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The working (photo-charging) of single nanorod containing MoS2/MoOx 

heterostructure based two-electrode solar battery. A high-resolution high angle 

annual dark-field image of the nanorod is also shown indicating the structure 

containing both amorphous and crystalline regions.  
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Abstract: New ways of directly using solar energy to charge electrochemical energy storage 

devices such as batteries would lead to exciting developments in energy technologies. Here, a 

two-electrode photo-rechargeable Li-ion battery is demonstrated using nanorod of type II 

semiconductor heterostructures with in-plane domains of crystalline MoS2 and amorphous 

MoOx. The staggered energy band alignment of MoS2 and MoOx limits the electron holes 

recombination and cause holes to be retained in the Li intercalated MoS2 electrode. The holes 

generated in the MoS2 pushes the intercalated Li+ ions and hence, charge the cell. Low band gap, 

high efficiency photo-conversion and efficient electron-hole separation help the battery to fully 

charge within a few hours with a low power light. The proposed concept and materials could 

enable next generation stable solar chargeable battery electrodes, in contrast to the reported 

materials.  
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Introduction:  

A fully photo rechargeable Li-ion batteries would revolutionize today’s energy 

conversion/storage paradigm. Two electrode solar cells are typically used to store solar energy 

where solar energy is first converted to electricity which is, then, stored in a conventional two 

electrode battery.1  The inherent limitation of this process is the weight caused by a solar cell 

stack since a maximum voltage which can be delivered by a single junction solar cell is ~0.6-1.0 

V only, which is insufficient for electrochemical storage systems such as Li-ion batteries.2  

Further, this whole process involves two conversion steps: conversion of solar energy to 

electricity by solar cell and the electricity conversion as electrochemical energy in a battery. Two 

separate systems having four electrodes cause large conversion loss and also increase the overall 

intricacy, weight, and cost.3 Highly efficient, low-cost, compact, and light-weight solar energy 

storage systems are of high demand in sectors of different kinds, such as in high energy density 

demand portable devices, solar vehicles, solar impulse planes, satellites, etc.4,5,6 

This concept was initially proposed by Hodes et. al. in 1976, where they have shown a 

three-electrode system comprised of cadmium selenide, sulfur, and silver sulphide 

(CdSe/S/Ag2S).7  In this system, one of the components was acted as photo-electrode while 

others as the components for the energy storage. Such effortshave continued with other three-

electrode systems, such as n-cadmium selenide telluride/cesiumsulfide/tin sulfide8 and hybrid 

Titania (TiO2) poly(3,4-ethylenedioxythiophene) as photo anode and a perchlorate (ClO4 -)-

doped polypyrrole counter electrode.  

This approach was improved by using a two-electrode system with a hybrid mixture of 

lithium iron phosphate (LFP) nanocrystals and N719 dye as the active photo-electrode assembled 
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with lithium metal as counter electrode.9 The N719 dye acts as photon absorber and LFP as 

cathode. In this system, during the photo-charging, the electrons produced during the photo-

excitation of the dye generate holes in the valance band which repel Li+ ions from their 

intercalated state. The continuous photo-conversion drives the battery to reach back in the 

charged state (in 30 hours (hr) with 200 W solar spectrum (simulator)).9 But the LFP-N719 

hybrid system provided a photo-conversion efficiency of ~0.06% only.9  Further it was observed 

that soon after the first cycle, the charge capacity started fading due to dissolution of the organic 

dye in to the organic electrolyte. 

A different approach was attempted where a polycrystalline metal halide based 2D 

perovskite was used as a photo-active electrode ((C6H9C2H4NH3)2PbI4) that could provide both 

the energy storage (battery functionality) and the photo charging (photovoltaic functionality) 

together.10 This perovskite system provided a low photo conversion efficiency of ~0.034%. 

Further, the system suffered from various other challenges such as the conversion reaction 

between lithium and perovskite generating lead (Pb) where it can further make alloy with lithium 

causing large volume expansion. 

More recently it was reported that organic molecule based photo-electrode could be used 

for photo-charging.11 Absorption of light of a desired wavelength by lithiated tetrakislawsone 

electrodes generates electron−hole pairs. The holes oxidize the lithiated tetrakislawsone to 

tetrakislawsone while the generated electrons flow from the tetrakislawsone cathode to the Li 

metal anode through outer circuit. Authors showed ~12% increase in discharge capacity due to 

competitive charging in the presence of light. Yet the dissolution of organic molecule in organic 
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solvents used in the electrolytes limits its long-term performance. Further, tetrakislawsone 

absorbs only violet light which is a minor component of the entire solar spectrum.  

Semiconductors possess well defined band gaps and they can be tuned to make 

heterostructures with other semiconductors having different band gaps resulting in the separation 

of photo-excited electron-hole pairs.12,13 Further, some of these semiconductors have layered 

structure where they can be employed as active cathode or anode materials for different metal 

ion battery systems such as Li+, Na+, K+, etc. Such semiconductors include  oxides and sulphides 

such as TiS2, MoO3, MoS2, TiO2 etc.14,15,16,17,18,19  They have been shown to exhibit high stable 

energy capacity (300-1000 mAh g-1) for many cycles of operation when used in conventional 

metal-ion battery systems. By virtue of their two-dimensional (2D) structure in isolated form, 

they can also be used for thin- batteries. Further, heterostructures of these 2D materials show 

high energy capacity as compared to conventional 2D material.20  

Photo-excited electron-hole separation is a bottleneck in any semiconductor as the high 

exciton binding energy and fast recombination can inhibit the photo-recharging process. A type-

II semiconductor heterostructure (having staggered band alignment) of two different 

semiconductors can effectively separate the generated electron-hole pairs.21 In this case, after the 

excitation, all the electrons get accumulated in the low energy conduction band of one 

semiconductor while the holes get transferred to the high energy valence band of the second 

semiconductor.21 Further, nanostructured light absorbers have advantages such as shortening of 

carrier collection pathways along with improved light distribution.22  Such an architecture 

provides large the surface area for Li+ ion diffusion and control over the volume expansion 

during cycling.23  
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Here, we propose such a novel heterostructure of MoS2/MoOx nanorod (NR) as a single 

nanostructured electrode for two electrode photo-rechargeable Li-ion battery. The crystalline 

MoS2 acts as Li+ intercalating electrode where on photoexcitation holes remain in the matrix 

while the electrons get transferred to MoO3 and then to the current collector via the conductive 

carbon matrix. The mechanism of charge separation is initially proven using photocurrent 

measurements followed by the demonstration of a photo-rechargeable cell of Li+, where photo-

charging and extending the discharge time using light are demonstrated. Ahigh surface area 

photo-active Li+ intercalable electrode is developed. MoO3 nanorods are initially synthesized by 

a hydrothermal method, reported elsewhere24 followed by their partial surface sulfurization by a 

chemical vapour transport deposition (CVD) method to grow nanostructured MoS2 regions 

(detailed in method section-1). In a partially sulfurized MoO3 i.e. MoS2/MoOx (MoOx 

nomenclature is established later) nanorods, both MoS2 and MoO3 are exposed at the surface. 

MoS2 has higher exposed surface area compared to that of MoOx, which is confirmed by 

scanning transmission electron microscopy (STEM) and high angle annular dark field (HAADF) 

analyses, discussed in the later part. Covalently attached MoS2 with MoOx domains in 

MoS2/MoOx structure can offer high light-matter interaction and high intercalation area for Li+, 

and hence without causing the mass transfer limitations in the electrochemical lithiation/de-

lithiation processes. 
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Results and discussion: 

(a) Structure and Chemical Nature of MoS2 / MoOx NRs: 

The morphology of the photo-active electrode plays an important role in attaining the 

high photo-conversion efficiency. Maximal surface area of the heterostructure should be exposed 

to the light, and electrons should be easily transferrable to the outer circuit after they get 

accumulated in the low energy conduction band of the heterostructure. As mentioned before, 

orthorhombic α-MoO3 nanorods (NR) were synthesized via a hydrothermal process (figure 

1(a)).24 A partial sulfurization of MoO3 surface by a CVD technique (details in method section-1 

SI) is then conducted. For comparison, the MoO3 NRs were completely sulfurized and converted 

to MoS2 NRs as well, by the same procedure employing longer growth time (figure 1 (a)). 

The structure and morphology of all the three samples MoO3 NR, MoS2 NR, and the 

MoS2 /MoOx NR were confirmed by scanning electron microscopy (SEM) imaging (figure S1). 

All the samples possess porous nanorod morphology with an average size of ~ 200 nm diameter 

and 1-2 μm length. Furthermore, the energy dispersive spectroscopy (EDS) based elemental 

mapping shows the uniform distribution of molybdenum and oxygen in MoO3 NR, molybdenum 

and sulphur in MoS2 NR whereas molybdenum, oxygen, and sulphur in MoS2/MoOx NR (figure 

S1), indicating the formation of the chemical structure as assigned. 

To further confirm the chemical structure of NRs, Raman spectroscopy analysis was 

carried out. Raman spectrum of the MoO3 NR (figure 1 (b), blue curve) shows the following 

vibrational modes: at 156 cm−1 (Ag, B1g) originating from the translation of the rigid chains, at 

290 cm−1 (B2g, B3g) a doublet comprised of wagging modes of the terminal oxygen atoms, at 
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666.5 cm−1 (B2g, B3g) corresponds to the asymmetric stretching of the Mo–O–Mo bridge along 

the c axis, at 820 cm−1 (Ag, B1g) is a symmetric stretch of the terminal oxygen atoms, and at 995 

cm−1 (Ag, B1g) is the asymmetric stretch of the terminal oxygen atoms.25  This confirms the 

formation of MoO3. The Raman spectrum of MoS2 NR shows vibrational modes correspond to 

that of E2g (379 cm−1) and A1g (405 cm−1), figure 1 (b), black curve. This shows the typical 

behaviour of bulk 2H-MoS2.26  Hence, it confirms the conversion of MoO3 to MoS2 nanorods 

with bulk characteristics. Subsequently, characteristics modes of vibration for both the 

components i.e. MoO3 and MoS2, were observed in partially sulfurized MoO3 nanorods 

(MoS2/MoOx NR, figure 1 (b), red curve). However, the Raman shifts corresponding to E2g (380 

cm−1) and A1g (403 cm−1) modes of vibration in MoS2/MoOx NR are red shifted by ~2 cm-1 in 

comparison to that in MoS2 NRs (figure S2 (a)). This indicates the presence of a few layered 

MoS2 on MoO3 nanorods.27 Furthermore, broadening in the MoO3 Raman modes in MoS2/MoOx 

NR shows the possibilities of oxygen vacancies generated in MoO3 forming MoOx (Figure S2 

(b)).28  

Furthermore, X-Ray Photoelectron spectroscopy (XPS) analysis was performed to study 

the oxidation states of the atoms in each NRs. The XPS survey spectra (figure 1 (c)) of the 

samples confirm the presence of Mo (3d) and O (1s) in MoO3 NR, Mo (3d) and S (2p) in MoS2 

NR while all the three elements, Mo (3d), O (1s), and S (2p), in MoS2/MoOx NR. 

The high resolution XPS spectra of each of the elements were collected from all the 

samples. For MoO3 NR, Mo 3d shows two peaks positioned at 231.3 eV and 234.4 eV (Figure 

S3 (a)), arising due to spin-orbit splitting of Mo 3d5/2 and Mo 3d3/2, respectively. This indicates 

the presence of Mo6+ chemical state. The binding energy (BE) peak at 529.10 eV (Figure S3 (d)) 
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is ascribed to O 1s of MoO3. This corroborates the formation of molybdenum trioxide (MoO3) 

nanorods. 

In MoS2 NR, four distinct peaks (Figure S3 (c)) are observed for Mo 3d, they correspond 

to that of Mo4+ and Mo5+ chemical states. Two peaks at the BEs of 228.0 eV and 231.0 eV 

correspond to Mo4+ while the other two at the BEs of 229.2 eV and 232.0 eV correspond to Mo5+ 

chemical state (all the peaks are normalised by C 1s peak).29  The peak at 225.5 eV relates to the 

S 2s of MoS2. In addition to this, S 2p peak (Figure S3 (f)) is fitted with three peaks that 

correspond to S2p3/2 at 160.7 eV, S2p1/2 at 162.0 eV, and edge S at 163.3 eV.30  

The high resolution XPS spectra of Mo 3d for MoS2/MoOx NR (Figure S3 (b)) also show 

four peaks. Here, the two peaks positioned at the BEs of 229.1 eV and 232.2 eV are indicating 

the presence of Mo5+ chemical state as in MoS2,31 while the other two low intensity broad peaks 

at the BEs of 230.6 eV and 234.0 eV indicate the presence of Mo6+ chemical state. A small shift 

in BE for Mo6+ 3d5/2 is due to signals from lower oxidation (Mo5+) state which are tailing in 

lower binding energy.29  

The O 1s in MoS2/MoOx NR (Figure S3 (e)) shows two peaks at the BEs of 529.9 eV and 

531.2 eV, indicating the presence of metal oxide O 1s and sub-oxide, respectively. Hence, the 

heterostructure has mixture of molybdenum oxides and suboxides (MoOx). These suboxides 

impart better conductivity and improve the charge transfer.12 The signals at the BEs 226.3 eV, 

161.9 eV, and 163.1 eV are corresponding to S 2s, S 2p3/2, and S 2p1/2, respectively (Figure S3 

(g)). 
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Figure 1. (a) Schematic of the reaction procedure for the synthesis of MoO3 NRs, hetero-

structured MoS2/MoOx NRs, and MoS2 NRs. The characterisations of MoO3 NR, MoS2/MoOx 

NR, and MoS2 NR using (b) Raman analysis, (c) XPS survey scan, and (d) XRD, indicating their 

characteristic features as explained. STEM and HAADF images of, (e) MoS2/MoOxNR and (f) 

MoS2 NR along with their schematics of the structures. 

 
The crystalline structure of all the samples was studied using by powder X-ray diffraction 

(XRD) technique (Figure 1 (d)). Diffraction peaks for MoO3 NR (blue) indicates that of the pure 

α-MoO3 crystalline phase.32  The diffraction peaks of MoS2 NR (black) can be indexed as (002), 

(004), (100), (103), (105), (110), and (008) planes of hexagonal MoS2 crystal.33  However, the 
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diffraction peaks corresponding to only (0k0) planes of MoO3 are found in MoS2 / MoOx hybrid 

structure. Some of the crystalline planes of α-MoO3 have converted to amorphous α-MoO3 

during the sulfurization process. This conversion is already confirmed by XPS analysis of MoS2 / 

MoOx NR. 

STEM analysis was also carried out on all the three samples. In the STEM-HAADF 

image, various bright and dark phases were observed on the surface of MoS2/MoOxNR (figure 1 

(e)) (additional information in figure S4). The bright phase corresponds to that of MoS2 as it is 

more crystalline compared to the MoOx in corroboration with the XRD analysis. The HRSTEM 

images show the inter planar distance of 0.63 nm, belongs to the crystalline MoS2. 34 While the 

MoO3 has converted to mix-oxides (MoOx). An interplanar spacing of 0.21nm (corresponds to 

(002)) is observed for MoOx which is slightly higher than the reported oxygen vacancies 

containing MoOx. 35 Thus, in MoS2/MoOx NRs, a few layered crystalline MoS2 sheets are 

distributed over the molybdenum mix-oxides (MoOx) nanorods. 

 

(b) UV Absorption and Photocurrent Measurements: 
 

In order to efficiently separate the photoinduced carriers, a rational design of 

semiconductor heterostructure is highly needed. It includes narrowing the band gap and better 

separation of electron hole pair. In this study, the staggered band position of MoS2/MoOx system 

facilitates a better electron-hole separation on the absorption of light (figure 2 (a) and further 

details of band alignment in supporting information, section-3).  

The absorption spectra of all the three samples were studied using UV-Vis spectroscopy 

technique. The powder samples were dispersed in ethanol for the absorption measurements. 
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MoO3 NR shows absorption edge at 438 nm and absorption maximum at 300 nm36 while MoS2 

NR shows absorptions at 647 nm and 707 nm (figure 2 (b)). 37 However, in MoS2/MoOx NR, the 

absorption maximum is blue-shifted as compared to the bulk MoS2 due to the presence of only a 

few layers of MoS2 present over MoOx (figure 2 (b), red curve).37  An additional absorption 

maximum at 496 nm is also observed due to oxygen vacancies in MoOx.35 This further confirms 

the oxygen vacancies produced in MoOx. 

In order to charge a photo-rechargeable battery, a large number of photo-electron 

generation is utmost important. Therefore, photo-response of the active material (MoS2/MoOx 

NR) was tested in 0.1 M Na2SO4 solution after coated on a glassy carbon electrode with an 

applied bias voltage of 0.3 V vs Ag/AgCl reference electrode. The photo-response was tested 

with a green light source (using an LED of 533 nm and 50 mW) and a red light source (an LED  

of 633 nm, 50 mW), as the white light contains maximum of these wavelengths’ contribution.38 
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Figure 2. Optical response and charge transfer mechanism:  (a) schematic electron-hole 

separation in the heterostructure MoS2/MoOx NR (black-MoS2, light pink-MoOx). (b) The UV-

Vis spectra of MoO3 (blue curve), heterostructure MoS2/MoOx NR (red curve), and MoS2 NR 

(black curve). (c) Comparison of the photoresponses of MoS2 (black curve), MoS2/MoOx NR, 

(red curve) and MoS2/MoOxNR+C black (blue curve) at V= 0.3 V vs Ag/AgCl and power 

density 50 mW/cm-2. (d) Comparison of photocurrent rise time and decay time of MoS2, 

MoS2/MoOx NR and MoS2/MoOx NR + C black. 

As suggested by UV-Visible absorption spectra, there is no (negligible) absorption from 

MoO3 NR in this frequency range since its absorption edge is at ~438 nm. The photoresponses of 

MoS2 NR, MoS2 / MoOx NR, and MoS2/MoOx NR + C black (the performance in the presence of 
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C- black is also tested because it is added with the active material during electrode fabrication for 

the battery) are measured, figure 2(c). The MoS2/MoOx NR + C showed the highest photocurrent 

density (~17 μA/cm2) followed by MoS2/MoOx (~8 μA/cm2), and MoS2 (<2 μA/cm2). This 

significant photocurrent difference between MoS2/MoOx NR and MoS2 NR clearly shows that 

the heterojunction of MoS2/MoOx NR helps in the charge separation of excitons formed during 

the light exposure because of the type II nature of the junction, as explained in figure 2 (a). The 

photoresponsivity is calculated with the formula 𝑅! =
"!"
#$

, where R𝜆is the photoresponsivity, IPh 

is the photocurrent, P is the power density, and A is the effective area of the device. The 

photoresponsivity for MoS2 NR, MoS2/MoOx NR, and MoS2/MoOx NR + C are calculated as 

0.03, 0.15, and 0.32 mA/W, respectively. Low photoresponsivity of MoS2 NR shows lack of 

photogenerated free charge carriers due to exciton formation. Figure 2(d) shows the 

measurement of response time of different systems.  The response time for MoS2 NR and 

MoS2/MoOx NR are ~ 19 s and ~16.8 s, respectively. Relatively faster response time in 

MoS2/MoOx NR compared to MoS2 NR shows a clean interface between MoS2 and MoOx layers 

which is already evident from the STEM analyses. The MoS2/MoOx NR + C has a response time 

of ~ 27.8 s. This enhanced response time may be a result of the extra heterogenous interface of 

MoS2 / MoOx NR and carbon black. The interface is not atomically smooth and thus results in 

delayed response time. In addition to this, long-term photo response was also checked for 

MoS2/MoOx NRs in the presence of green and red light (figure S5). In both the cases, 

MoS2/MoOx NR shows high photoresponse as excitation frequency for MoS2 matches in both the 

wavelengths. 
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c. Photo-Rechargeable Battery Construction and Performance: 

 

As mentioned before, the heterostructures of 2D materials show high energy capacity in 

Li+ storage compared with their individual 2D counterparts.20 Herein, the conventional Li+ 

battery performance of MoS2/MoOx NR was initially tested and compared with that of MoOx NR 

and MoS2 NR (figure S6 (a-c)). It is observed that the specific capacity obtained for MoS2/MoOx 

NR (600 mAh g-1 for the second cycle) is always higher than that of MoOxNR (250 mAh g-1 for 

the second cycle) and MoS2 NR (450 mAh g-1 for the second cycle). This ensures a better charge 

storage capacity of the as prepared MoS2/MoOx NR heterostructure when compared to MoOx NR  

or MoS2 NR alone in a conventional Li battery coin cell (figure S6 (d)). 

The photo-rechargeability of the MoS2/MoOx NR in Li+ battery was tested using a 

homebuilt photo-rechargeable battery (cell) setup (schematic and setup design are discussed in SI 

section-5 and figure S7). A light entering window is placed on the positive side while a lithium 

metal is placed at the negative side. To check the light assisted de-lithiation (or photo-charging) 

process of the MoS2/MoOx NR electrode, the lithium half-cell was constructed showing the 

initial open circuit voltage (OCV) of 3.1 V. The cell was discharged in dark with 12 mAg-

1discharge current density (figure 3 (a), dark area). After a complete discharge (till it reaches ~ 

0.01 V), the cell voltage was allowed to equilibrate (figure 3 (a), brown area) after the 

discharging.39  After the voltage stabilization (at ~2.42 V), a red LED light having a power 

density of 50 mWcm-2 is turned on. The voltage enhancement is visible during the exposure of 

light as shown in figure 3 (a) (red area, enhanced up to 2.83 V within 4.7 h, in situ photo-
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charging with light is shown in the supporting information video). This rise in the voltage is due 

to the light assisted de-lithiation or photo-charging of MoS2/MoOx NR electrode. To further 

confirm the effect of photo-charging on Li insertion and de-insertion in MoS2/MoOx NR 

electrode, cyclic voltammetry (CV) experiment was performed with Li-ion half-cells of 

MoS2/MoOx NR electrode with and without the exposure of light. The cyclic voltammogram 

(CV) was recorded in the range of 0.1-3.35V vs Li/Li+ at a scan rate of 1 mV/s (figure 3(b)). In 

the cathodic region, the peaks at 2.3 V and 1.85 V are attributed to Li+ insertion in MoO3 and 

MoS2, respectively.40 Besides this, the peak at 0.6 V is related to the decomposition of the 

discharged species (LixMoO3 and LixMoS2) and formation of the solid electrolyte interphase 

(SEI). Further in the anodic region, the broad peak in the range of 1.4-2.2 V is related to the de-

lithiation of LixMoS2, oxidation of Mo to MoS2 and MoO3, and oxidation of Li2S to sulphur and 

polysulfides.40 All these characteristic peaks were observed in the presence of light as well. On 

the light exposure, the relative enhancements in the current density for all the redox peaks were 

observed. This can be attributed to the photo-current generated in the MoS2/MoOx NR electrode 

in the presence of light. 

To confirm the light assisted de-lithiation in a lithiated MoS2/MoOx NR electrode, Raman 

spectra of the electrodes before and after light assisted de-lithiation were compared. Due to the 

lithiation in the MoS2 of MoS2/MoOx NR, the phase transition of 2H phase to the 1T phase 

(figure 3 (c)) was happened. Further, the disappearance of B2g mode of MoOx NR is also 

observed because structure becomes highly disordered.15  A slight shift in the Eg and A1g Raman 

modes can also be seen.41 On de-lithiation due to the photo-charging process, the 1T phase is 

found to be disappeared and so as the shift in Eg and A1g modes of vibration (figure 3 (c)). As the 

holes are generated only in MoS2, de-lithiation doesn’t seem to be happened in the MoOx and 
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hence the B2g Raman modes of MoOx is not restored after de-lithiation. But this issue can be 

addressed by electrochemical charging of the cell in definite intervals, as shown in the 

supporting information.  
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Figure 3. Photo charging and phase change traces by Raman spectroscopy: (a) Discharging in 

dark by constant current load (black area) followed by voltage equilibration (yellow area) and 

photo charging (red area). (b) Comparison of cyclic voltammogram (CV) of MoS2/MoOx NR 

electrodes (with Lithium metal as counter electrode) in dark and light at a scan rate of 1mV/s. (c) 

Comparison of the phase changes in MoS2 (2H-1T-2H) before lithiation (red curve), after 

lithiation (brown curve), and after light-assisted de-lithiation (green curve) by Raman 

spectroscopy. (d) Long-term photo-battery cycling done at constant current for discharge and 

photo-assisted charge. (e) Comparison of the discharge time by varying photo-charging duration. 

 

The long-term cyclability of this photo-rechargeable cell system is shown in figure 3 (d) 

(photographs of the setup in SI, figure S8). The discharge capacity is decreased from 120 mAhg-1 

for first light assisted discharge to 40 mAhg-1 for 10th discharge. This charge storage capacity 

loss within few cycles is due to the fact that lithiation in MoOx is not recovered during photo-

charging because the hole generation happens in MoS2 only, but can be recovered by 

electrochemical charging in definite intervals (as discussed before). Furthermore, during this 

long cycling, the discharge time always varies directly with charge time in the presence of light 

(figure 3 (e)). This confirms that the total charge capacity, hence the discharge capacity, depends 

on the duration of light exposure (number of photons absorbed) in the photo assisted de-lithiation 

process in the MoS2/MoOx NR electrode.  

The discharge of the cell is also checked in the presence of light and compared with that in 

the dark. Due to the competitive charging process, the discharge capacity is found to be 

increased from 69 mAh g-1 in dark to 162 mAh g-1 in the presence of light (figure 4 (a)). This 
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enhancement in the energy efficiency in the presence of light shows the performance of 

MoS2/MoOx NR electrode based photoelectrodes (figure 4 (b), details in SI, section-6).  

 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 4. (a) Competitive photo-charging during the discharge of the battery with MoS2/MoOx 

photo-electrode. (b) Energy efficiency (%) for discharge in dark at constant current load for three 

cycles and discharge in green LED during the fourth cycle (inset photo-battery model with a 

light window). (c) Schematic illustrations of simultaneous photo-storage and photo-electricity 
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generation by a single nanostructured type II semiconductor heterostructure of MoS2/MoOx NR 

with Li metal as the counter electrode in a two-electrode photo-rechargeable battery. (d) 

Schematic showing the use of stored electrochemical energy in the absence of light.  

 

Finally, the mechanism of photo-charging on the MoS2/MoOx NR based photoelectrode 

for Li+ cell is proposed here. Semiconductor I (MoS2) acts as both lithium storage and light 

absorbing material where photoelectrons are generated on light exposure. While, semiconductor 

II (MoOx) acts as a separator electrode of electron-hole pairs generated in MoS2. When light falls 

on a lithiated MoS2/MoOx NR via transparent ITO coated glass electrode (figure 4 (c)), the holes 

accumulated in MoS2 pushes Li+ ions towards the anode where they get neutralized by 

photoelectrons. As in a conventional Li ion battery, Li metal spontaneously oxidize to Li+ ions 

during discharging and the generated Li+ ions get intercalated in the MoS2/MoOx NR (figure 4 

(d)).  

 In conclusion, a two-electrode photo-rechargeable Li+ battery (single cell) is 

demonstrated here. A type-II semiconductor heterostructure having staggered optical band gap 

alignment formed due to the in-plane bonding of MoS2 and MoOx is used as a photo-electrode 

for battery recharging. After establishing the structure, photoelectron generation, and charge 

separation in this heterostructure (MoS2/MoOx), construction of a solar battery of MoS2/MoOx 

with Li metal as the other electrode shows the potential of such semiconductors-based stable 

(>15 cycles are shown here) electrodes in photo-recharging, contrary to other unstable electrodes 

in the present literature. In this cell, the discharge capacity is found to be increased from 69 mAh 

g-1 in dark to 162 mAh g-1 in the presence of light, indicating the enhancement in the energy 

efficiency to ~ 70% in light (green, 50 mW). This opens up the potential in developing 
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semiconductor heterostructures based novel photo-electrode designs in solar batteries, where 

they can ensure high light-matter interaction with small exciton binding energy in comparison to 

that in organic materials, high electrolyte stability, large metal ion intercalation area, and hence 

high energy efficient, high-capacity solar batteries.  
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Section 3: Band structure of MoO3, MoS2 and MoS2 / MoOx 

• Figure S5: Photo-response of MoS2/MoOxNR in Red and Green LED 
 
 
Section 4: Conventional Li-ion battery performance of MoS2 / MoOx NR 

• Figure S6: Conventional Li+-ion battery performance of MoO3, MoS2/MoOx and 
MoS2 NR 

 
 
Section 5: Photo-rechargeable battery model and assembly process 
 

• Figure S7: Schematic of photo-rechargeable model 
• Figure S8: Photograpgh of working photo-rechargeable battery 

 
 
 
Section 6: Energy efficiency calculation 
Section1: Experimental section 
 
• Materials & Methods: 

  

Materials: -  
Ammonium molybdatetetrahydrate (SRL), Nitric acid (Sigma-Aldrich), Sulphur (SigmaAldrich), 
Lithium hexa fluoro phoshphate in EC/EMC solvent (SigmaAldrich), ITO coated glass 25mm x 
25 mm (Sigma-Aldrich) 
  
Methods:  
 Chemical Synthesis: Firstly, MoO3 NRare synthesised by hydrothermal process.1 For that 1.0 g 
Ammonium molybdatetetrahydrate was dissolved in 80 ml deionized water. Then, 6 ml of 65% 
nitric acid was slowly added in the above solution. After 30 minutes of magnetic stirring, the 
above solution was transferred in a 100 ml Teflon autoclave and heated at 180 ℃ for 12 h. After 
this, the solution is kept to cool down in room temperature. The obtained white compound was 
washed by deionised water and ethanol for many times and then dried at 60 ℃ in dry oven. 
The growth MoO3 is α type, Mechanism involve in this can be formulated as in equation 1 to 3. 
 
Mo7O246- + 6H+ + 11H2O    → 7MoO3.2H2O                                                          (1)  

MoO3 ⋅ 2H2O → α − MoO3 ⋅H2O + H2O                                                               (2)  

α − MoO3 ⋅H2O → α − MoO3 +H2O                                                                (3)  
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Further, to synthesize MoS2/MoOx NR heterostructure,MoS2 growth was done on MoO3 by CVD 
in two zone furnaces. For deposition, a glass tube with sulphur powder as a sulphur source is 
heated in the first zone at 230°C while MoO3 NR is kept in the second zone at 450°C with 20 
minutes ramping and 5-minute growth time. To maintain the inert environment, a continuous 
flow of N2 gas at 85 SCCM is allowed to pass. Further, for comparison MoS2 NR were also 
synthesized with growth time of 20 minutes in the same environment. 
 
 
• Preparation of Electrodes: 

 
For electrode fabrication,the sample was mixed with 10% carbon black and 10 % PVDF binder. 
Mixed well in NMP solvent and dropcasted on ITO coated glass. The coating was further dried 
at 80° C for 4 hr. 
 

 
• Characterisation: 

To determine vibrational modes of MoS2 and MoO3, Renishaw in Via Raman Microscope (532 
nm excitation) was used. Further to know the surface topography and composition of the sample, 
scanning electron microscopy ((SEM)(FESEM) JEOL JSM-7200F) along with Energy 
Dispersive X-Ray Spectroscopy (EDS or EDX) was used. To identify elemental composition in 
material or on surface and chemical state we used PHI Quantera X-ray photoelectron 
spectrometer (Survey: pass energy, 140 eV, high-resolution spectra, 26 eV). Casaxps software 
was used for curve fitting. The nano-scale and atomic-scale structure of material was checked by 
Titan transmission electron microscope (TEM) (FEI Titan Themis 3 with acceleration voltage of 
300 kV). Crystallinity of material was checked by X-ray diffraction (Bruker Tensor-27). UV- 
VIS spectra (JASCO V-670) was recorded within 200 to 800 nm range.Photo activity 
waschecked in three electrode system with Ag/AgCl reference and graphite as counter in 
Potentiostat, Biologic SP-300. For this, the sample was coated on glassy carbon and applied 0.3 
V external bias in 0.1 M Na2SO4. Green and red LED light were used for regular on and off.  
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Section 2: SEM, Raman spectroscopy, XPS, HAADF analysis and photoresponse 
MoO3, MoS2 and MoS2 / MoOx NRs:  
 
 

 
Figure S1. SEM and EDS mapping of MoO3, MoS2/MoOx and MoS2 NR 
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Figure S2. (a) Comparison of Raman shift of MoS2 / MoOx (red curve) and MoS2NR (black curve) (b) Raman 
modesbroadeningcomparison between of MoS2 / MoOx and MoO3 NR 
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Figure S3:- High resolution XPS spectra of (a) Mo 3d of MoO3NR(b) Mo 3d of MoS2/MoOxNR (c) Mo 3d of MoS2NR(d)O 1s 
of MoO3NR(e) O 1s of MoS2/MoOxNR(f) S 2p of MoS2NR(g) S 2p of MoS2/ MoOxNR 
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Figure S4. HAADF-STEM (a) image and elemental mapping (a-b) of MoS2/MoOxNR and MoS2 NR 
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Section 3: Band structure of MoO3, MoS2 and MoS2 / MoOx:  

DFT calculations of MoO3 shows that its band gap is 2.6 eV.2 The Valence band (VB) of α-
MoO3 is mainly composed of O p states, while the Conduction band (CB) is formed mainly by 
Mo 4d states. This shows the band position at -9.66 eV (VB) and -6.96 eV (CB). However, this 
get changed when MoO3 converts as MoOx to -7.58 eV (VB) and -4.89 eV (CB).3 Further, MoS2 
VB mainly composed of S p states, while the Conduction band (CB) is formed mainly by Mo 4d 
states. This shows band position at -6.27 eV (VB) and -4.25 eV (CB).4 In MoS2/MoOxboth the 
semiconductors make perfect staggered Type II Hetero-structure as shown figure 2 (a). When the 
incident light energy matches with MoOx band gap energy, the photons get absorbed. This 
excites the electrons from VB to CB. Similarly, electrons get excited in MoS2 too. However, due 
to staggered band alignment, electrons flow from MoS2 to MoOx and hole transfer from MoO3to 
MoS2 VB. This makes the charge separation easier in MoS2/MoOxNR.  

 

 
 

 

Figure S5. Photo-response of MoS2/MoOxNR in (a) Red and (b) Green LED light 
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Section 4: Conventional Li-ion battery performance of MoS2 / MoOx NR: 

 

Figure S6. Conventional Li+ ion battery performance of (a) MoS2 / MoOx NR, (b) MoS2 NR, (c) MoO3 NR (d) 
comparison of specific capacity for all electrodes. 
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Section 5:Photo-rechargeable battery model and assembly process: 

To perform experiments in ambient condition, 
a lab-made photo-rechargeable model with 
light window (figure S2) was used. The model 
positive case (I) is made of steel with 65 mm 
diameter and 16 mm thickness. A 4 mm thick 
O-ring with 20 mm diameter at 8.7 mm depth 
was placed in positive case (I) to make it 
completely air tight. A 17 mm diameter wide 
hole is made in positive case (I) as light 
window where 25*25 mm sample containing 
ITO coated glass (IV) is placed. Further, the 
conducting side of ITO is connected with 
positive case by copper foil (III), sealed by nut 
bolt using 31 outer and 17 mm inner diameter 
aluminum ring (V). An O-ring was used in 
both side of ITO coated glass to seal air tight 
from bottom side and a Teflon separator (II) 
which separate positive and negative case. 
After that, separator (VI) lithium metal (VII), 
steel disc (VIII), one spring for better 
connectivity (IX), (45-35) mm diameter 
negative case (X) were assembled as shown in 
figure S1. box. 

Figure S7. Schematic of photo-rechargeablehome-
built battery model and its assembly model in inset 

 

The assembly was made in an Ar filled glove.  
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Figure S8. Figure S8. (a) Photograph of a working photo-chargeable cell on an LED load. (b) 
Photograph of the photo-charging of the cell by light. 

 
 
 

 
Section 6: Energy efficiency: 

Energy efficiency is calculatedby taking ratio of discharge and charge profile curves. During 
charging and discharging, it is evident that the voltage supplied for charging is higher than the 
cell voltage during the battery usage, and obviously, the energy efficiency is poor5that we can 
see in figure 4 (b). 
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