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ABSTRACT

Carrier separation, charge transport, and visible light absorption are the main

factors affecting the solar water splitting performance of a semiconductor

photoanode. In this work, ZnIn2S4 (ZIS) nanosheet arrays (NSAs) were prepared

by a hydrothermal route on a transparent fluorine-doped tin oxide (FTO) sub-

strate, which was followed by a modification with an amorphous FeOOH thin

layer. The surface morphology of ZIS NSAs was shown not to change regardless

of whether Au was used as the seeding layer. Besides, the effect of the FeSO4

solution concentration on the morphology, optical absorption, and photoelec-

trochemical (PEC) performance was investigated. The PEC measurements

showed that at the 1.23 V bias relative to RHE (VRHE), the FeOOH/ZIS/Au

optical photoanodes exhibited a 4.5 and 1.9 times higher photocurrent density

than the ZIS/FTO and ZIS/Au/FTO electrodes, respectively. For the 0.05Fe/

ZIS/Au/FTO samples, the 0.91 mA cm-2 initial photocurrent density was

achieved at VRHE of 1.23 V. The FeOOH/Au/ZIS photoanodes also displayed a

maximum H2 yield amount of 26.2 lmol cm-2 h-1. It was also observed that the

enhanced PEC performance may be resulted from the synergistic effect of the

FeOOH top decoration and Au under layer. Specifically, FeOOH facilitated the

hole injection into the electrolyte, while Au NPs provided a number of sinks for

the electron transport to the FTO substrates.
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1 Introduction

Energy crisis and acute environmental pollution

issues have created considerable attention in the

world with the continuous depletion of fossil fuels.

The solar-driven photoelectrochemical (PEC) water

splitting for the H2 production by semiconductor

photocatalysis has been considered as a promising

and renewable strategy to solve the growing chal-

lenge of global energy in the near future [1, 2]. To this

end, much research has been done to increase the

efficiency of solar-to-hydrogen (STH) conversion,

although the actual STH efficiency is well below

practical requirements [3]. Still the main problem is

the recombination of photogenerated carriers occur-

red at the semiconductor/electrolyte interface, which

dramatically restrains the carrier concentration for

the STH conversion.

Up to now, a lot of semiconductor photocatalysts,

including BiVO4, ZnO, WO3, Bi2MoO6, CuInS2, and

BiOBr, have been attempted for constructing a solar

response photoelectrode [4–9]. However, these

materials either have a wide bandgap, which is not

conducive to the solar harvesting, or they display

poor stability and are vulnerable to photocorrosion.

As a ternary transition metal sulfide, ZIS has recently

attracted much attention in the field of photoelectric

conversion since Li firstly reported the excellent

photocatalytic activity of ZIS in the H2 production

[10]. ZIS not only has a suitable bandgap (2.5 eV)

with a visible light response, but also displays a good

chemical stability, especially in the acidic solution.

We previously reported that ZIS was even used as a

seeding layer (nucleation center) to produce ordered

In2S3 NSAs [11].

Otherwise, surface morphology is also an impor-

tant factor affecting the PEC performance of the

photoelectrode. Generally speaking, the ideal photo-

electrode should be one-dimensional (1D) or two-

dimensional (2D) nanostructure arrays, which not

only have a large specific surface area, but also pos-

sess a fast charge transport rate. Kar et al. have

reported the growth and formation mechanism of

vertically aligned arrays of copper sulfide nanos-

tructures formed by electrochemical anodization. The

CH4 production rate reached as high as

38 lmol m-2 h-1 when these nanostructure arrays

were used as stand-alone photocatalysts for the CO2

photoreduction at room temperature [12]. The

nanostructured array not only provides an additional

surface area to enable increased active reaction

points, but also ensures a rapid charge separation

while inhibiting the light harvesting loss. Finally, the

semiconductor PEC performance can be enhanced by

creating a heterojunction or pn junction. Xiao et al.

have reported that a novel 2D/2D N–La2Ti2O7/ZIS

heterojunction showed a 5.2-fold high rate than ZIS

for photocatalytic H2-evolution, due to the unique

2D/2D heterojunction that promotes highly efficient

charge transfer [13]. In addition, the cocatalyst mod-

ification has been an efficient method for enhancing

the PEC activity of a semiconductor electrode [14].

Cocatalysts could not only lower the activation

energy or overpotential for H2- or O2-evolution

reactions on the surface of semiconductors, but also

improve the stability of photoelectrodes by sup-

pressing photocorrosion. It is generally accepted that

Au refers to H2-evolution cocatalysts, while the lay-

ered double hydroxide (such as NiOOH, FeOOH) is

recognized as an O2-evolution cocatalyst. Therefore,

modifying Au at the surface of ZIS may not signifi-

cantly enhance its photocurrent, while Au placed

under ZIS may be conducive to enhance the electron

collection and carrier separation. Manuel et al. have

demonstrated the efficient harvesting of hot holes

from Au nanoparticles (Au NPs) into amorphous

TiO2 performed near-exclusively by Au NPs. Pho-

toanodes consisted of a single Au NPs layer of *
50 nm diameter coated with a-TiO2 shell (Au@a-

TiO2) exhibited a photocurrent of 2.5 mA cm-2 in

1 M KOH at an external bias of 0.6 V [15].

As far as we know, in many works hierarchical

ZnIn2S4 NSAs were grown directly on FTO substrates

or assisted by ZnO and TiO2 seeding layers [16]. Au

or other noble-metal NPs have often been used as the

cocatalysts for enhancing the PEC activity of ZIS

[11, 17], but there are no reports that Au NPs have

been prepared on the FTO substrates to grow ZIS

NSAs. According to a very recent report, single

crystalline a-Fe2O3 nanoflakes (NFs) were formed in

a highly dense array by Au seeding of a Fe substrate

followed by a decoration with a thin FeOOH cocat-

alyst layer [18]. Such a a-Fe2O3/FeOOH NFs on Au/

Fe photoanode yielded a photocurrent density of

3.1 mA�cm-2 at 1.5 VRHE under AM 1.5G (100 mW

cm-2) simulated sunlight illumination.

In this work, the ZIS NSAs were modified with

dual cocatalysts of FeOOH and Au NPs for the PEC

water splitting. The introduction of Au NPs
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promoted the enhanced absorption of visible light

and electron collection, while the FeOOH modifica-

tion facilitated the hole collection and accelerated the

water oxidization reaction. After optimizing the

parameters, the 0.05FeOOH/ZIS/Au photoanode

displayed the initial photocurrent density of

0.31 mA cm-2 at 1.23 VRHE, which was significantly

higher than that of pure ZIS or ZIS/Au photoelec-

trodes. This work might be hopeful to provide new

insights into designing a heterojunction photoanode

for realizing a high-efficient solar conversion.

2 Experimental details

2.1 Electrodeposition of Au NPs onto FTO

First, the FTO-coated glass slices were cut into the

same size (2.5 9 4 cm), then they were cleaned

thoroughly in the distilled (DI) water, isopropyl

alcohol, and ethanol (99%) for 30 min alternately and

then dried for use. The Au NPs were prepared on the

FTO glass substrates by a facile electrodeposition

method using a 0.5 mM aqueous HAuCl4 aqueous

solution as the electrolyte. The electrodeposition

process was carried out in a three-electrode cell with

a FTO conductive substrate employed as the working

electrode (WE), a saturated calomel electrode (SCE)

as the reference electrode (RE), and a platinum (Pt)

foil as the counter electrode (CE). During the elec-

trodeposition, a bias of 0.1 V versus SCE (0.1 VSCE)

was applied onto the WE for 120 s. Finally, the Au/

FTO samples obtained were slowly rinsed with DI

water and then dried in an oven.

2.2 Fabrication of ZIS/Au/FTO
photoanodes

The ZIS/Au NSAs were prepared on the produced

Au/FTO substrates by the simple hydrothermal

method. A precursor solution was prepared by dis-

solving 0.2 mmol L-1 ZnCl2, 0.4 mmol L-1 InCl3-
4H2O, and 1.6 mmol L- CH3CSNH2 in 40 mL DI

water followed by a magnetic stirring at room tem-

perature (RT) for 20 min. Then, the resultant solution

was transferred into a Teflon kettle, and two Au/FTO

glass substrates were immersed into the solution with

their conductive sides facing down. The Teflon kettle

was sealed in an autoclave and kept at 180 �C for 3 h

in an oven. After cooling down to RT, the ZIS NSA

samples were taken out, cleaned by DI water for

1 min, and dried at 60 �C in a vacuum oven. The

reaction formula is represented as follows:

Zn2þ þ 2In3þ þ 4H2Oþ 4CH4N2S
! ZISþ 8Hþ þ 4CH4N2O: ð1Þ

2.3 Modification of ZIS/Au/FTO
photoanodes with FeOOH

For modifying with amorphous FeOOH, the ZIS/Au

NSA photoanodes were immersed into the FeSO4

solution of different concentrations (0.02, 0.05, 0.1,

and 0.2 M) at RT for 24 h. The films obtained were

marked as 0.02Fe/ZIS/Au, 0.05Fe/ZIS/Au, 0.1Fe/

ZIS/Au, and 0.2Fe/ZIS/Au, respectively. In general,

the technological steps for fabricating the FeOOH/

ZnIn2S4/Au photoanode are shown in Figs. 1 and S1.

2.4 Materials characterization

Both the crystal and phase structures of the samples

were examined by an X-ray diffractometer (XRD,

ADVANCE, Bruker, Germany). The surface mor-

phology and microstructure were determined by the

field-emission scanning electron microscopy (FESEM,

S-4800, Hitachi, made in Japan). The chemical com-

position and stoichiometry were evaluated by an

energy-dispersive spectrometer (EDS). The fine

microstructure of the samples was measured with a

high-resolution transmission electron microscope

(HRTEM) (Tecnai G2 F20). The optical absorption

spectra were detected with a UV–vis spectropho-

tometer (Varian Cary 300) in the 300–800 nm range.

Both the chemical composition and valence states

were evaluated by the X-ray photoelectron spec-

troscopy (XPS, EscaLab 250Xi), while the PL spectra

were recorded with a FS5 fluorescence spectrometer.

2.5 PEC measurements

The PEC tests were carried out with an electro-

chemical workstation (CHI660D) connected to a

three-electrode cell under a simulated solar irradia-

tion provided with a 500 W Xe lamp (Beijing Trust-

tech Technology Co. Ltd.) equipped with an AM 1.5G

filter, where the irradiation intensity was set as 100

mW/cm2. The as-prepared film samples (actual area

of 2.5 9 4 cm) were used as the WE, SCE was used as

the RE, and the Pt foil was used as the CE, while three
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electrodes were immersed in the 0.1 M Na2SO4

aqueous solution (pH = 7.0). The transient pho-

tocurrent responses (J–t plots) were collected at a

scan rate of 20 mV s-1. The quantum efficiency (QE)

was measured at 1.23 VRHE by using a monochro-

matic LED as the irradiation source. Mott–Schottky

(M–S) plots were measured in the dark at a constant

frequency of 1 kHz, and time-dependent transient

photocurrent (J–t) plots were collected under a

chopped solar irradiation. In order to obtain the

Nyquist plots, the electrochemical impedance spectra

(EIS) were taken at 0.0 VSCE with the frequency

ranging from 0.1 Hz to 50 kHz under the solar irra-

diation with a 20 mV amplitude. The H2-evolution

rate was investigated in the 0.2 M Na2SO3 electrolyte

at 1.23 VRHE under AM 1.5 illumination (100 mW/

cm2) by using an online gas chromatograph (Nexis

GC-2030). The steady-state PL spectra were collected

with a FS5 fluorescence spectrometer, while the time-

resolved photoluminescence (TRPL) spectra were

tested with FLS980. All the above measurements

were carried out at room temperature (RT).

3 Results and discussion

Figure 2 compares the XRD patterns of ZnIn2S4/Au

NSAs modified with different amounts of FeOOH.

All the diffraction peaks are seen to be referred to the

hexagonal phase of ZIS (JCPDS No. 65-2023), since

the peaks at 27.69�, 30.45�, and 47.19� correspond to

(102), (104), and (110) planes, respectively. Except the

diffraction peaks from ZIS, the other peaks marked

with the symbol were assigned to the FTO substrate.

Notably, no peaks related to Au NPs and FeOOH

were detected for the FeOOH/ZIS/Au NSA samples

with various Fe contents, which may be due to the

low amount of loaded Au or the amorphous nature of

FeOOH. Of course, the absence of Au-related peaks

may also be due to its location at the bottoms of ZIS

NSAs. In addition, there is a gradual decrease in the

intensity of the ZIS-related peaks with the increase in

the FeSO4 solution concentration, which might be

associated with an increase in the thickness of the

FeOOH layer that prevents the penetration of X-rays

into the ZIS membranes.

Figure 3 displays the microscopic morphology of

the samples after different growth stages or modified

with different amounts of FeOOH. Figure 3a displays

the high-resolution SEM image of Au/FTO and FTO

(inset in Fig. 3a). It is clear that the Au NPs (red cir-

cle) with an average particle size of 10–50 nm can be

seen to be uniformly distributed between the larger

SnO2 grains. Figure 3b shows the SEM image of ZIS

NSA grown on the Au-seeded FTO substrate. The ZIS

NSs are observed to be evenly distributed on the

substrate with a small sheet thickness. There are no

obvious differences between the SEM image of ZIS

NSAs of this study and our earlier data [11, 19],

suggesting that the presence of Au does not affect the

Fig. 1 Schematic illustration of the fabrication procedure of the FeOOH/ZnIn2S4/Au NSA photoanode

Fig. 2 XRD patterns of the as-synthesized ZIS and X-FeOOH/

ZIS/Au electrodes (X represents the concentration of FeSO4

aqueous solution)
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morphology of ZIS NSAs. Figure 3c–f shows the top-

view SEM images of X-FeOOH/ZIS/Au photoan-

odes. It is worth noting that the FeOOH deposited at

the low concentration of the FeSO4 solution is dis-

tributed on the surface of ZIS NSs in the form of dots

(Fig. 3c, d). With the increase of the solution con-

centration, the load of FeOOH also increases signifi-

cantly, resulting in the formation of FeOOH NFs on

the surface of ZIS NSs (Fig. 3e, f). Both the TEM

images (inset in Fig. 3f) and the corresponding EDS

pattern (Fig. S2) demonstrate the in situ formation of

FeOOH NFs on the ZIS surface with an average

length of 60 nm. Moreover, the EDS elemental map-

ping results are shown in Fig. 3g to confirm a

homogeneous coverage of Fe over the entire ZIS

surface. The relatively higher atomic content of Fe

compared to Zn, In, and S indicates that FeOOH has

completely covered the surface of ZIS membrane.

Figure 4 shows the XPS spectra of the samples to

examine the chemical valence status and the ele-

mental composition. The survey spectrum (Fig. 4a)

primarily shows the presence of Zn, In, S, Fe, and O

along with small quantities of C and O from the

absorbed species. This result confirms the existence

of FeOOH, which is consistent with the EDS results

described above. Nevertheless, Au element is absent

in the XPS spectrum because Au particles are located

under the ZIS film, while the Fe and O elements exist

only in the FeOOH-modified sample. Besides, the

peak intensity of FeOOH/ZIS/Au sample is signifi-

cantly weaker than that of ZIS/Au because of a

complete coating of amorphous FeOOH layer on the

ZIS NSA. Figure 4b shows the O1s core-level spec-

trum, which consists of two peaks at 530.99 and

529.29 eV that correspond to the Fe–OH and Fe–O

bonds, respectively [20]. In Fig. 4c, the Fe 2p consists

of two peaks: Fe 2p1/2 and Fe 2p3/2. Both are in good

agreement with the two Gaussian peaks, suggesting

the coexistence of Fe2? and Fe3? ions in the FeOOH

amorphous layer [4]. As can be clearly seen from

Fig. 4d, the binding energies of Zn 2p3/2 and Zn 2p1/2

are 1023.04 and 1046.14 eV, which is a typical

Fig. 3 FESEM images of a Au/FTO (inset: bare FTO), b ZIS/Au/

FTO, c 0.02FeOOH/ZIS/Au, d 0.05FeOOH/ZIS/Au, e 0.1FeOOH/

ZIS/Au (inset: higher magnification), f 0.2FeOOH/ZIS/Au (inset:

TEM image), g 0.2FeOOH/ZIS/Au and its corresponding EDS

element mapping for O, Fe, Zn, In, and S
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characteristic of Zn2? ions located at the lattice of ZIS

[21]. A pair of symmetrical peaks (Fig. 4e) located at

446.09 and 453.59 eV may be attributed to In 3d3/2

and In 3d5/2, which are indexed to the In–S bond [22].

The S 2p core level splits into two obvious peaks

(Fig. 4f) with binding energies at 162.69 and

163.89 eV (corresponding to S 2p1/2 and S 2p3/2),

confirming that the element S in ZIS exists in the form

of the divalent chemical valence state [21].The high-

resolution spectrum of Au 4f (Fig. S4) showed two

prominent peaks at 84.1 and 87.9 eV, corresponding

to the Au 4f7/2 and Au 4f5/2, respectively. The

chemical properties of Au in the modified ZIS sample

are inferred to be metallic (Au0) [23]. However,

compared with ZIS/Au, the XPS characteristic peaks

of Zn 2p, In 3d, and S 2p in FeOOH/ZIS/Au move

towards the lower energy side, which might be

attributed to the electron transfer from FeOOH to

these elements in ZIS [5, 24, 25]. Such electron

transfer is conducive to enhance the density of sur-

rounding electron cloud, reducing the binding

energy of these ions (Zn, In, and S).

Figure 5a compares the UV–vis absorption spectra

of three samples ZIS, ZIS/Au, and 0.05FeOOH/ZIS/

Au. Obviously, an abrupt absorption edge appears

around 500 nm for these samples, corresponding to

their direct bandgap of * 2.49 eV. After loading Au

NPs and FeOOH, the visible light absorption of ZIS is

effectively promoted without any changes in their

bandgap value (inset in Fig. 5a). It is worth noting

that the broad absorption centered at 578 nm (yellow

circle) is clearly observed for the two samples con-

taining Au, which might be ascribed to the well-

known local surface plasmon resonance (LSPR) effect

[1, 2, 26]. The result further confirms the existence of

Au NPs between ZIS and FTO, leading to an

enhancement of visible light harvesting. Fig. S3a

shows a comparison of the UV–vis absorption spectra

of ZIS and X-FeOOH/ZIS/Au (X = 0.02, 0.05, 0.1,

and 0.2). The visible light absorption of the samples

enhances with the increase in the FeOOH loading

amounts, which may be ascribed to the narrower

bandgap of the latter. The steady-state PL spectra of

ZIS, ZIS/Au, and 0.05FeOOH/ZIS/Au are shown in

Fig. 5b. Compared to the ZIS sample, the one after

the modification displays a rapid PL quenching,

suggesting that the recombination of photogenerated

electron–hole pairs is effectively suppressed[27]. The

loading of FeOOH facilitates the collection of photo-

generated holes from the ZIS matrix, leading to a

significant increase in the carrier separation efficiency

(Fig. S3c).

Fig. 4 XPS spectra of the electrodes ZIS/Au and 0.2Fe/ZIS/Au: a survey, core-level spectra of elements. b O 1S, c Fe 2p, d Zn 2p, e In

3d, and f S 2p
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Next, we turned to the TRPL spectrum to investi-

gate the charge carrier process as shown in Fig. 4g,

fitting the decay curve using a double exponential

decay model accompanied with a later slow decay

(inset in Fig. 5d). The rapid decay (s1, from 0.08 to

0.03 ns) might be ascribed to the fact that the elec-

trons were trapped in the near-conduction-band-

edge state as well as by the direct formation of free

charge carriers. In contrast, the latter slow decay (s2,
from 0.41 to 0.29 ns) was attributed to the electron–

hole recombination at the deeply trapped states or

spatially localized states [28, 29]. Moreover, the

intensity weighted lifetime (savr) reduced from

0.32 ns for the pristine ZIS to 0.21 ns for the FeOOH/

ZIS/Au, demonstrating that the appearance of the

FeOOH/Au can promote favorable charge migration

and inhibit the undesirable charge recombination at

the ZIS surfaces. We then measured the incident

photon to electron conversion efficiency (IPCE) for

these photoanodes (Fig. 4a). When irradiated at

420 nm, the FeOOH/ZIS/Au photoanode exhibited

higher QE value (16.2%) than the ZIS/Au (7.1%) and

ZIS (0.3%) photoanodes.

Figure 6a shows the Tafel slopes of the electrodes.

The FeOOH/ZIS/Au electrodes show a much lower

Tafel slope value (116 mV dec-1) than the

photoanodes ZIS/Au (150 mV dec-1) and ZIS

(559 mV dec-1), indicating the decrease in the over-

potential and a promotional effect of cocatalyst on the

activity and kinetics of HER. To further elucidate the

separation of photogenerated electrons and holes, the

EIS data are displayed in Fig. 6b. It is observed that

these Nyquist plots are in good agreement with the

equivalent circuit model shown in the inset of Fig. 6b.

Herein, RCT and RS correspond to the resistances

from the solid/liquid interface and the solid elec-

trode, respectively. It is well known that the smaller

the radius, the faster the charge transfer at the elec-

trode/electrolyte interface. The radius of the ZIS

modified with FeOOH and Au NPs is the smallest,

indicating that the synergistic effect of FeOOH and

Au NPs increases the charge transfer and suppresses

the charge recombination. The fitted results are listed

in Table S1, which shows that the FeOOH/Au/ZIS

has the lowest RCT value (24.07 X) of all, suggesting
that the interfacial charge transfer of the ZIS pho-

toanode is enhanced after co-modifying with Au NPs

and FeOOH cocatalyst.

As presented in Fig. 6c, the M–S plots are obtained

at 1 kHz in the dark. The positive slope further

indicates that these samples exhibit the n-type con-

duction behavior. The flat band potential (VFB) value

Fig. 5 a UV–vis diffusion

reflectance (the inset displays

Tauc plots of these samples vs.

photonic energy). b Steady-

state PL spectra. c TRPL

emission spectra. d IPCE

curves
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moves towards the more positive side from - 0.61 to

- 0.58 VRHE as a result of the joint modification of

FeOOH and Au. It is well known that the more

positive the VFB value, the lower the Fermi-level (EF)

position is [30], which is approximately equivalent to

its conduction band (CB) for an n-type semiconduc-

tor. Combined with the bandgap values obtained

from Tauc plots (Fig. 5a), the valence band (VB) of

the ZIS sample is situated at about 1.88 VRHE. The

slope of this curve is inversely proportional to the

photoanode carrier density (Nd, see the supporting

literature for Formula 4), and the calculation results

are represented in Table S1. Obviously, a noticeable

11-fold increase in the ND value occurred after the co-

modification of Au NPs and FeOOH, which con-

tributes to improving the conductivity of ZIS and

triggering the water oxidization reaction.

The LSV curves for ZIS, Au/ZIS, and FeOOH/

ZIS/Au were compared, as shown in Fig. 7a. All the

samples displayed good photoresponse and photo-

sensitivity. Obviously, the highest PEC activity was

obtained in the FeOOH/ZIS/Au and it showed a

superior photocurrent density of 0.91 mA cm-2 at

1.23 VRHE, which was 4.5 times higher than that of the

pristine ZIS photoanode. Figure 6b compares the

transient photocurrent responses of the photoanodes

studied by the chronoamperometric current method

at 1.23 VRHE under illumination with chopping. It is

noted that ZIS NSA directly deposited on the FTO

substrate displays a poor photocurrent density of

0.22 mA cm-2, which increases to 0.51 mA cm-2

after the Au NPs deposition on the FTO bottom. The

photocurrent density can be further enhanced to

0.91 mA cm-2 after modifying with FeOOH. In other

words, the FeOOH/ZIS/Au sample shows an almost

two-fold increase in photocurrent compared to the

ZIS/Au sample. In addition, for the ZIS/Au and

FeOOH/ZIS/Au electrodes, a series of sharp tran-

sient spike was observed when the light barrier is

removed, because the photogenerated holes accu-

mulate at the electrode–electrolyte interface and then

recombine with the photogenerated electrons [31]. In

contrast, almost no spike appears on the ZIS elec-

trode, but its photocurrent value is rather low. The

reason why the FeOOH decorated electrode samples

display poor stability remains unknown.

In addition, the influence of the FeOOH loading

amounts on the actual PEC performance of ZIS/Au

electrodes was investigated. As shown in Fig. S4a, the

ZIS displays the negligible photocurrent density

under irradiation. As the FeOOH loading increases,

the photocurrent density gradually improves,

Fig. 6 a Tafel slopes of

ZnIn2S4, ZnIn2S4/Au, and

0.05FeOOH/ZnIn2S4/Au

towards HER. b EIS plots (the

inset is an equivalent circuit

model). c M–S plots at 1 kHz

(the inset is a partial enlarged

view of 0.05 FeOOH/ZIS/Au).

d Schematic model of a three-

electrode measurement system
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reaching a maximum value of 0.91 mA cm-2 on the

0.05FeOOH/ZIS/Au photoelectrode under 1.23

VRHE. Nevertheless, the photocurrent decreases when

the proportion of FeOOH continues to increase. It

might be ascribed to the active sites blocking after the

excessive ZIS loading, which further reduces the PEC

performance [32]. The Nyquist plots (Fig. S4b) of

0.05FeOOH/ZIS/Au exhibits a smaller arc radius

than samples of other concentrations, indicating a

faster charge transfer. Additionally, the M–S plots of

X-FeOOH/ZIS/Au are displayed in Fig.S4c. As ana-

lyzed above, the highest carrier density belongs to the

0.05FeOOH/ZIS/Au, and the VFB position shifts

towards the more positive side when the FeSO4

concentration in the solution is increased to 0.05 M.

As a result, the optimal concentration should be

0.05 M for the immersion of ZIS or ZIS/Au into the

FeSO4 solution.

The PEC activities of all the photoanodes were

evaluated by measuring the photocurrent density

over time (J–t) at 1.23 VRHE under prolonged AM 1.5

G illumination. As presented in Fig. 7c, the pristine

ZIS showed the relatively low photocurrent density

and a slight downward trend. When the Au NPs or

FeOOH were loaded, the ZIS showed the signifi-

cantly increased photocurrent density. Meanwhile,

the Faraday efficiency for the water splitting was

detected by a gas chromatography (GC) quantita-

tively (Fig. 8d). Compared to the calculated theoret-

ical data, the actually measured H2 yield was

relatively low, with a Faraday efficiency of approxi-

mately 92%. In addition, it was also revealed that the

amount of H2 increased linearly with prolonging

light irradiation time. After irradiation for 2 h, the

amount of generated H2 on the FeOOH/ZIS/Au

photoanode reached 26.29 mmol, which was 4 times

higher than that on the ZIS photoanode.

Based on the above analysis, Fig. 8 suggests a

possible mechanism to explain the enhancement of

PEC activity caused by co-modification of Au NPs

and FeOOH. First, the visible light absorption could

be enhanced by coupling with plasmonic Au NPs via

Fig. 7 LSV plots under a chopped irradiation (a). Amperometric i–t curves at 1.23 VRHE under standard AM 1.5 G solar light illumination

(b). J–t plots (c) and time course for PEC H2-evolution (d) of ZnIn2S4, ZnIn2S4/Au, and 0.05FeOOH/ZnIn2S4/Au
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the local field enhancement effect [33]. Namely, the

modification of Au NPs broadens the visible light

absorption range of ZIS (Fig. 5a) [7]. Second, a mul-

titude of electron–hole pairs are generated inside the

ZIS NSAs [34–36]. Apparently, the surface modifica-

tion with FeOOH contributes to the accumulation of

holes for water oxidization, and the presence of Au

NPs on the other side contributes to the electron

collection by the FTO substrate.

4 Conclusion

In summary, a novel ZnIn2S4 NSA consisted of nee-

dle-like FeOOH NFs at the surface and Au NPs

underlying the NSA was fabricated on the FTO-

coated substrates by a facile immersion/electrode-

position method. The effects of the FeOOH loading

amounts on the PEC performance of the FeOOH/

ZIS/Au photocathodes were investigated. After the

optimization, the 0.05FeOOH/Au/ZIS photoanode

displayed a high initial photocurrent density

(0.91 mA cm-2 at 1.23 VRHE), which was 4.5 times

higher than that of the pristine ZIS photoanode. The

enhanced PEC activity might be attributed to an

improvement in both the visible light absorption and

the carrier separation. Specifically, the amorphous

FeOOH cocatalyst accumulates holes for water oxi-

dization, and Au NPs contribute to the electron col-

lection for the FTO substrate. This work might

provide a new idea for designing high-efficient PEC

water splitting anodes in the near future.
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