker after 

the deposition of the CdS NL, which means that   

its photo-absorption is significantly enhanced. To 

investigate the LSPR properties of the NPG/CdS 

photoelectrode, the UV-Vis spectrum within the 

visible-light wavelength range was collected and 

compared with those of native NPG and CdS (see 

Fig. 3(a)). It can be seen that the NPG/CdS NHJ exhibits 

enhanced absorption over the entire visible-light 

region, especially between 490 and 650 nm. These result 

from the overlap of the resonant absorption of the 

gold film [38] and the absorption of the CdS segment 

resulting from 1Σ (1σe–1σh) and 1Π (1πe–1πh) exciton 

transitions corresponding to ~465.5 and ~393.5 nm, 

respectively (see the inset of Fig. 3(a)) between the 

discrete CBs and valence bands (VBs) of CdS. In 

addition, the NPG/CdS NHJ shows broader and 

stronger absorption over a larger wavelength band 

because of the plasmon–exciton interactions of NPG  

 

Figure 2 (a) HAADF-STEM image of NPG/CdS. (b) Simulated atomic-level structure consistent with (a). Zone-axis orientations and 
unit cell structures of (c) Au and (d) CdS. (e) FFT pattern corresponding to (a). (f) ADF-STEM image derived from the NPG/CdS 
interface. The corresponding EELS mapping results for (g) Cd and (h) S and (i) an overlay of both. 
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and CdS, and presents a significant red-shift from 

~523 nm for NPG (orange line) to ~544 nm for NPG/CdS 

(red line). This phenomenon indicates that the NPG/ 

CdS NHJ is photoactive within a very broad window 

of the solar spectrum relative to both the NPG and 

CdS components. Further studies (Fig. S7 in the ESM) 

demonstrate that LSPR is present only in NPG/CdS 

and not in Au/CdS, which implies that the nanoporous 

nature of the NPG plays a critical role in the generation 

of a strong LSPR signal. 

To examine the spatial distribution of the LSPR 

modes in NPG, EELS experiments were performed 

and the results presented in Figs. 3(d)–3(i). The EEL 

spectra of an NPG slice (Fig. S8 in the ESM) revealed 

that the NPG structure supports multiple LSPR modes. 

The energies of these LSPR modes are bound to the 

standing wave limit of Au surface plasmons (2.4 eV) 

and span the visable-infrared spectroscopy (Vis-IR) 

range. More importantly, the comparison of EELS 

maps of the NPG/CdS NHJ (Figs. 3(h) and 3(i)) with 

those of NPG (Figs. 3(e) and 3(f)), which are obtained 

from 1.6 and 2.4 eV energy filters, reveals an evident 

reduction of EEL probability in the NHJ, indicating 

plasmon energy transfer from NPG to CdS [22]. 

Femtosecond transient absorption (TA) spectroscopy 

was conducted to further investigate the charge energy 

and hot electron transfer behaviors between NPG 

and CdS. The 490 nm photo-bleaching (PB) signals 

(Fig. S9 in the ESM) in NPG/CdS and FTO/CdS 

samples originate from the filling of states close to the 

fundamental band gap of CdS. As shown in Fig. 3(b), 

a slower rise-in of the 490 nm PB signal in the NPG/CdS 

NHJ was observed than that in FTO/CdS sample. The 

slower rise-in signal indicates that CdS is absorbing 

the addition charges [48], likely hot electron transfer 

from NPG to CdS under the photoexcitation at λ = 

400 nm [49]. Furthermore, a concomitant rise- decay 

behavior between the 490 and 500 nm PB signals in 

the NPG/CdS NHJ was shown in Fig. 3(c), which is a 

well-established signature of charge-energy transfer 

processes [50]. In the spectra, the 490 and 500 nm PB 

signals are characteristic signals for CdS (acceptor) 

and NPG (donor). This behavior states that the dynamics 

from the donor undergoes a fast decay while the 

dynamics from the acceptor undergoes a rise-in 

simultaneously. These two dynamic rise and decay 

 

Figure 3 (a) UV-Vis absorption spectra of CdS, NPG, and NPG/CdS. (b) and (c) Transient absorption spectra of NPG/CdS NHJs and 
FTO/CdS excited at λ = 400 nm. (b) The rise-in dynamics monitored at 490 nm; (c) the concomitant rise-decay behavior observed in 
NPG/CdS NHJs. (d) ADF image of the NPG. (e) and (f) The corresponding plasmon maps of NPG in (d) obtained from 1.6 and 2.4 eV 
energy filters, respectively. (g) ADF image of the NPG/CdS. (h) and (i) The corresponding plasmon maps of NPG in (g) obtained from 
1.6 and 2.4 eV energy filters, respectively. 
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processes have the same time scale [37, 49]. 

In a proof-of-concept experiment, the PEC-HE 

photocatalytic activity of NPG/CdS NHJs operating 

as photoanodes was investigated by monitoring their 

photocurrents. The transient photocurrent responses 

of NPG/CdS NHJs prepared with different deposition 

times (40–140 s) under visible-light irradiation were 

measured during repeated ON/OFF illumination 

cycles at 0 V vs. SCE (see Fig. S10 in the ESM). All the 

NHJs exhibited prompt and reproducible photocurrent 

responses between the interruption and restoration 

of the irradiation, indicating the rapid formation and 

effective separation of electron–hole pairs. The transient 

photocurrent density (J) of the NPG/CdS photoelectrode 

clearly presents a volcano shape with increasing 

electrodeposition time at 0 V vs. SCE. The NPG/CdS 

NHJ obtained with a deposition time of 110 s produces 

a maximum of approximately 1.04 mA·cm−2. The 

increase in J during the early stage of electrodeposition 

may result from the strong coupling of the excitonic 

state of the CdS NL with the plasmonic mode of NPG. 

With increasing electrodeposition time, more CdS is 

formed that harvests incidentally scattered plasmonic 

photons and obtains SPR energy from NPG, creating 

more electron–hole pairs that can rapidly transfer. 

During the later stage of electrodeposition, the 

decrease in J can most likely be attributed to the CB 

level of the thicker CdS NL resulting in a decreased 

photoelectron injection force and a longer distance 

for the transmission of photoelectrons from CdS    

to NPG, which may lead to a greater probability of 

recombination in CdS. Another possible reason is 

that the pores of the NPG may be blocked by the 

thicker CdS layer, preventing the electrolyte from 

easily entering into the pores and resulting in a low 

capture efficiency of photoexcited holes. It should be 

noted that the photocurrent of NPG/CdS NHJ photo-

electrodes can be readily enhanced by increasing 

their overall thickness to 200 or 400 nm, which allows 

J to achieve ~1.6 and 2.1 mA·cm−2, respectively (see 

Fig. S11 in the ESM). The flexibility in the thickness 

and thus performance control of NPG/NHJ electrodes 

indicates their great potential for PEC water splitting. 

To further demonstrate the advantages of the 

fabricated 3D NPG/CdS NHJs, the PEC-HE photo-

catalytic activity of the NPG/CdS NHJ prepared with 

a deposition time of 110 s was compared with that  

of CdS deposited on Au foil (Au/CdS) and an FTO 

substrate (FTO/CdS). To rule out possible interferences, 

the amount of CdS was controlled to be nearly the 

same for all samples (Table S1 in the ESM). Besides, 

SEM images shown in Fig. S12 in the ESM confirms 

very similar morphology of the CdS overlayer in 

Au/CdS and NPG/CdS, as evidenced by uniform 

dispersion of small nanoparticles. As shown in Fig. 4(a), 

the photocurrent density of NPG/CdS is two and four 

times larger than that of Au/CdS and CdS, indicating 

that 3D NPG indeed provides better performance  

in terms of the formation, separation, and transfer of 

photogenerated charges, when compared with Au foil 

and FTO. The enhanced photo-current in NPG/CdS 

can be predominantly attributed to the plasmonic 

enhancement effect from NPG. EIS under irradiation 

further confirms the highly effective charge transfer 

in the NPG/CdS NHJ. The radii of the semicircles in the 

intermediate-frequency region, which are correlated 

with the electron transfer at the electrode–electrolyte 

interface and the charge-transfer resistance (RCT), reflect 

the charge transfer efficiencies of the photocatalysts 

[32, 51]. As shown in Fig. 4(b), NPG/CdS, Au/CdS, 

and CdS, all show semicircular EIS diagrams in   

the form of Nyquist plots, and the NPG/CdS NHJ 

exhibits the smallest semicircle. Specifically, the RCT 

of NPG/CdS NHJ is 602 Ω, which is much smaller 

than those of Au/CdS (820 Ω) and CdS (3,263 Ω), 

further demonstrates the more effective electron–hole 

pair separation and efficient interfacial electron transfer 

in the NPG/CdS NHJ. Moreover, an additional electric 

double-layer capacitor (CDL2) is present in the equivalent 

electric circuit, which is a feature of porous electrodes 

[52]. The efficient transport of charge-carriers at the 

NHJ interface is further examined via applied bias 

photon-to-current efficiency and monochromatic IPCE 

measurements for NPG/CdS, Au/CdS, and FTO/CdS. 

As shown in Fig. S13 in the ESM, the NPG/CdS NHJ 

exhibits a larger improvement of IPCE value compared 

with Au/CdS in the overall visible-light region. The 

efficient separation and transport of photogenerated 

charges may be derived from the direct contact 

interface and highly conductive framework of NPG/CdS 

NHJs. The hydrogen evolution performance of NPG/ 

CdS was evaluated at 0 V vs. SCE under 1-sun  
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Figure 4 (a) Transient photocurrent densities (J) of NPG/CdS, 
Au/CdS, and CdS. (b) Nyquist EIS plots in the frequency range of 
5,000 Hz to 50 mHz. (c) Hydrogen evolution rates for NPG/CdS, 
Au/CdS, and CdS. (d) Schematic illustration of a PEC-HE cell. All 
experiments were conducted at 0 V vs. SCE under visible-light 
irradiation from an Xe lamp (420 nm < λ < 780 nm, 100 mW·cm–2). 

illumination by assuming a 100% Faradaic efficiency, 

and the result was compared with those for Au/CdS 

and CdS samples. During the hydrogen evolution 

process, the photogenerated electrons after separation 

from holes flow to the Pt counter electrode through 

the external circuit and take part in the half-reaction 

of water reduction into hydrogen (see Fig. 4(d)). As 

shown in Fig. 4(c), the hydrogen evolution rate for 

NPG/CdS was determined via gas chromatography 

to be 406 mmol·h−1·g−1, which is not only much faster 

than that for Au/CdS and FTO/CdS, but also very 

competitive compared to the reported photocatalysts 

(summarized in Table S2 in the ESM). These above 

results confirm the superiority of the NPG/CdS NHJ 

structures as photoelectrodes for PEC-HE. 

To fully evaluate the PEC performance of the 

NPG/CdS NHJ, the photostability of NPG/CdS and 

CdS was measured under visible-light irradiation for 

104 s. The photocurrent density of the NPG/CdS NHJ 

dropped by only 23% after 104 s of irradiation, which 

is far superior to the 67% decrease observed for the 

CdS over the same time period (as shown in Figs. 5(a) 

and 5(b)). In general, decreased photoactivity and Cd 

ion leakage are consequences of the oxidation of S 

ions by photogenerated holes with strong oxidation 

power, followed by the release of Cd ions into the 

solution, that is, the photocorrosion of the CdS. This  

photocorrosion greatly limits the application of non- 

oxide semiconductors as photoelectrode materials 

[2, 14, 53]. The results reported above were clarified 

by XPS investigations of the elemental compositions, 

chemical statuses, and electronic states of the 

photoanodes before and after 104 s of irradiation. As 

shown in Fig. 5(e), the Cd 3d spectrum features peaks 

at 412.2 (Cd 3d3/2) and 405.5 eV (Cd 3d5/2) assigned to 

Cd2+, which exhibit no energy change before and after 

irradiation for 104 s. The doublet structure of the S 2p, 

with binding energies of 163.1 and 161.9 eV deriving 

from 2p1/2 and 2p3/2 (a spin-orbit splitting of 1.2 eV 

[54]), respectively, also remains unchanged (Fig. 5(d)). 

These findings demonstrate that the conformal NHJ 

is stable when subjected to irradiation, with substan-

tially suppressed photocorrosion. Significantly, after 

irradiation, the binding energy peaks of Au 4f7/2 at 

84.1 and 87.8 eV shift upward to 84.5 and 88.2 eV, 

respectively (Fig. 5(c)), which is attributed to the 

oxidation of Au, signifying the formation of Au–S 

bond echoes with the S 2p3/2 signal at 161.9 eV [11, 55]. 

Accordingly, NPG likely plays a vital role as a 

scavenger, capturing the photo-excited holes in the 

VB of the CdS; then, the resulting Au+ reacts with S2– 

from the sacrificial agents to produce Au–S bonds, 

thereby effectively preventing the photocorrosion of 

the CdS and enabling the observed steady PEC-HE 

performance. By contrast, a downward shift in the 

Cd 3d5/2 peak energy from 405.4 to 404.8 eV can be 

observed for CdS, which implies the oxidation of the 

CdS after 104 s of irradiation (Fig. 5(f)). This photo-

corrosion of CdS leads to a severe decrease in the 

photocurrent density. This study demonstrates that 

3D porous NPG/CdS NHJs operating as photoelectrodes 

show enhanced and stable PEC-HE performance 

relative to both Au/CdS and CdS. This remarkable 

PEC-HE performance can be primarily attributed   

to the following reasons: (1) the multiple scattering   

of plasmonic photons by patterned NPG leads to 

increased light absorption, resulting in the formation 

of more electron-hole pairs [17, 18]; (2) the localized 

and amplified near-field E-field from NPG promotes 

the coupling between plasmons and excitons, by 

increasing the generation rate of electron–hole pairs 

[20, 43, 56]; (3) direct hot electron transfer from NPG 
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to CdS provides excess energy for hydrogen evolution 

[27, 51, 57]; (4) the direct contact at the interface 

between NPG and CdS NL and highly conductive 

framework of NHJ are beneficial for electron–hole 

pair separation and transport [17, 28]; and (5) NPG 

also plays a vital role as a hole scavenger to prevent 

the photocorrosion of CdS [55]. 

4 Conclusions 

In conclusion, we have successfully fabricated ultrathin 

integrated 3D NHJ photoelectrodes via a facile and 

eco-friendly electrodeposition process, by directly 

coating a CdS NL onto NPG. This unique NGP/CdS 

NHJ offers a number of impressive advantages, 

including simple and mass fabrication of photoelectrode, 

flexible, ultrathin, translucent, and atomic-level contact 

interface, which are highly desirable for the practical 

use of PEC hydrogen generation. By taking advantage 

of the nano- and macro-structures of NPG and the 

strong plasmon–exciton interactions between NPG 

and CdS, the NPG/CdS NHJ photoelectrode with just 

~100 nm overall thickness exhibits a favorable photo-

current density of 1.04 mA·cm−2 and an impressive 

hydrogen evolution rate. Moreover, the photostability 

of NPG/CdS over 104 s of irradiation is far superior  

to that of bare CdS. This flexible 3D integrated NHJ 

photoanode, with its excellent photocatalytic perfor-

mance, shows promise for a wide variety of applications 

in solar photovoltaic cells and wearable optoelectronic 

devices. More importantly, the facile fabrication process 

for the integrated 3D NHJ photoelectrodes developed 

here may be a key innovation for the development of 

solar energy conversion technologies. 
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