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A B S T R A C T   

An efficient bifunctional photocatalyst for CO2 reduction and water oxidation based on a heterostructure with 
FeOOH nanospindles (NSs) and CdS nanocrystals (NCs) is reported. The microstructure characterizations and 
theoretical calculations reveal that surface oxygen vacancies (VO) at FeOOH NSs provide preferential deposition 
sites not only for CdS NCs to grow high-quality interface and form the heterostructure, but also for inert molecule 
adsorption. Owing to the synergistic effects of the VO-assisted interfacial charge transfer and surface reactions, 
the optimized FeOOH/CdS heterostructures display a single-carbon compound production rate of 18.43 μmol 
g− 1 h− 1 (5.88 μmol g− 1 h− 1 for CH4, 12.55 μmol g− 1 h− 1 for CO), about 6.2 and 8.5 times higher than their 
separated counterparts, and an O2 evolution rate of 676.50 μmol g− 1 h− 1 under visible-light irradiation. This 
work demonstrates for the first time the essential role of surface VO in the FeOOH/CdS heterostructures and their 
synergistic effects on photocatalysis performance.   

1. Introduction 

Photocatalytic technology, which converts solar energy into chem-
icals, holds great potential to supply clean energy, addressing 
increasing-ever energy crisis and environmental pollution [1–7]. As two 
typical examples, the photoconversions of CO2 and H2O to solar fuels 
have attracted tremendous research interests in the past decades. 
Various semiconductor photocatalysts were developed to boost the 
photocatalytic activity towards practical applications. Despite of this, 
the photoactivity of these semiconductors is yet unsatisfied, mainly due 
to low photoelectrical efficiency and sluggish surface reaction kinetics 
[8–14]. Furthermore, most of the reported photocatalysts even 
comprised of noble metals only show apparent photoactivity towards a 
specific reaction so that two different photocatalysts are necessary for an 
overall photocatalysis system [15–17], making additional technological 
and economical obscures on the way to practical applications. Hence, it 
is still a challenge developing efficient, bifunctional, and cost-effective 
photocatalysts. 

Among existing photocatalysts, hetero-nanostructures composed of 
two or more semiconductors receive more and more research attention 
since they have many advantages on photocatalysis. Firstly, variable 

component scheme can incorporate different band-gap semiconductors 
to broaden sunlight harvesting, especially in visible-light region. Sec-
ondly, the difference in band edge energy between two semiconductors 
facilitates the interfacial transfer of the photogenerated electrons and 
holes in opposite direction, promoting photoelectrical efficiency. In 
addition, the spatial separation of redox active sites can promote for-
ward reactions and suppress the back ones, accelerating surface re-
actions. All the achievements are strongly dependent on the interface 
between the components and constructing high-quality interface is vital 
for heterostructures to carry out efficient photocatalysis. Recent reports 
on heterogeneous photocatalysts pointed out that the defect engineering 
at the interface could not only enhance electronic interactions among 
components, but also facilitate interfacial charge transfer, which further 
improves photocatalytic activity [18–22]. For instance, An et al. re-
ported that oxygen vacancies (VO) at the interface of TiO2/BiVO4 junc-
tions induce various defect reactions in each component, resulting in 
arrangement of defect structures [18]. This efficiently increases the 
carrier density and extends the lifetime of electrons, accounting for 
significantly boosted photoactivity and photostability in photo-
electrocatalytic water splitting. Ding et al. found that the presence of 
rich interfacial VO in BiO1-xBr/Bi2O2CO3 heterostructures changes the 
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transfer pathways of photogenerated carriers from thermodynamically 
favored II-type to Z-Scheme, promoting the separation of charge carriers 
[19]. These advances further triggered research interest on utilization of 
defects for the construction of high-quality heterostructures. For 
example, by depositing MoS2 quantum dots at the S vacancies (VS) on 
monolayered ZnIn2S4 (Vs-M-ZnIn2S4), Zhang et al. crafted a 
two-dimensional MoS2 QDs@Vs-M-ZnIn2S4 heterostructure, in which 
the Vs-induced atomic-level heterostructure sewed up the vacancy 
structures of Vs-M-ZnIn2S4, forming a highly efficient interface with low 
edge contact resistance [23]. In a word, the incorporation of defects into 
the interface displays a new direction to further boost the photocatalytic 
performance of heterostructures. 

Generally, the semiconductor photocatalysts should have not only 
narrow band gap (< 3.0 eV), but also suitable band edge position. 
Among the reported compound semiconductors, CdS is an earth- 
abundant semiconductor that has a band gap (Eg) of ca. 2.4 eV and a 
valence band minimum (VBM) of about 1.9 eV (vs. RHE), endowing it 
with broad visible light harvesting and highly positive potential for 
water oxidation [24,25]. However, due to the easy oxidation of S2− by 
photogenerated holes, CdS encounters photocorrosion and fails in 
photooxidation reactions. Recent, Simon et al. found that the holes 
accumulated on CdS could be rapidly consumed by ethanol in alkaline 
conditions through the redox shuttle of hydroxyl anion and radical, 
providing a new opportunity to construct efficient heterostructures 
based on CdS for photooxidation [26]. Additionally, FeOOH is receiving 
much attention due to low cost and moderate Eg range of 2.0–2.6 eV for 
visible-light-driven photocatalysis. Among various allotropes of FeOOH, 
the tetragonal-phase FeOOH holds a large tunnel structure, in which Fe 
atoms are strongly bonded to the framework [27], endowing it with 
good electron conduction ability [28]. In previous studies, it was sug-
gested that the FeOOH in heterojunctions could act as active host cat-
alysts or cocatalysts for various reactions [28,29], while there are few 
reports on the CO2 photoreduction over the semiconductor [29–32]. 
Moreover, the majority of the reported heterostructures generally serve 
as single-functional photocatalysts. Although a few heterostructures 
were also developed for bifunctional photocatalysis [15–17], they are 
usually active towards two photooxidation or photoreduction reactions 
rather than two different ones. To the best of our knowledge, there is no 
report on the heterostructure made of FeOOH and CdS for photocatalysis 
to date. 

In this work, a robust bifunctional photocatalyst based on CdS 
nanocrystals (NCs) deposited on FeOOH nanospindles (FeOOH NSs) 
(FCS) was synthesized to assess its potential on photocatalysis. The 
microscopic structure analysis manifests that the surface VO of FeOOH 
assisted the deposition process. Photocatalytic experiments indicate that 
the FCS heterostructure is an efficient bifunctional photocatalyst for the 
CO2 reduction and oxygen evolution reactions (CO2RR and OER), which 
proceeds on the FeOOH NSs and CdS NCs, respectively. Density func-
tional theory (DFT) calculations confirm the important roles of VO in 
formation of the FCS heterostructure and contribution to high photo-
catalytic activity. Firstly, the deposition of CdS on the VO sites of FeOOH 
NSs is more thermodynamically favored compared to that without VO. 
Secondly, the covered VO at the interface enhances the electronic in-
teractions between the components and offers fast channels for photo-
generated carriers transfer. Thirdly, the uncovered VO not only promotes 
the CO2 adsorption on FeOOH surface, but also reduces the energy 
barrier of intermediates during CO2 reduction to CO. A series of (photo) 
electrochemical characterizations support that the excellent photo-
catalytic activity is ascribed to the VO-assisted type-II system, which 
results in efficient separation of photogenerated charge carriers and fast 
transfer of photocarriers to adsorbed species. This work demonstrates 
that the VO-engineered FCS heterostructure is a good candidate to an 
efficient bifunctional photocatalyst for CO2RR and OER and furthers our 
understanding on the important roles of defects in developing high- 
quality heterostructures. 

2. Experimental 

2.1. Materials 

All of the reactants, including chloride hexahydrate (FeCl3⋅6H2O), 
sodium nitrate (NaNO3), cadmium chloride hemi(penhydrate) 
(CdCl2⋅2.5H2O), thiourea (CH4N2S), ammonium hydroxide (NH3⋅H2O, 
25 wt%), sodium sulphate (Na2SO4), potassium ferricyanide (K3[Fe 
(CN)6]), potassium chloride (KCl), sodium hydroxide (NaOH), sodium 
persulfate (Na2S2O8), ethanol, hydrogen peroxide (H2O2, 30 %) aqueous 
solution, and carbon dioxide (CO2, 99.999 % and 13CO2, 99 %), of 
analytical grade, were purchased from the Shanghai Chemical Reagent 
Factory and used as received directly. 

2.2. Synthesis of FeOOH NSs 

FeCl3⋅6H2O (1.95 g) and NaNO3 (6.80 g) were dispersed in deionized 
water (80 mL) with the assistance of sonication for 15 min. The resulting 
solution was transferred into a 100 mL round-bottom flask with vigorous 
magnetic stirring under 90 ◦C for 6 h. The obtained precipitate was 
washed with water and ethanol for three times, and then dried at 60 ◦C 
for 12 h. 

2.3. Synthesis of FCS heterostructures and CdS NCs 

The as-prepared FeOOH NSs (20 mg) were dispersed in deionized 
water (30 mL) under vigorous magnetic stirring for 0.5 h. Afterwards, 
CdCl2⋅2.5H2O (0.1 mmol) and CH4N2S (0.2 mmol) with a molar ratio of 
0.5 were added into the above mixture with the assistance of sonication 
for 3 min. Then, NH3⋅H2O (0.25 mL) was added into the mixture with 
vigorous magnetic stirring under 60 ◦C for 3 h. The resulting precipitate 
was washed with water and dried at 60 ◦C for 12 h, which is denoted as 
FCS-1. As a comparison, the amount of CdCl2⋅2.5H2O and CH4N2S with 
0.5 molar ratio was varied as 0.5, 1.5, and 2 times of that in FCS-1, 
denoting as FCS-x samples (x = 0.5, 1.5, and 2), respectively. Also, 
the CdS NCs were obtained using the same procedures without the 
presence of FeOOH NSs. 

2.4. Sample characterizations 

The crystal structures of the samples were evaluated by Powder X-ray 
diffraction (XRD, Philips PW 3040/60 X-ray diffractometer, Cu Kα ra-
diation, scanning rate of 0.06 deg s− 1). The microstructures were ana-
lysed by field-emission scanning electron microscopy (FESEM, 
GeminiSEM 300 scanning electron micro-analyzer), the transmission 
electron microscopy (TEM, JEOL JEM-2100 F), and high-resolution TEM 
(HRTEM) in conjuction with selected-area electron diffraction (SAED). 
X-ray photoelectron spectroscopy (XPS) mearements were performed on 
an ESCALab MKII X-ray photoelectron spectrometer (excitation source: 
Mg Kα X-ray). Steady photoluminescence (PL) spectra and transient 
photoluminescence spectra (TRPL) were measured by using an excita-
tion wavelength of 380 nm on an FLS 920 and FLS 980 fluorescence 
spectrophotometer, respectively. The surface photocurrent spectra (SPS) 
were obtained on a surface photovoltage spectrometer (PLSPS/ 
IPCE1000, Beijing Perfect light technology Co., Ltd.), which is made of a 
monochromatic light source with a mechanical chopper (SR 540, Stan-
ford research, Inc.) and a lock-in amplifier (SR830-DSP). UV–vis diffuse 
reflectance spectra (UV–vis DRS) were determined using a Thermo 
Nicolet Evolution 500 UV–vis spectrophotometer equipped with an 
integrating sphere attachment. Electron spin resonance (ESR) spectra 
were collected on a EMX-plus ESR spectrometer at room temperature. 
In-situ diffuse reflectance infrared Fourier transform spectra (DRIFTS) 
were acquired using a Bruker INVENIO Fourier-transform infrared 
spectrometer (Karlsruhe, Germany), equipped with a liquid nitrogen 
cooled HgCdTe (MCT) detector in the range of 1000–4000 cm− 1. The 
loaded samples were purged with He (50 mL min− 1) for 1 h at 120 ◦C, 
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and then the mixed reaction gas flow (25 mL min − 1 of He and 5 mL 
min− 1 of CO2 with a trace of H2O vapor) was introduced into the reactor 
to record the FTIR signals with and without irradiation. 

2.5. Electrochemical and photoelectrochemical measurements 

The Mott-Schottky measurements were carried out on a Zennium E 
station (ZAHNER, Germany) using a standard three-electrode cell 
including a working electrode, a counter electrode (Pt wire), and a 
reference electrode (saturated calomel electrode, SCE). Additionally, 
0.5 M Na2SO4 was used as electrolyte solution. Electrochemical 
impedance spectroscopies (EIS) were recorded on the Zennium E station 
using the three-electrode system in a mixed aqueous of 5 mM K3[Fe 
(CN)6] and 1 M KCl. Photocurrent signals were collected on a CHI840C 
electrochemical workstation (Chenhua Instrument, China) with the 
above standard three-electrode configuration, where the working elec-
trode is the phototcatalyst-precoated fluorine doped tin oxide (FTO) 
(coated area: 1 × 1 cm2), and the bias potential is set at the 0.2 V (versus 
SCE). A 300 W Xenon lamp source with a cut-on filter (λ > 420 nm) was 
used as the visible-light source. 5 mg of sample was added to the mixed 
sulution of ethanol (50 μL) and Nafion solution (5 wt%, 10 μL) under 
sonication, and then 15 μL of the mixture was pipetted on the surface of 
a FTO glass to obtain 1 × 1 cm2 coating films. 

2.6. DFT calculation details 

All of the calculations were carried out using the periodic DFT with 
Perdew-Burke-Ernzerhof (PBE) functional implemented within Vienna 
ab initio simulation package (VASP) code [33–36]. The spin-polarized 
calculations were performed for all of the calculations and tetragonal 
FeOOH was found to be antiferromagnet. The on-site Coulomb repulsion 
parameter U within the GGA + U approach was included in the calcu-
lations with a consistent value of U = 5 eV and J = 1 eV on the Fe ions 
[37]. The bulk FeOOH was fully relaxed with a kinetic energy cutoff of 
500 eV and k-point Monkhorst-Pack grid of 4 × 4 × 12, and the obtained 
lattice parameters are a = b = 10.59 Å, c = 3.05 Å, in good agreement 
with the tetragonal-phase FeOOH (JCPDS No. 34-1266). The low-index 
(100) facet of the FeOOH was built as the model for the adsorption of 
CO2 molecule as well as the intermediates during the photocatalytic 
reactions [38]. The FeOOH(100) facet contains 4 layers of Fe and only 
the top two layers were allowed to relax during the calculations, and the 
VO-containing FeOOH(100), labeled as VO-FeOOH(100), was also used 
to calculate the adsorption of CO2 and intermediates. Moreover, the 
adsorption of a small cluster of Cd2S2 was calculated to model the 
adsorption state of CdS NCs on both the clean- and VO-FeOOH(100) 

facets. The adsorption energies were computed using k-point 
Monkhorst-Pack grid of 2 × 2 × 1. A denser k-point of 3 × 3 × 1 gives a 
small variation of total electronic energy comparing to that based on the 
k-point of 2 × 2 × 1, with an energy difference less than 1 meV for 
several structures including the pristine FeOOH(100) surface and COkk2 
adsorbed VO-FeOOH(100) surface. This comparison indicates the pa-
rameters used in this study are reliable. 

2.7. Photocatalytic CO2 reduction 

Photocatalytic CO2RR experiments were conducted on a Labsolar-6A 
system, in which a Pyrex reaction vessel is connected to an online gas 
chromatograph equipped with methanizer and flame ionization detector 
(Shimadzu Gas Chromatograph GC-2014, Ar carrier). 3 mg of photo-
catalysts was dispersed in 3 mL of deionized water with the assistance of 
sonication for 30 min, and then, the dispersions were dripped onto 
rounded fiberglass paper (diameter: 4 cm). After natural drying at room 
temperature, the rounded fiberglass paper was fixed to the tripod and 
5 mL of deionized water was put in the Labsolar-6A system, maintaining 
the reaction temperature at 25 ◦C. The reaction system was vacuumed- 
treated for three times, and then pumped by high-purity CO2 (99.999 %) 
to reach about 80 kpa. Finally, The reaction system was irradiated by a 
300 W Xenon lamp source (Microsolar 300, Beijing Perfectlight) with a 
400 nm UV cut-off filter. The isotope-labeling experiments were con-
ducted under the identifical reaction conditions except using 13CO2 
instead of 12CO2. 0.1 mL of the gas product was taken using a gas-tight 
syringe for gas analysis. The Agilent Technologies 6890 N network GC 
system coupled with a Agilent Technologies 5975B inert XL MSD model 
mass spectrometer (GC–MS) was employed to collect the mass spec-
trometry data, and the range of m/z is set from 10 to 50. 

The calculation methods for the rates of CO and CH4 are descripted 
as following: A series of known concentration of CO and CH4 gases are 
respectively injected into the gas chromatograph equipped with mech-
anizer and flame ionization detector (Shimadzu Gas Chromatograph) to 
plot the standard curves of two kinds of gases in terms of mol numbers x 
(μmol) (Fig. S1). The standard curves of CO and CH4 are fitted by linear 
equations (inset in Fig. S1). According to the two equations, the x of 
products produced in photocatalytic CO2RR is calculated. The finally 
photocatalytic CO/CH4 production rate (μmol g− 1 h− 1) is determined by 
dividing x by both of catalyst mass m (g) and reaction time t (h). In 
addition, other possible products such as gaseous and liquid methanol 
were also detected using the online gas chromatograph and 1H nuclear 
magnetic resonance (1HNMR) spectroscopy recorded on Bruker AV-600, 
respectively. It was found that there are no additional products such as 
methanol produced. 

Fig. 1. Schematic illustration of the synthetic process of the FCS heterostructure.  
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2.8. Photocatalytic O2 evolution 

Photocatalytic OER experiments were conducted on a Labsolar-III 
AG system, where a 300 W Xenon lamp source (Microsolar 300, Bei-
jing Perfectlight) with an optical cutoff filter at 420 nm is employed as 
the visible-light source, and the reaction cell was maintained at 25 ◦C by 
a continuous water flow. Typically, 20 mg of photocatalysts was 
dispersed in 50 mL of aqueous solution containing 0.1 M NaOH and 
0.02 M Na2S2O8 which were used as the sacrificial agents. Before light 
irradiation, the suspension was purged with argon for at least 30 min. 
The evolved O2 was examined on an online gas chromatograph (Agilent 
Technologies GC-7890B, TCD, Ar carrier), and the apparent quantum 
efficiency (AQE) was calculated using the following equation: 

AQE =
the number of reacted electrons
the number of incident photons

× 100%

=
the number of formed O2 molecules × 4

the number of incident photons
× 100%

(1)  

3. Results and discussion 

3.1. Synthetic process of the FCS heterostructure 

The FCS heterostructure is synthesized through a two-step strategy as 
shown in Fig. 1. The FeOOH NSs with surface VO were first prepared via 
a simple hydrothermal reaction of the aqueous solution containing 
FeCl3⋅6H2O and NaNO3 (step I). Afterward, the CdS NCs were synthe-
sized via a mild chemical deposition reaction of CdCl2⋅2.5H2O and 
thiourea at 60 ◦C for 3 h with the presence of the as-prepared FeOOH 
NSs (step II), where the CdS NCs were deposited on the surface of FeOOH 
NSs with the assistance of the surface VO, forming the FCS 
heterostructures. 

A plausible formation process of FeOOH is depicted by the following 
equations: 

FeCl3 + H2O→Fe(OH)3 + HCl (2)  

Fe(OH)3→FeOOH + H2O (3) 

Incorporating Eqs. (2) and (3) to obtain Eq. (4) 

FeCl3 + H2O→FeOOH + HCl (4) 

Eq. (4) indicates that FeOOH NSs are formed in acidic medium. In the 
previously reported work [39], it is suggested that protons (H+) have 
relatively strong affiliation with lattice oxygen (O2− ), which facilitates 
the escape of O2− from FeOOH, resulting in the formation of oxygen 
vacancies. 

3.2. Characteristics of the FCS heterostructures 

3.2.1. Phase analysis 
The phase constitution of the as-prepared FeOOH NSs, CdS NCs, and 

FCS-x heterostructures with different CdS loading were characterized by 
XRD. As presented in Fig. S2, the separated FeOOH NSs well correspond 
to the tetragonal-phase FeOOH (JCPDS No. 34-1266) [29], while the 
bare CdS NCs show a typical hexagonal phase (JCPDS No. 41-1049) 
[40]. According to Scherrer equation [41], the average grain size of 
CdS NCs is determined to be 9.3 nm. Clearly, the as-prepared FCS-x 
heterostructures comprises of the two phases without impurity phases 
detected. In particular, the enhanced diffraction signals from CdS in 
heterostructure are observed by increasing the loading amount of CdS 
NCs, which well supports the successful fabrication of the FCS 
heterostructure. 

3.2.2. Morphology and microstructure analysis 
The morphology and microstructure of these samples were charac-

terized by FESEM and TEM. As illustrated in Fig. S3a and b, the as- 
prepared FeOOH displays a spindle-like shape with smooth surface 
and a size of ca. 50 nm in diameter and ca. 250 nm in length. In contrast, 
the bare CdS has a nanoparticle morphology with an average size of ca. 
35 nm (Fig. S3c and d). After the CdS deposited onto the FeOOH NSs, 
their spindle morphology is maintained but with a rough surface (Fig. S4 
and Fig. 2a). Moreover, the surface roughness of the obtained FCS-x 
heterostructures becomes more remarkable as the x increases, which is 
an indicator of successful deposition of the CdS NCs on the surface of 
FeOOH NSs, in consistent with the XRD analysis. The high-magnification 

Fig. 2. (a) FESEM (inset, high-magnification), (b) TEM, (c) SAED and (d) HRTEM images of the as-prepared FCS-1 heterostructure.  
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FESEM image of the FCS-1 sample clearly shows that the presence of 
nanoparticles on the FeOOH surface (inset in Fig. 2a), forming a hier-
archical nanostructure. The typical TEM image of this sample confirms 
the deposition of CdS NCs on FeOOH NSs, and that no separated FeOOH 
NSs or CdS NCs are observed (Fig. 2b). The average particle size of CdS 
NCs is determined to be about 8.5 nm, close to the XRD result. The SAED 
pattern verifies the coexistence of the tetragonal-phase FeOOH and 
hexagonal-phase CdS (Fig. 2c). The HRTEM image clearly displays two 
sets of crystal lattice fringes (Fig. 2d). The space of 0.255 nm corre-
sponds to the diffraction of the (211) planes in tetragonal FeOOH, and 
the other one of 0.336 nm can be assigned to the (002) planes in hex-
agonal CdS. In addition, a compact interface is observed between the 
two semiconductors, which is conductive to their electron interaction. 
These results demonstrate that the FCS-1 sample is a hierarchical hybrid 
heterostructure rather than the mixture of the two phases. 

3.2.3. Composition and chemical state analysis 
The composition, chemical state, and electronic interaction of the as- 

prepared FeOOH NSs, CdS NCs, and FCS-1 heterostructures are char-
acterized by XPS. As illustrated in Fig. S5, the survey XPS spectra of 
these samples reveal the existence of only Fe and O elements in the 
separated FeOOH NSs and merely Cd and S elements in the bare CdS 
NCs. In the XPS spectrum of FCS-1 heterostructures, all XPS signals from 
the two components are contained and no new XPS peaks are detected, 
which indicates the precise combination of two semiconductors into the 
well-defined heterostructures. Fig. 3 presents the high-resolution XPS 
spectra of the four elements above. For the bare CdS NCs, the Cd 3d 
spectrum depicts two symmetric XPS peaks at 404.8 and 411.5 eV, 
corresponding to Cd 3d5/2 and 3d3/2, respectively, and thus the state of 
Cd2+ (Fig. 3a) is confirmed [42]. Similarly, the S 2p spectrum shows two 
symmetric peaks located at 161.2 and 162.4 eV with a splitting energy of 
1.2 eV, corresponding to the S 2p3/2 and S 2p1/2 of S2− , respectively 
(Fig. 3b) [30]. In contrast, for the separated FeOOH NSs, the Fe 2p 
spectrum mainly displays two asymmetric peaks that can be deconvo-
luted into two doublets, one of which located at 712.1 and 725.4 eV 
belonging to Fe3+ ion, while the other one at 710.0 and 723.4 eV cor-
responding to Fe2+ ion (Fig. 3c). The presence of Fe2+ is attributed to the 

formation of VO in the FeOOH NSs [43]. As expected, besides the binding 
energies of lattice oxygen at 529.6 eV and lattice hydroxyls at 530.7 eV, 
the peak at 531.7 eV is assigned to VO in FeOOH NSs (Fig. 3d) [29]. 
When the FCS-1 heterostructure is formed, shift of XPS peaks in binding 
energy takes place for the four elements. The binding energies of both Cd 
3d and S 2p peaks are slightly positively shifted, while that of Fe 2p is 
somewhat shifted in opposite direction. Although little shift in binding 
energy is observed for O 1s, the area percentage of VO relative to other 
oxygen species is obviously reduced from 28.7 to 20.6 %. Taken 
together, it is inferred that the deposition of CdS NCs covers part of VO 
on the surface of FeOOH NSs, that is, the VO might be the preferential 
deposition sites for CdS NCs, thereby assisting the formation of FCS 
heterostructures. This would not only enhance the interface contact of 
the two semiconductors, but also promote their electron interactions by 
offering fast electron-transport channels [23,44]. 

Fig. 3. The high-resolution XPS spectra of the as-prepared CdS NCs, FeOOH NSs, FCS-1 heterostructures: (a) Cd 3d, (b) S 2p, (c) Fe 2p and (d) O 1s.  

Fig. 4. ESR spectra of the FeOOH NSs, FCS-1 heterostructures, and the mixture 
of FeOOH NSs and CdS NCs. 
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3.3. Roles of VO in the FCS heterostructure 

To further confirm the presence of Vo and its role in the formation of 
FCS heterostructures, the ESR spectra of samples are collected. For the 
separated FeOOH NSs, an obvious ESR signal at g = 2.007 is observed 

due to unpaired electrons from surface VO [29,45], as depicted in Fig. 4. 
Notably, the ESR signal is significantly reduced for the 
FCS-1 heterostructure, especially lower than that of the mixture of the 
two components. These results indicate that the VO sites are referentially 
covered by CdS NCs, probably assisting the deposition of CdS NCs on 

Fig. 5. Charge density difference for the pristine FeOOH(100) with front view (a) and side view (b), and the VO-FeOOH(100) with front view (c) and side view (d). 
The blue, red, white, green, and yellow balls represent Fe, O, H, Cd, and S, respectively. The yellow and cyan colors represent the accumulation and depletion of 
electrons, respectively, with the isosurface values set to 0.001 eV/Å3. 

Fig. 6. (a) UV–vis DRS of various samples. (b) Tauc plots of the FeOOH NSs and CdS NCs. Mott-Schottky plots of (c) FeOOH NSs and (d) CdS NCs.  
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FeOOH. Besides, the DFT calculations are carried out to investigate the 
roles of VO in heterostructure formation and interfacial electron modu-
lation. The free energy of depositing CdS on VO sites on the VO-FeOOH 
(100) facet is calculated as -3.90 eV, remarkably lower than that of 
deposition on the pristine facet without VO (-2.44 eV), suggesting more 
favored thermodynamical process. A small cluster model of Cd2S2 was 
built on the VO-FeOOH(100) facet to investigate the effect of VO on the 
interfacial electron interaction, as shown in Fig. 5. For the pristine 
FeOOH(100) facet, the two S atoms from the Cd2S2 cluster bind to two 
Fe sites on the facet, and the Cd1 atom binds to the two S atoms while the 
Cd2 atom binds to the S2 atom and the O atom on the facet. The 
structure of Cd2S2 cluster on VO-FeOOH(100) facet is similar to that on 
pristine FeOOH(100) facet and close to the VO site. The Cd1 atom also 
bonds the two S atoms, while the Cd2 atom has large distances of 3.30 
and 3.35 Å with the Cd and Fe atoms, respectively (Fig. 5a and b). 
Compared to the FCS heterostructure without VO, the charge density 
difference is more delocalized for the VO-containing FCS heterostructure 
since an obvious redistribution of the charge density is found on the 
second Fe layer (Fig. 5c). Overall, the Cd2S2 cluster gains more electrons 
from the VO-FeOOH(100) facet, and there is accumulated charge density 
on the Cd2 site (Fig. 5d). The charge density difference on the two facets 
are further supported by the Bader charge analyses, showing that the 
Cd2S2 cluster has a charge state of -1.06 |e| on the VO-FeOOH(100) facet, 
larger than -0.74 |e| on the pristine one. These results indicate that more 
electrons are transferred from VO-FeOOH to the Cd2S2 cluster, in 
consistent with its stronger binding energy of -3.90 eV compared to the 
value of -2.44 eV for the pristine facet. That is, the presence of VO favors 
the deposition of CdS NCs on the VO sites of FeOOH NSs and endows the 
formed FCS heterostructure with strong interfacial electron interaction, 
verifying the ESR and XPS analyses. 

3.4. Band structures of FeOOH NSs and CdS NCs 

The electronic band structure of the separated FeOOH and CdS NCs 
are characterized by UV–vis DRS combined with Mott-Schottky mea-
surements. As illustrated in Fig. 6a and b, the FeOOH NSs display a 

typical bandgap adsorption with band edge of about 550 nm, corre-
sponding to an Eg of 2.2 eV. By contrast, the CdS NCs show broaden light 
adsorption in the visible region with an Eg of 2.1 eV. Owing to the 
presence of CdS NCs, all the FCS-x heterostructures exhibit strong solar 
light harvesting, especially in the visible region. The enhancement be-
comes more remarkable as the x increases. Fig. 6c and d illustrate the 
Mott-Schottky plots of the separated FeOOH and CdS at different fre-
quency (400, 600, and 800 Hz). The positive slope indicates the n-type 
nature of the two semiconductors. Moreover, the flat-band potential 
(Efb) is determined to be 0.10 and -0.31 eV versus the reversible 
hydrogen electrode (RHE) for FeOOH NSs and CdS NCs, respectively. 
For n-type semiconductors, the deviation between Efb and the conduc-
tion band minimum (CBM) energy (ECB) is inappreciable, that is, the 
energy of CBM approximately equals to the Efb (ECB ≈ Efb) [46]. The 
valence band maximum (VBM) energy (EVB) of FeOOH NSs and CdS NCs 
were therefore calculated from ECB + Eg and located at 2.30 and 1.87 eV 
(vs. RHE), respectively. 

3.5. Roles of FeOOH NSs and CdS NCs in photocatalysis 

On basis of analysis above, the band alignment in the FCS hetero-
structure is drew in Fig. S6. According to the relative energy level as well 
as the XPS analysis, under solar irradiation, the photoinduced electrons 
and holes are prone to transfer across the interface in terms of the type-II 
rather than Z-scheme system. That is, photoelectrons would be excited 
from VB to CB of the two semiconductors. The photoelectrons in CB of 
CdS are further transferred to the CB of FeOOH for reduction reactions, 
while the holes transfer in the opposite direction to the CdS for the 
oxidation reactions, leading to efficient separation of the generated 
electron-hole pairs. The interfacial VO enhances the contact of the two 
semiconductors and offers fast transfer channels for electrons between 
them, facilitating the separation process. To confirm such transfer pro-
cess, the in situ irradiated XPS is carried out for the FCS-1 sample [24,42, 
47,48]. As illustrated in Fig. S7, the XPS peaks in Cd 3d spectra further 
shift to higher binding energy with visible light irradiation in compar-
ison to that without irradiation, while the XPS peaks of Fe 2p move to 

Fig. 7. Typical time course of (a) CH4 and (b) CO production catalyzed by different samples. (c) Photocatalytic CH4 and CO evolution rates on various samples in the 
first 3 h. (d) Cyclic tests of the photocatalytic CH4 and CO production over the FCS-1 heterostructure. 
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lower energy. This verifies the type-II transfer mechanism in the FCS 
heterostructure under solar irradiation and the respective roles of 
FeOOH NSs and CdS NCs in photocatalysis. As a result, the photo-
catalytic CO2RR and OER occur on the surface of FeOOH and CdS, 
respectively. 

3.6. Photocatalytic performance towards CO2RR 

Upon confirming the advantages of the FCS heterostructures on 
photocatalysis, the photoreduction reaction of CO2 was first employed 
to assess the catalytic activity of the as-obtained catalysts under visible- 
light irradiation. Fig. 7a and b compare the photoactivity towards 
CO2RR of different photocatalysts. The single-carbon (C1) compounds 
containing CH4 and CO can be steadily evolved on all FCS photo-
catalysts. Among them, the photoactivity of all the FCS-x hetero-
structures outperforms that of the separated FeOOH and CdS, while 
among the FCS-x heterostructures, the photoactivity appears a volcano- 
type profile as the x increases, and the FCS-1 heterostructure exbibits the 
best photocatalytic activity, achieving a C1 compound generation rate of 
18.43 μmol g− 1 h− 1, about 6.2 and 8.0 times higher than that of the 
FeOOH and CdS, respectively. In particular, the CH4 and CO production 
rate of FCS-1 is 5.88 and 12.55 μmol g− 1 h− 1, respectively, which is 
about 13.4-fold and 5.0-fold higher than that of bare FeOOH NSs (0.44 
μmol g− 1 h− 1 for CH4, 2.52 μmol g− 1 h− 1 for CO), 21.00-fold and 6.20- 
fold higher than that of CdS NCs (0.28 μmol g− 1 h− 1 for CH4, 2.01 μmol 
g− 1 h− 1 for CO), respectively (Fig. 7c). The photocatalytic activity on 
FCS-1 is gradually decreased in four cycles of total 12 h, and an apparent 
decline in photocatalytic activity is observed after 4 cycles (Fig. 7d). 
Anyway, the photocatalytic C1 compound production rate of FCS-1 is 
significantly higher than those on most of CdS-based photocatalysts 
(Table S1). To address the reason for the decline in photocatalytic ac-
tivity, the SEM image, XRD pattern, and ESR spectrum of FCS-1 sample 
after 4 cycles are collected. After cycle tests, there is no significant 
change in morphology and phase structure observed for the FCS-1 het-
erostructure (Fig. S8), while the signal intensity of Vo is weaken 
compared with fresh photocatalysts (Fig. S9), indicating that the Vo 

content was decreased during the photocatalysis process. According to 
previous report [49], the active site of Vo might be oxidized by seizing 
the oxygen atoms from gaseous water molecule or oxygen, resulting in 
the decrease of photocatalytic cycling stability. To verify the origins of 
CH4 and CO, we have traced the carbon sources in the reactions using a 
13C isotopic label. Fig. S10 displays the mass spectra of CO and CH4 
products using 13CO2 as substrate with reaction conditions unchanged. 
Two peaks located at m/z = 29 and m/z = 17 correspond to 13CO and 
13CH4, respectively, indicating that the carbon sources of CO and CH4 
indeed come from the used CO2. 

3.7. Photocatalytic performance towards OER 

Considering the suitable band configuration of the as-obtained 
photocatalysts for OER, photocatalytic O2 evolution experiment was 
also conducted. As shown in Fig. 8a and b, O2 can be steadily evolved 
over these photocatalysts under visible-light irradiation. Again, all the 
FCS-x heterostructures show higher photoactivity compared to single- 
component FeOOH NSs and CdS NCs. A similar photoactivity profile 
to photocatalytic CO2RR among the FCS heterostructures is observed, 
and the FCS-1 heterostructure achieves maximum O2 evolution rate of 
676.50 μmol g− 1 h− 1 with good recycling stability and a high AQE of 4.6 
% at 420 nm (Fig. 8c and d). Moreover, the photocatalytic O2 production 
rate is also comparable to those of the previously reported Fe-based 
photocatalysts (Table S2). These results indicate that the FCS hetero-
structure is a potential candidate to efficient bifunctional photocatalysts 
for CO2RR and OER. 

3.8. Roles of VO in CO2 conversion process 

To address the origins of the VO-assisted high photoactivity, the in- 
situ DRIFTS was carried out on FCS-1 heterostructures to identify the 
reaction intermediates during photocatalytic CO2RR under irradiation. 
As shown in Fig. S11, there are no direct signals from intermediates in 
the form of radicals such as CHO* and COOH* apparently detected due 
to relatively short lifetime under irradiation (0− 20 min) relative to that 

Fig. 8. (a) Photocatalytic O2 evolution (light source: 300 W Xe lamp, λ > 420 nm) and (b) O2 evolution rates of different samples. (c) Cyclic tests for the photo-
catalytic O2 evolution using different samples. (d) AQE (orange dots) of FCS-1 sample for photocatalytic OER at different monochromatic light illumination (λ = 400, 
420, 450, 500, and 550 nm), in reference to its UV− vis DRS spectra (blue line). 
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without irradiation (0 min). However, multiple intermediate products, 
including HCO3

− (1087 and 1414 cm-1), b− CO3
2- (1275, 1360 and 

1581 cm-1), HCOO− (1460 cm-1) and •CO2
− radical (1640 and 1675 cm-1) 

were observed [48,50]. The HCO3
− intermediates arise from the surface 

interaction of the adsorbed CO2 and H2O. The well-activated b− CO3
2- of 

a dual-sites-bonding model originated from the reaction of the adsorbed 
CO2 with the surface-bonded OH− . The observation of •CO2

− implies that 
the activation of the adsorbed CO2 can be achieved on the surface of 
FCS-1 heterostructures, and the formation of COOH− results from the 
hydrogenation of •CO2

− . As the irradiation time increases, the concen-
tration of HCO3

− decreased, while the concentration of HCOO− increased 
accordingly, indicating that the HCO3

− adsorbed on the catalyst surface 
is consumed and HCOO− are generated as main intermediate products. 

Taken together with formation of CO and CH4 in present work as well 
as the commonly proposed intermediates in previous reports [48,50], 
four intermediates including CHO*, COOH*, CO* and *CH3 are chosen 
for the DFT calculations using PBE functional. Different adsorption 

patterns of CO2 adsorption on both the pristine- and Vo-FeOOH(100) 
facets were considered, and it was found that the O-end-on model is the 
thermodynamically most stable configurations, as shown in Fig. 9. 
Compared to the CO2 binding energy of -0.10 eV on the pristine FeOOH 
(100), the value of -0.22 eV for the CO2 adsorption near the VO on the 
facet of VO-FeOOH(100) indicates the VO promotes the CO2 adsorption 
and the hydroxyl groups in pristine FeOOH without VO is the preferred 
adsorption sites of CO2. Next, several key intermediates including 
*COOH, *CO, *CHO, and *CH3 during the CO2 reduction process were 
calculated based on the two different facets [48], i.e. pristine FeOOH 
(100) and VO-FeOOH(100). The relative energy of the *COOH on 
VO-FeOOH(100) is 0.66 eV, lower than the value of 0.86 eV on the 
pristine FeOOH(100), indicating the VO promotes the generation of 
*COOH. This might be ascribed to the fact that the VO results in charge 
enrichment on the low-coordinated Fe atoms around the vacancy, which 
is thus served as active site and promotes the catalytic activity. Further, 
the generation of *CO is energetically much more favorable than the 

Fig. 9. The Gibbs free energy for the CO2 reaction pathways on the pristine- and VO-FeOOH(100) facets. The red, lavender, white and gray colors represent O, Fe, H 
and C atoms, respectively. 

Fig. 10. (a) PL spectra (exciton light wavenumber λex =380 nm). (b) SPS and (c) photocurrent response of various samples under visible-light irradiation (λ >
420 nm). (d) EIS plots of the as-prepared photocatalysts. 
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formation of *CHO, since the former is exothermic process by -0.37 eV 
while latter is endothermic by 0.85 eV, suggesting the formation of CO 
rather than CH4 is more favorable. The theoretical results well explain 
the experimental results that CO is the main product. 

To determine the energy level of VO, DFT calculations were per-
formed to plot the density of states (DOS) for both pristine FeOOH(100) 
and VO-FeOOH (Fig. S12). One observes that both of the materials are 
half-metal, with the spin up channel being metallic and the spin down 
channel being insulating. For the spin down DOS, there are two small 
peaks corresponding to the VO appear for VO-FeOOH, indicating that the 
VO can trap the photoexcited electrons, facilitating the separation of the 
electron-hole pairs. To clear the role of Vo for improving photocatalytic 
CO2 reduction activity, the Vo in FeOOH was removed as a comparison 
by immersing the Vo-FeOOH sample in H2O2 aqueous solution for 24 h 
[29], the as-obtained sample was labeled as h-FeOOH. TRPL is used to 
test the carrier lifetime of FeOOH and h-FeOOH. As shown in Fig. S13, 
FeOOH exhibits a longer average lifetime (6.49 ns) than h-FeOOH 
(5.98 ns), confirming efficient separation of photogenerated charge 
carriers of FeOOH with Vo. As expected, the photocatalytic CO2 reduc-
tion rate of FeOOH (0.45 μmol g− 1 h− 1 for CH4, 2.52 μmol g− 1 h− 1 for 
CO) is also significantly higher than that of h-FeOOH (0.31 μmol g− 1 h− 1 

for CH4, 2.11 μmol g− 1 h− 1 for CO) (Fig. S14), verifying the important 
role of VO in FCS heterostructure for photocatalytic CO2RR. 

3.9. Kinetic model for the CO2 conversion 

To establish a kinetic model for the CO2 conversion, the as-prepared 
FCS-0.5 sample is chosen as a study object because its production is 
basically CO in the photocatalytic CO2 reduction process. The two re-
actants (CO2 and H2O) competitively adsorb on the active sites of the 
catalyst with different adsorption/desorption equilibrium constants, 
and the Langmuir-Hinshelwood mechanism can be used to describe the 
reaction [51]. Considering the partial pressure of the products is very 
low, it is reasonable to assume only the reactants are adsorbed on the 
surfaces of the catalysts. The following simplified kinetic model was 
used to describe the CO2 conversion. 

Rate = kIaKH2OKCO2

(
PH2OPCO2

(1 + KH2OPH2OKCO2 PCO2 )
2

)

(5)  

Here, I is photocatalytic reaction value of 323.0 mW cm− 2. PH2O is the 
saturated vapor pressure of water of 3.16 kPa which is a fixed parameter 
during the photocatalytic reaction (fixed at 25 ◦C). The constants of the 
Langmuir-Hinshelwood model were solved by using the experimental 
data. As shown in Fig. S15, the experimental values were well fitted 
using the kinetic model with an R-squared value of 0.905. From the 
Table S3, the adsorption equilibrium constants for H2O and CO2 are 2.68 
and 1.44 bar-1, respectively, suggesting the H2O molecule is relatively 
stronger adsorbed on the surface comparing to CO2, which is probably 
due to the abundant OH groups on the FeOOH surface. 

3.10. Enhanced charge separation and transfer kinetics 

To support the Vo-assisted electron transfer and thereby enhanced 
photocatalytic activity, a series of photoelectrochemical and electro-
chemical characterizations are performed on the photocatalysts. 
Fig. 10a illustrates the PL spectra of these samples, where the FeOOH 
NSs show an evident PL emission. When combined with CdS NCs, the 
emission intensity is remarkably reduced for all the FCS-x hetero-
structures and reaches the weakest value on the FCS-1 sample, indi-
cating enhanced interfacial charge transfer and the least recombination 
of photocarriers [52]. This was confirmed by their SPS profiles, showing 
the FCS-1 possesses higher SPS signal than that of the separated FeOOH 
and other hybrids (Fig. 10b) [53]. On the other hand, under visible-light 
radiation, a similar change trend of photocurrent density to SPS signals 
on these samples is also observed (Fig. 10c). The FCS-1 heterostructure 

has the highest photocurrent density, suggesting the best separation of 
photogenerated e− -h+ pairs. Also, the enhanced photocurrent can 
reproducibly emerge under each photoirradiation and quickly recover in 
the dark. Furthermore, the EIS is employed to study the interfacial 
charge transfer kinetics [54]. As shown in Fig. 10d, the semi-circular 
Nyquist plot has the largest diameter for the FeOOH NSs, but displays 
significantly decreased diameters for all the FCS-x heterostructures, 
especially with the smallest diameter for the FCS-1 sample, indicating 
the charge-transfer barrier is reduced mostly at the interface of hetero-
structures and between the electrode and electrolyte, which greatly 
accelerates the surface reactions, attributing to the highest photo-
catalytic activity. 

4. Conclusions 

In summary, we have synthesized a spindle-shaped FCS nano- 
heterostructure comprising of CdS NCs and FeOOH NSs with rich sur-
face VO and explored its potential as an efficient bifunctional photo-
catalyst. The CdS NCs with an average grain size of ca. 9.3 nm are mostly 
deposited at the VO sites on FeOOH NSs, forming a hierarchal type-II 
heterostructure. The surface VO is found to assist the deposition pro-
cess and thus introduced into the interface of heterostructures, which 
enhances the electron transfer between the components and offers fast 
transfer channels for charge carriers. On the other hand, the uncovered 
VO on the FeOOH surface not only provides highly active sites for CO2 
molecules, but also reduces the reaction energy of important interme-
diate products of CO2 reduction to CO. With these advantages inte-
grated, the optimized FCS heterostructure achieves a C1 compound 
generation rate of 18.43 μmol g− 1 h− 1 (5.88 μmol g− 1 h− 1 for CH4, 12.55 
μmol g− 1 h− 1 for CO) on FeOOH and a O2 evolution rate of 676.50 μmol 
g− 1 h− 1 on CdS under visible-light irradiation without using any co- 
catalysts. This is the first report on the potential of the FCS hetero-
structure with VO for photocatalysis, which provides new insights into 
the development of efficient bifunctional photocatalysts via construct-
ing heterostructure based on defect engineering. 
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J. Feldmann, Redox shuttle mechanism enhances photocatalytic H2 generation on 
Ni-decorated CdS nanorods, Nat. Mater. 13 (2014) 1013–1018, https://doi.org/ 
10.1038/nmat4049. 

[27] Y. Zhang, L. Shi, Z. Geng, T. Ren, Z. Yang, The improvement of photocatalysis O2 
production over BiVO4 with amorphous FeOOH shell modification, Sci. Rep. 9 
(2019) 19090, https://doi.org/10.1038/s41598-019-54940-2. 

[28] M. Chowdhury, M. Ntiribinyange, K. Nyamayaro, V. Fester, Photocatalytic 
activities of ultra-small β-FeOOH and TiO2 heterojunction structure under 
simulated solar irradiation, Mater. Res. Bull. 68 (2015) 133–141, https://doi.org/ 
10.1016/j.materresbull.2015.03.044. 

[29] G. Ge, M. Liu, C. Liu, W. Zhou, D. Wang, L. Liu, J. Ye, Ultrathin FeOOH nanosheets 
as an efficient cocatalyst for photocatalytic water oxidation, J. Mater. Chem. A 7 
(2019) 9222–9229, https://doi.org/10.1039/C9TA01740B. 

[30] W.D. Chemelewski, H.-C. Lee, J.-F. Lin, A.J. Bard, C.B. Mullins, Amorphous FeOOH 
oxygen evolution reaction catalyst for photoelectrochemical water splitting, J. Am. 
Chem. Soc. 136 (2014) 2843–2850, https://doi.org/10.1021/ja411835a. 

[31] B.G. Kim, J. Park, W. Choi, D.S. Han, J. Kim, H. Park, Electrocatalytic arsenite 
oxidation using iron oxyhydroxide polymorphs (α-, β-, and γ-FeOOH) in aqueous 
bicarbonate solution, Appl. Catal. B: Environ. 283 (2021) 119608, https://doi.org/ 
10.1016/j.apcatb.2020.119608. 

[32] X. Shi, L. Qin, G. Xu, S. Guo, S. Ma, Y. Zhao, J. Zhou, S. Liang, β-FeOOH: a new 
anode for potassium-ion batteries, Chem. Commun. 56 (2020) 3713–3716, https:// 
doi.org/10.1002/adma.201908350. 

[33] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made 
simple, Phys. Rev. Lett. 77 (1996) 3865–3868, https://doi.org/10.1103/ 
PhysRevLett.77.3865. 

[34] G. Kresse, J. Hafner, Ab initio molecular-dynamics simulation of the liquid-metal- 
amorphous-semiconductor transition in germanium, Phy. Rev. B 49 (1994) 
14251–14269, https://doi.org/10.1103/PhysRevB.49.14251. 

[35] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set, Phy. Rev. B 54 (1996) 11169–11186, 
https://doi.org/10.1103/PhysRevB.54.11169. 

[36] K. Otte, W.W. Schmahl, R. Pentcheva, DFT+U study of arsenate adsorption on 
FeOOH surfaces: evidence for competing binding mechanisms, J Phys. Chem C 117 
(2013) 15571–15582, https://doi.org/10.1021/jp400649m. 

[37] K. Otte, R. Pentcheva, W.W. Schmahl, J.R. Rustad, Pressure-induced structural and 
electronic transitions in FeOOH from first principles, Phys. Rev. B 80 (2009) 
205116, https://doi.org/10.1103/PhysRevB.80.205116. 

[38] C. Luna, M. Ilyn, V. Vega, V.M. Prida, J. González, R. Mendoza-Reséndez, Size 
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