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Abstract  

In this study, we report the synthesis and characterization of CdSe nanocrystals (NCs) by facile hot injection (HI) method. The 
formation of CdSe NCs was confirmed by X-ray diffraction (XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy 
(XPS). The optical properties were analyzed by UV-visible and photoluminescence (PL) spectroscopy shows an excitonic peak 

at 617 nm in PL spectra corresponds to the band gap of  2 eV favourable for optoelectronic device applications. The 
Photoelectrochemical (PEC) performance of CdSe thin film prepared by spin coating method demonstrates a rise of 
photocurrent density (Jsc = 0.081 µAcm-2) after illumination. The Mott-Schottky (MS) and electrochemical impedance 
spectroscopy (EIS) measurements were further carried out to understand intrinsic properties namely the type of conductivity, 
flat band potential, charge carrier density (ND), charge transfer resistance, and recombination lifetime. The n-type conductivity, 
the charge carrier density of ND = 1.292 x 1016 cm-3, and recombination lifetime of 32.4 µs suggest the ideal behaviour of CdSe 
NCs for device quality photoelectrodes. 
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1. Introduction 

Energy consumption in the last few decades is increased 

rapidly with an increase in population as well as the civilized 

lifestyle. To meet ever-growing demand of energy, an alternate 

energy resources apart from the conventional energy sources 

(e. g. fossil fuel, coal, and natural gases) has to be used and 

replaced with more environmentally friendly, abundant, and 

easily available source. Hydrogen can play an important role 

in the energy supply in the future.[1] Electricity can be 

generated directly from hydrogen using fuel cells, or hydrogen 

can be burned in conventional combustion engines. At present, 

hydrogen is mostly produced by reforming natural gas. 

Moreover, hydrogen can also be created using the electrolysis 

of water. A photoelectrochemical (PEC) cell is a device that 

directly extracts electrical energy or produces useful fuels 

through a process called the electrolysis of water to hydrogen 

and oxygen.[2] For this process, it uses a non-conventional 

energy source i.e. solar energy. Solar hydrogen will play a 

significant role in the perspective of a sustainable and eco-

friendly source because it is clean, storable, and transportable. 

PEC device consists of a semiconducting electrode, also 

auxiliary metal, and a reference electrode immersed in a liquid 

electrolyte. To produce hydrogen sustainably and cost-

effectively, the PEC device offers a resourceful approach. 

However, it is suffering from lower solar to hydrogen (STH) 

conversion efficiency.[3] Various semiconductor materials such 

as TiO2, ZnO, Fe2O3, and CdS have been investigated and 

modified to improve the STH conversion efficiency.[4–6] 

However, due to low photoresponse and high charge–carrier 

recombination rate, STH conversion efficiency is still low. 

Therefore, a search for an efficient semiconductor for PEC 

application is still going on.  

Recently, semiconductor compounds like CdSe, PbS, PbSe, 

etc. have received great attention as a photon harvester due to 

their favorable properties such as size-dependent electronic 

structure, large extinction coefficient, and multiple exciton 

generation.[7-11] These semiconducting materials have band gap 
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in the range of 1-3 eV and absorb most of the visible energy 

of the electromagnetic spectrum which made them a potential 

candidate for application in a wide range of optoelectronic 

field viz photodetectors, sensors, light-emitting diode (LEDs), 

optical waveguide and solar cells.[12-15] Cadmium selenide 

(CdSe) is one of group II-VI semiconductor material that has 

been extensively studied because of its desired band gap, large 

absorption coefficient, and exceptional electronic 

properties.[16,17] Also, it has been shown a great promise for 

photoelectrochemical conversion.[18,19] Moreover, the various 

synthetic routes namely the solvothermal, sonochemical, 

single-molecule precursor, microwave irradiation, non‐

organometallic precursor, and organometallic precursor route 

can be used to synthesize the CdSe in a control and cost-

effective manner for desired application.[20-24] 

Herein a present report, CdSe NCs has been synthesized by 

a facile, low cost, HI technique. Subsequently, the structural 

and optical properties of CdSe NCs were studied using XRD, 

Raman spectroscopy, UV-Visible spectroscopy, XPS, and PL 

spectroscopy. The application of thin-films in water splitting 

is governed by photocurrent density, charge transfer resistance, 

flat band potential, charge carrier density, and recombination 

lifetime of charge carriers. The electrochemical 

characterizations like chronoamperometry, EIS, MS, and 

Bode-plot measurements were performed to understand the 

PEC performance of CdSe thin film for water splitting. 

 

2. Experimental Section 

2.1 Chemicals 

Cadmium Sulphate (CdSO4, ≥ 99 %), Selenium Powder (Se, 

≥ 99 %), Oleylamine (OAm, ≥ 99 %), Oleic acid (OA, ≥ 99%), 

Isopropanol (IPA, ≥ 99.5%), toluene (≥ 99.8%), purchased 

from Sigma-Aldrich and were used as received. 

 

2.2 Synthesis of CdSe NCs  

In a typical synthesis, 2 mmol of CdSO4 powder was dissolved 

in 10 mL of OAm and 1 mL of OA in a three-neck flask. The 

solution was degassed at 150 °C for 30 min to remove 

dissolved oxygen and moisture. The Se precursor was 

prepared separately by stirring 2 mmol Se powder in 5 ml of 

OAm for 30 min. After degassing, the temperature of the 

solution was raised to 250 °C followed by injection of 5 mL 

of the Se-precursor solution as shown in Fig. 1. The reaction 

was allowed to proceed at 250 °C for the next 10 min for 

nanocrystal growth. The reaction was quenched by a cold 

water bath. 

 

2.3 Post synthesis treatment and film preparation 

During purification and cleaning of prepared CdSe NCs, the 

solution of 4 mL of toluene and 40 ml of IPA is added to CdSe 

colloidal solution for the precipitation, followed by 

centrifugation at 5000 rpm for 5 min. The supernatant was 

discarded, and the process was repeated four times. The 

precipitate was dried under an infrared (IR) lamp to collect the 

powder sample. For the film preparation, CdSe NCs sample 

was re-dispersed in toluene (50 mg/mL) and the solution is 

sonicated 30 min. The CdSe NCs ink is then spin-coated over 

the FTO substrate at 2000 rpm for 30 sec and repeated 3 times. 

The prepared photoelectrodes were annealed at 150 °C and 

used for the PEC measurements. 

 
Fig. 1 Schematics of synthesis of CdSe NCs by hot injection 

method and film preparation of CdSe NCs by spin coating method. 

 

3. Characterization of films 

3.1 Structural and optical characterization 

The structural and optical properties of as-synthesized CdSe 

NCs were systematically investigated using different 

characterization techniques viz. XRD, Raman spectroscopy, 

UV-Visible spectroscopy, and PL spectroscopy. The average 

crystalline size, lattice parameter, and phase identification of 

NCs were studied using X-ray diffraction (Bruker D8 Advance, 

Germany make) with Cu-Kα radiation (λ= 1.54 Å). The Raman 

spectra of NP were recorded by using a micro-Raman 

spectrometer (Renishaw, UK at the KBSI Gwangju Centre) by 

employing a He-Ne laser source of the wavelength of 532 nm 

at 0.1 mW power. The optical property of NCs was 

investigated from absorbance spectra measured using a 

JASCO, V-670 UV-Visible spectrophotometer in the range of 

400-1000 nm. The PL spectra were recorded using Edinburgh 

Instrument FLS980 spectrophotometer. XPS studies were 

carried out using Thermo Scientific, K-alfa, UK machine with 

a resolution of 0.1 eV. The spectra have been recorded for the 

specific element using Al-Kα radiation. 

 

3.2 Photoelectrochemical (PEC) measurements 

The PEC performance i.e. Chronoamperommetry, 

electrochemical impedance spectroscopy (EIS), potential scan 

measurement of CdSe thin films (area 1 cm2) as the working 

electrode was carried out in 0.5 M Na2SO4 (pH = 7) solution 

as an electrolyte using Potentiostat/Galvanostat AUTOLAB 

PGSTAT302N (Switzerland). Saturated calomel electrode 

(SCE) and Pt were used as reference and counter electrodes, 

respectively. The photo response measurement was carried out 

on a solar simulator having a 150 W Xenon lamp (PEC-L01) 

with an illumination intensity of 100 mW/cm2 (AM 1.5) as 

reported in earlier literature.[25] 
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Fig. 2 (a) XRD pattern (b) Williamson-Hall (W-H) plot (c) Raman spectrum (d) UV-vis absorbance spectra and inset Tauc plot (e) 

PL spectra of CdSe NCs dissolved in toluene. 

 

4. Results and discussion 

Fig. 2(a) shows the XRD pattern of as-synthesized CdSe NCs 

prepared by the hot injection method. The prominent peaks 

observed at 2  25.33°, 42.01°, and 49.77° correspond to 

diffraction from (111), (220) and (311) crystal planes, 

respectively. The experimental data for cubic crystal structure 

is in very good agreement with the JCPDS Card No #19-0191 

as well as with the previous study.[26] The average crystallite 

size (dX-ray) was calculated using the Debye-Scherer 

equation,[27] 

dx−ray =
0.9 λ

β cos θB
                                     (1) 

where λ is the wavelength of the Cu-Kα line and β is the full 

width at half maximum (FWHM) of diffraction peak. The 

calculated value of dX-ray is 8.5 nm. 

The interplanar spacing between atoms (dhkl) for CdSefilm 

is calculated using Bragg’s law, 

2dhkl sin  = n                             (2) 

The lattice constant (a = b = c) of CdSe films were determined 

from interplanar spacing (dhkl) by using,[28] 

a = dhkl√h2 +  k2 + l2   (3) 

The dislocation density (δ) is the length of dislocation lines 

per unit volume of the crystal and was calculated using the 

Williamson-Smallman formula,[29] 

 =  
n

dX−ray
2                                          (4) 
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Fig. 3 X-ray photoelectron spectrum (XPS) of CdSe sample (a) Survey scan, (b) Cd-3d, (c) Se-3d, and (d) SEM image of CdSe NCs. 

 

where n is the factor which is equal to unity for minimum 

dislocation density and dx-ray is particle size. The micro-strain 

is calculated using the slope of Williamson-Hall (W-H) plot 

shown in Fig. 2(b) by using equation,[29] 

 =  
 Cos

4
   .. (5) 

The calculated value of dhkl, ϵ, and  are  3.51 Å,  1.86×10-

5, and  1.38×1016 m−2, respectively.  

Fig. 2(c) shows the Raman spectra of CdSe NCs recorded 

on powder sample with an excitation wavelength of 532 nm 

and resolution of 1 cm-1 at 0.5 mW of laser power. The peak 

at  206 cm−1 corresponds to the first order CdSe longitudinal 

optical phonon (LO) of the mode corresponding to the low-

energy shoulder originates from surface optical phonon modes 

(SO).[30,31] Fig. 2(d) shows the UV-Visible absorption spectra 

of CdSe NCs disperse in toluene, shows strong absorption 

over visible and near UV-region which is good for 

photovoltaic application. The PL spectra of CdSe NCs 

dispersed in toluene recorded with an excitation wavelength 

of 460 nm at room temperature are shown in Fig. 2(e). The 

narrow emission band observed at  617 nm corresponds to 

band gap of 2 eV, which is closed to reported data.[32] The 

oxidation states of prepared CdSe film was systematically 

investigated using XPS analysis. Figs. 3(a-c) represent the 

survey scan, core-level spectra of Cd-3d and Se-3d, 

respectively. In the XPS survey spectra of a CdSe film, all the 

peaks were identified for Cd, Se, C, and O. The C1s peak at  

284.6 eV was taken as the internal standard and all the peak 

positions were normalized to it. The peaks at  404 eV,  411 

eV, and  54 eV attributed to Cd-3d5/2, Cd-3d3/2, and Se-3d, 

respectively, corresponding to the binding energy of CdSe 

NCs.[33] A uniform distribution of CdSe NCs can be seen from 

the scanning electron microscope (SEM) image as shown in 

Fig. 3(d). Overall, CdSe NCs do not have any definite 

structure and morphology with agglomerated singular size 

particles. However, a rod-like structure coming out of a larger 

indistinguishable structural particle can see from the SEM 

image. Further, the PEC performance of CdSe NCs was 

investigated on a set up as shown in Fig. 4 consists of three 

electrodes, electrochemical work station, and solar simulator. 

 
Fig. 4 Schematic of the Photoelectrochemical measurements 

setup, consists of 3 electrodes reference, working, and counter. 

 

Fig. 5(a) depicts amperometric photocurrent density-time 

profile (light Chopping) for CdSe NCs measured at an applied 

bias of 0.5 Vs SCE. The prepared photoelectrode shows 

immediate enhancement in photoresponse under illuminated 

conditions. Whenever photon hits photoelectrode, it generates 

the electron-hole pair with some efficiency of generation. 

These photogenerated electrons and holes further separate and 

travel through the semiconductor in opposite directions. The 
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holes drive the oxygen evaluation reaction (OER) at the 

surface of the semiconductor working electrode. Whereas the 

electrons are travel to the rear ohmic contact and through an 

electrical connection to the surface of the counter electrode to 

drive the hydrogen evaluation reaction (HER). A photocurrent 

difference of 0.081 µAcm-2 between dark conditions (OFF 

state) and under illumination (ON state) was observed. Also, 

the small current was observed in dark conditions due to non-

faradic reaction. Fig. 5(b) shows the MS plot of CdSe film to 

evaluate intrinsic properties such as flat band potential (Vfb) 

and charge carrier density (ND). Each point on the MS curve 

represents the value of capacitance at semiconductor-

electrolyte junction measured at respective potential (V) using 

the following equations: 

C−2 = (
2

εs   εo e ND
) (V − Vfb −

kT

e
)       (6) 

ND = (
2

εs   εo e S
)         (7) 

where εo is the permittivity of free space, εs is the dielectric 

constant of the semiconductor (for CdSe, εs = 9.5[34]), e is the 

electronic charge, k is Boltzmann’s constant, V is biased 

potential and Vfb is flat band potential, S is the slope and T is 

the temperature (in Kelvin).[35] The positive slope of the MS 

curve indicates the n-type conductivity of CdSe NCs. 

Moreover, the extrapolation of the MS curve on the x-axis 

gives the value of Vfb which is -0.12 VRHE for CdSe NCs. The 

value of Vfb was further used to calculate ND from equation 

(3). The calculated value of ND is 1.29×1016 cm-3. The higher 

value of ND is favourable for PEC application as more value 

of ND reflects more conductivity. To know the change of 

electrochemical performance under dark and illumination, 

frequency-dependent electrochemical measurement of CdSe 

film has been carried out. Electrochemical impedance 

spectroscopy (EIS) of CdSe film performed in the frequency 

range of 0.1 Hz to 100 kHz. EIS data provides the Nyquist 

diagrams i.e. the imaginary impedance versus the real 

impedance. Moreover, the change in phase of the applied 

sinusoidal waves with applied frequency i.e. bode-phase plot 

was obtained from the EIS data. Nyquist diagram of CdSe was 

obtained from EIS data by fitting the data to the equivalent 

circuit model. The evaluation of the Nyquist plot provides the 

 
Fig. 5 (a) Photocurrent response under pulsed illumination (b) Mott-Schottky plot (c) Nyquist plot (d) Bode plot of CdSe film. 

 

Table 1. Summarised photoelectrochemical analysis data for CdSe NC's. The contact, charge transfer resistance (RΩ, Rct), capacitance  

(Cp), current density (Jsc), carrier lifetime (𝜏), donor concentration (ND) under dark and illumination conditions. 

CdSe NPs RΩ (Ω) Rct(KΩ) Cp (nf) Vfb(VRHE) ND (cm-3) 𝐟max (Hz) 𝛕 (µs) Jsc(µAcm-2) 

Dark 15.23 161 34.5 -0.12 1.292×1016 8.6 29.3 0.0342 

Light 15.23 108 38.2 --- --- 8.5 32.4 0.1152 
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information about the ohmic resistance i.e. series resistance, 

charge transfer resistance at the photoelectrode/electrolyte 

interface, and the capacitance of the thin film shown in Fig. 

5(c). The high frequency (corresponding to low Z”) intercept 

on the real axis (i. e. Z” axis) represents the ohmic series 

resistance which is (RΩ). There is a resistance between 

electrical contact of the electrode-electrolyte and resistivity of 

the electrolyte solution. Whereas Rct and C are the charge 

transfer resistance and double-layer capacitance at the 

electrode-electrolyte interface, respectively given in Table 1. 

A small semicircle in the Nyquist plot indicates an effective 

charge transfer process with lower charge transfer resistance 

at the electrode-electrolyte interface. CdSe NCs shows a 

smaller semicircle in Nyquist plot under illumination than a 

semicircle in the dark state which suggests a decrease in 

charge transfer resistance at the electrode-electrolyte interface 

after illumination. Fig. 5(d) displays the Bode-phase plot of 

the CdSe film. Bode-phase assists to evaluate an important 

parameter to illustrate PEC activity is the lifetime () of the 

electrons i.e. recombination time by the frequency (f) at which 

highest phase change observed by the expression: 

 =
1

2 f
                         (8) 

The calculated value of recombination time is given in a Table 

1. The phase angle of CdSe film under illumination conditions 

is higher than that for dark, which means it shows good 

electrochemical behaviour. From the PEC investigation, it is 

noticed that the CdSe photoelectrode shows very promising 

results like quick photoresponse, the better life-time of the 

charge carriers, and decreased charge transfer resistance which 

is the ideal behaviour of the device quality photoelectrode. 

 

5. Conclusions 

In summary, we have successfully synthesized CdSe NCs by 

a facile and low-cost hot injection method. The x-ray 

diffraction (XRD), Raman spectroscopy, and x-ray 

photoelectron spectroscopy (XPS) reveal the formation of 

cubic phase CdSe NCs having crystallite size of 8.5 nm. The 

scanning electron microscope (SEM) image demonstrates the 

uniform distribution of CdSe thin film prepared by the spin 

coating method. A photocurrent density (Jsc) of 0.081 µAcm-2, 

charge carrier density (ND) of 1.292 x 1016 cm-3, and a 

significant decrease in charge transfer resistance after the 

illumination is fascinating properties of CdSe thin film. 

However, a further improvement is possible by proper 

selection of electrolyte (with optimum pH), suitable charge 

collection contact, and annealing of the film in an adequate 

environment. Water splitting, PEC solar cell, and 

photodetector are the future potential application of CdSe thin 

film. 
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