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A B S T R A C T

Photoelectrochemical (PEC) water splitting is a promising approach to convert solar radiation into hydrogen (H2) 
as a clean fuel. The PEC device performance depends on the light harvesting efficiency of the photoanode and the 
carrier dynamics (i.e. separation/transport rate) at the photoanode/electrolyte interface. Herein, we report a 
photoanode architecture consisting of self-organized TiO2 nanotubes (NTs) sensitized by CdS/CdSe quantum dots 
(QDs) and treated with a Cu-based solution to create a p-n heterojunction. Our results demonstrate that the TiO2 
NTs/QDs PEC device yields a photocurrent density of 4.18 mA.cm− 2 at 0.5 V vs RHE, which is 51 times higher 
than the device based on TiO2 NTs only (i.e., 0.08 mA.cm− 2) and 7 times compared to TiO2/QDs nanoparticles 
(NPs) (i.e. 0.45 mA.cm− 2) under one sun illumination. The p-type CuSe coating over the TiO2/QDs NTs pho
toanodes forms a p-n heterojunction that improves the carrier dynamics. The resulting PEC device shows a 13% 
improvement in the photocurrent density. In addition, employing longer TiO2 NTs improves the device’s sta
bility. Our results offer a simple and scalable method for the design and optimization of the photoanodes to 
enhance the performance of PEC and other optoelectronic devices.   

1. Introduction

Sustainable development dictates an urgent transition from fossil
fuels to renewable energy technologies, both due to the scarcity of the 
former and their carbon emissions byproduct, which is at the origin of 
climate change [1-4]. That is why the United Nations (UN) identifies the 
demand for a clean and sustainable source of energy as one of the sus
tainable development goals (SDGs) in the 21st century [5]. 

Photovoltaic cells transform solar radiation into electrical power [6]. 
However, solar energy is intermittent; one of the unresolved challenges 
is its efficient storage [7,8]. Improving solar electricity storage can be 
obtained through two approaches: i) improving the storage capacity of 
batteries and reducing their production cost [9]; ii) directly storing the 
solar energy as a clean chemical fuel [e.g. hydrogen (H2)] [10,11]. 

Solar-driven photoelectrochemical (PEC) cells are considered a 
promising approach to generate H2 from water splitting [12]. Typically, 
a PEC device consists of a photoanode, cathode, and electrolyte solution. 

The photoanode is composed of a semiconductor that absorbs photons, 
which creates electron-hole pairs (i.e. exciton), where holes oxidize 
water to generate oxygen at the photoanode surface, while electrons 
transfer to the cathode, through an external circuit, and reduce water to 
generate H2 [13]. In the last few years, considerable efforts have focused 
on improving the conversion efficiency of PEC devices to reach 
industrial-scale requirements [14-19]. 

The conversion efficiency of the PEC devices depends mainly on 
three factors: i) the light harvesting efficiency (LHE), ii) the photo
injected charge transfer efficiency within the photoanode, and iii) the 
interfacial charge transport efficiency at the surface of the photoactive 
material [20]. Different strategies were implemented in several articles 
to improve the conversion efficiency by focusing on each of the 
mentioned factors [21]. For instance, the LHE of the wide bandgap 
semiconductors was enhanced by doping with a transition metal 
[22,23], decorating with plasmonic nanoparticles [24-26], the addition 
of a scattering layer [27,28], or sensitizing with organic and inorganic 
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light harvesting materials [29-36]. While the charge transport of the 
photoinjected electron within the photoanode was optimized by 
designing one-dimensional (1D) nanostructured materials [37-39] and 
introducing carbon-based materials inside the wide bandgap semi
conductor [40-42]. Finally, the charge transport efficiency was 
enhanced through surface modification and treatments, such as coating 
or using passivation materials [43-45], which reduces the influence of 
the surface states as trap sites and consequently enhances the carrier 
dynamics at the photoanode/electrolyte interface [46,47]. 

To date, numerous studies aimed to enhance the PEC device 

performance by exploring each specific factor individually. However, an 
attempt to optimize all the factors together in terms of improving the 
performance of PEC devices is still lacking. In addition, focusing only on 
the conversion efficiency of the PEC devices without considering the 
complexity of the fabrication processes hinders the transition of this 
technology from lab scale to commercial products. Therefore, we report 
the fabrication of a simple photoanode architecture that is designed to 
enhance the PEC device performance. The photoanodes were fabricated 
with a simple cost-effective solution-based processes under ambient 
conditions. The photoanode consists of 1D TiO2 nanotubes (NTs) 

Fig. 1. (a) Schematic representation of the Ti Anodization process. Structural characterization of as-synthesized TiO2 NTs: SEM images: (b) - (c) before annealing; (d) 
- (e) after annealing. (f) XRD pattern for Ti substrate (black color line) amorphous TiO2 NTs (red color line) and crystalline TiO2 NTs (blue color line). TEM images: 
(g) single TiO2 NTs; (h) Top view of the TiO2 NTs array; (i) high-resolution TEM showing the atomic resolution and interplanar spacing. 
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sensitized with CdS/CdSe QDs and CuSe coating to create a p-n heter
ojunction at the photoanode/electrolyte interface. 

Nanoparticles (NPs) are widely employed in PEC applications due to 
their high active surface area that improves the catalytic activity [48]. 
However, the performance is still inadequate due to the undesirable 
carrier recombination that occurs inside the system. On the other hand, 
1D TiO2 NTs can provide a directional pathway for the photoinjected 
carriers [49], as well as a high specific surface area for QDs deposition 
[50], which makes them a promising candidate for PEC applications 
[51-54]. The self-organized growth of TiO2 NTs has unique features such 
as controllable morphology and low contact resistance at the NTs/sub
strate interface [55]. In addition, the growth of TiO2 NTs was carried out 
with the electrochemical anodization process, using a metallic titanium 

substrate [56], which is potentially scalable and suitable for commer
cialization [Fig. 1 (a)]. The TiO2 NTs photoanodes of different lengths 
were sensitized with CdS/CdSe QDs using successive ion layer adsorp
tion and reaction (SILAR) [Fig. 2 (a)]. SILAR is a metal–organic 
decomposition (MOD) technique, which requires only a metal precursor 
decomposable in organic solvents. The QDs were directly grown on the 
photoanode (i.e. TiO2 NTs) using solution-processable methods near 
ambient conditions without harsh pressure, temperature, vacuum, and 
inert environment. The simplicity of this method makes it desirable for 
up-scaling applications [57]. In comparison with other sensitization 
methods, the SILAR process is faster as compared to the chemical bath 
deposition process for the direct growth of QDs. In addition, the process 
is simpler than the hot injection method for the sensitization of colloidal 

Fig. 2. (a) Schematic of QDs sensitization of TiO2 NTs and CuSe deposition. (b) UV–Vis reflectance spectrum of TiO2 NTs with QDs and CuSe deposition. Structural 
characterization of TiO2 NTs before and after-sensation by CdS/CdSe QDs: SEM images of the TiO2 NTs (c) before; (d) after CdS/CdSe QDs deposition (the inset 
images are visual inspection of the corresponding photoanodes). EDS analysis and elemental distribution of QDs and CuSe deposition on the TiO2 NTs photoanode: 
(e) elemental map spectrum (f) EDS selected area for mapping; elemental distribution of (g) Ti; (h) O; (i) Cd; (j) S; (k) Se; (l) Zn; (m) Cu. 
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QDs, since this approach requires a complex reaction setup, high reac
tion temperature (250 ◦C), and an inert environment (Ar/N2 atmo
sphere) during QDs synthesis. Furthermore, for the deposition of 
colloidal QDs, electrophoretic deposition (EPD) is used to disperse the 
as-synthesized colloidal QDs onto the electron transport layer, which 
requires high voltage (200 V) for long duration times (e.g., 2 h). The 
quantization effect of the QDs leads to a size-dependent optoelectronic 
property, such as tunable bandgap [31], multiple excitation generations 
(MEG) [58], and extraction of hot charge carriers before thermalization 
[59]. To further enhance the charge separation in the photoanode, the 
TiO2 NTs sensitized by CdS/CdSe QDs were coated with the CuSe layer 
to create a p-n heterojunction at the photoanode/electrolyte interface. 
The CuSe layer was deposited with a simple approach, after the sensi
tization of CdS/CdSe QDs, by dipping the photoanodes in a Cu-based 
solution for a few seconds. This built-in p-n heterojunction enhances 
the surface potential and consequently improves the charge separation 
efficiency of the photogenerated electron-hole pairs [60-62]. 

In this work, we fabricate a series of devices to investigate our design 
concept for enhanced PEC H2 generation. We also report the effect of the 
TiO2 NTs length on the PEC device stability and examine it for longer 
TiO2 NTs. This work provides a systematic way to design an efficient and 
cost-effective solar-driven PEC system for H2 generation. 

2. Experimental 

2.1. Materials 

Ti foils (0.89 mm thickness) with 99.7% purity were purchased from 
Alfa Aesar, USA. Ammonium floride (NH4F ≥ 98%, Acros Organic, USA) 
and ethylene glycol (C2H6O2 ≥ 99%, Fisher Scientific, Canada) were 
used for electrolyte preparation. The TiO2 NPs paste, composed of 20 
nm-sized anatase nanoparticles (transparent, code 18 NR-T), was sup
plied by GreatCell Solar. 

The materials used for the QDs growth are cadmium acetate dihy
drate (Cd (CH2COO)⋅2H2O, 98%), disodium sulfide nonahydrate 
(Na2S•9H2O ≥ 98%), sodium borohydride (NaBH4), selenium powder 
(Se 99.5+ %), and zinc acetate dihydrate (Zn (CH3COO)2⋅2H2O, ≥ 98%). 
All chemicals were bought from Sigma-Aldrich Inc. The solutions used 
for the QDs deposition are methanol and ethanol and were bought from 
VWR chemicals. 

The material used for the CuSe deposition is copper (II) nitrate tri
hydrate (Cu (NO3)2⋅3H2O, 98.0%) that was purchased from Sigma- 
Aldrich Inc. 

The electrolyte used in the PEC measurement consists of sodium 
sulfite anhydrate (Na2SO3 ≥ 98%) and disodium sulfide nonahydrate 
(Na2S•9H2O ≥ 98%). The chemicals were obtained from VWR and 
Sigma-Aldrich Inc., respectively. All the chemicals were used as received 
without any purification. 

2.2. Photoanode preparation 

TiO2 NTs were directly grown on Ti foil by anodization [63]. Briefly, 
Ti foil was cut into 10 × 25 mm2 sizes and used as a working electrode, 
while Pt foil (10 × 10 mm2) served as cathode. Before anodization, Ti 
foils were cleaned with acetone, then isopropanol, and finally with 
deionized (DI) water in an ultrasonic bath for 10 min each and dried 
with high purity nitrogen gas. The anodization process was performed at 
room temperature in an electrolyte (97 vol% ethylene glycol, 3 vol% DI 
water with 0.5 wt% ammonium fluoride). A constant potential of 50 V 
was applied for 30 and 60 min (to investigate the effect of the TiO2 NTs 
length on the PEC performance). After anodization, the TiO2 NTs were 
washed in isopropanol for 2 min in an ultrasonic bath and dried with a 
nitrogen stream. The as-prepared TiO2 NTs were then annealed at 500 ◦C 
for 1 h in an ambient atmosphere. 

The TiO2 NPs photoanode was prepared using the spin coating 
method. In particular, 200 mg of the TiO2 mesoporous transparent paste 

was mixed with 1.2 ml of ethanol and sonicated for 30 min to obtain a 
homogenous mixture. A 100 µl of the as-prepared mixture was poured 
on the same Ti sheet used for NTs and spin-coated for 1 min at 6,000 
rpm. The samples were subsequently annealed at 120 ◦C for 6 min, then 
at 500 ◦C for 30 min. The final film thickness was measured using 
scanning electron microscopy (SEM); the thickness of the TiO2 meso
porous film was 1 µm to match the same thickness as the TiO2 NTs for 
relevant PEC device performance comparison. 

2.3. Sensitization of the photoanode with CdS/CdSe QDs 

SILAR is a solution-based low-cost process that was used to grow 
directly the CdS/CdSe QDs on the wide bandgap semiconductor. Briefly, 
the photoanode was dipped into the cationic and anionic precursor so
lutions one after the other. The immersion time was 1 min. The photo
anode was then washed with the same solvent that was used in the 
corresponding precursor and subsequently dried with nitrogen. The 
quantity of QDs depends on the number of SILAR cycles. 

For CdS QDs the precursors were 0.05 M Cd(CH2COO)•2H2O in 20 
ml of methanol used as Cd2+ source, and 0.05 M of Na2S⋅9H2O in 20 ml 
of DI water/methanol (1:1) used as S2- source. 

For CdSe QDs the precursors were 0.03 M Cd(CH2COO)•2H2O in 20 
ml of methanol used as Cd2+ source, and a mixture of 0.06 M of NaBH4 
and 0.03 M of Se powder in 40 ml of ethanol were used as Se2- source. 
The Se2-solution was prepared in a 250 ml glass flask sealed with a cap. 
Then the mixture was stirred vigorously under nitrogen flow for 45–50 
min. Once the solution becomes transparent, it reveals that the Se is 
completely dissolved in the ethanol solution, and henceforth it was used 
for SILAR deposition. 

A ZnS capping layer was used to passivate the surface and reduce the 
number of surface trap sites in the QDs. The deposition of ZnS was made 
through the same SILAR procedure. The precursors were 0.1 M Zn 
(CH2COO)•2H2O in 20 ml of methanol used as Zn2+ source, and 0.1 M 
Na2S⋅9H2O in 20 ml of DI water/methanol (1:1) used as S2- source. 

The number of cycles used was five for CdS, three for CdSe, and two 
for ZnS. 

2.4. p-n heterojunction formation 

To enhance the surface potential for a better separation efficiency of 
the photogenerated carriers, a p-n heterojunction was formed by 
depositing the CuSe layer. To form this layer, a solution of 2.5 mM of Cu 
(NO3)2⋅3H2O in 40 ml of DI water was used. After the three SILAR cycles 
of the CdSe, the Se2- was deposited on the photoanode, then immedi
ately immersed in the as-prepared solution for 5, 10, 15, and 20 s. The 
CuSe layer was grown after the CdS/CdSe QDs sensitization. The ZnS 
layer was grown afterwards, to passivate the photoanode. Different 
immersion time was used to investigate the effect of the CuSe layer 
thickness on the performance of the PEC device. 

2.5. Characterization 

2.5.1. Structural analysis of the photoanode 
Different techniques were applied to analyze the structure of the 

photoanode. The morphology of the TiO2 NTs and NPs was investigated 
using SEM (JEOL JSM-7401F) and transmission electron microscopy 
(TEM) (JEOL 2100F). The chemical composition and elemental analysis 
of TiO2 NTs sensitized by CdS/CdSe QDs with CuSe were determined by 
energy-dispersive X-ray spectroscopy (EDS) using a Tescan LYRA 3 
system and X-ray photoelectron spectra (XPS) operating by a VG Sci
entific Escalab 220i-XL system. A monochromatic aluminum source with 
1486.6 eV energy was used in the XPS experiments. The analysis of XPS 
peaks was carried out using the CasaXPS software. The crystal structure 
of the TiO2 NTs, before and after annealing, with QDs and CuSe depo
sition, was examined by X-ray diffraction (XRD). XRD patterns were 
acquired using a Philips X’pert diffractometer, with Cu Kα (α = 0.15406 
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nm) radiation source. Diffuse reflectance configuration ultra
violet–visible spectroscopy (UV–Vis) equipped with an integrating 
sphere was used to acquire the absorption spectrum for the TiO2 NTs and 
TiO2NTs/QDs with and without CuSe. 

2.5.2. PEC measurements 
A three-electrode configuration cell was used to perform PEC mea

surements. The working, counter, and reference electrodes consist of the 
TiO2 photoanode (NTs and NPs), Pt, and saturated Ag/AgCl, respec
tively. The electrolyte used was an alkaline-based solution (sulfide 
aqueous media), acting as hole scavenger, with a pH of ~ 13. The 
electrolyte solution consists of 0.25 M Na2S⋅9H2O and 0.35 M Na2SO3. 
The solution was purged with nitrogen for 30 min, before the PEC 
measurement, to remove the dissolved oxygen. The photoanodes sam
ples were covered with epoxy, from the back and front, while keeping an 
active surface area of 0.15 ~ 0.2 cm2 to be in contact with the electro
lyte. Class AAA sun simulator (model SLB-300A by Sciencetech Inc.) was 
used to stimulate the solar spectrum by using a light source of 300 W 
xenon arc lamp and filtered with AM 1.5 G filter. The intensity of the 
light was calibrated using a silicon cell connected to a power meter to 
adjust the intensity at 100 mW cm− 2. The electrochemical measure
ments were performed using a Gamry potentiostat (interface 1010 E). 
The current density–voltage (j-V) curves were recorded using linear 
sweep voltammetry (LSV) measurement with potential range − 1.3 to 
0.1 V vs Ag/AgCl, with a scan rate of 20 mV/s, under dark, light, and 
chopped illumination. The transient photovoltage decay was performed 
to investigate the carrier dynamic. The open-circuit voltage (Voc) was 
measured for 300 s, starting with 50 s under light and then the light was 
turned off for the rest of the experiment, to measure the Voc decay rate. 
The electron lifetime of different photoanodes, which represent the 
recombination rate, was calculated from the Voc decay measurement 
using the following Eq. (1) [64]: 

τ = − kBT/e × (dVoc/dt)− 1 (1)  

where τ is the photoelectron lifetime, kB is Boltzmann’s constant =
1.381 × 10− 23 J K− 1, T is the temperature in K, e = − 1.602 × 10− 19C, 
and dVoc/dt is the first derivative of the open-circuit voltage with respect 
to time. 

The stability of the PEC devices was measured at − 0.5 V vs Ag/AgCl 
under chopped illumination for 300 s by switching between light and 
dark every 30 s, and under contentious one sun illumination for 2 h. 

In all PEC measurements, the potential was converted from Ag/AgCl 
to the reversible hydrogen electrode (RHE) using Eq. (2) [65]. 

ERHE = EAg/AgCl + 0.059 × pH+Eo
Ag/AgCl (2)  

2.5.3. Surface potential measurements 
Kelvin probe force microscopy (KPFM) was used to measure the 

surface potential of the photoanodes, with and without CuSe deposition, 
to investigate the effect of the designed p-n heterojunction. The mea
surements were acquired under low and high LED light intensity inside 
the KPFM to stimulate the difference between light and dark responses 
of the photoanodes. KPFM was performed using an Enviroscope AFM 
system (Veeco Instruments, now Bruker) operating in tapping mode at 
room temperature, equipped with a magnetic Co/Cr-coated tip (MF- 
M01, NT-MDT) with a radius at the apex ~ 40 nm. We used the double- 
pass technique, mechanically oscillating the cantilever at its first reso
nance (71.9 kHz) for topography imaging in the first pass, and mini
mizing the electrostatically excited oscillations of the cantilever (at the 
same frequency) in the second pass while tracing the topography at a lift 
height of 50 nm. The amplitude of the AC excitation applied was 1 V. 

3. Results and discussion 

3.1. Growth and structural characterization of TiO2 NTs 

The anodization process of the Ti sheet is schematically presented in 
Fig. 1 (a). Briefly, Ti foil was used as a working electrode, Pt foil as a 
cathode, and a solution of 97 vol% ethylene glycol and 3 vol% DI water 
with 0.5 wt% ammonium fluoride as the electrolyte. A constant poten
tial of 50 V was applied for 30 and 60 min (details reported in experi
ment section). Fig. 1 presents the structural characteristics of as- 
synthesized TiO2 NTs before and after annealing. Fig. 1 (b) and (c) 
show the amorphous TiO2 NTs before annealing. The anodization pro
cess of Ti foil results in the self-organized growth of amorphous TiO2 NTs 
with controllable morphology. After annealing, the amorphous TiO2 NTs 
crystallized, with insignificant differences in the morphology of the TiO2 
NTs as shown in Fig. 1 (d) and (e). The morphology of the self-organized 
TiO2 NTs arrays through the anodization process has important features 
that affect the PEC performance. The consistent inner porous diameter of 
the TiO2 NTs provides a high surface area for the QDs deposition. This 
porous structure also provides better electrolyte penetration that im
proves the carrier kinetics at the photoanode/electrolyte interface along 
with the directional pathway for the photogenerated carriers transfer, 
which enhances the charge transport efficiency. Another unique feature 
of as-synthesized TiO2 NTs is that each NTs has its separate wall. This 
feature leads to the creation of mesoporous voids when the exterior 
walls of the NTs brought together. These mesoporous voids further in
crease the probability of QDs deposition and electrolyte penetration for 
the TiO2 NTs based photoanode [Fig. 1 (b) and (d)]. XRD patterns were 
acquired to determine the crystallinity of the TiO2 NTs before and after 
annealing. Fig. 1 (f) shows the XRD patterns for the Ti substrate, 
amorphous TiO2 NTs, and crystalline TiO2 NTs after annealing. The new 
peaks that appear at 2θ = 25.2◦ and 48◦ subsequent to the annealing 
process are mainly associated with the diffraction patterns of the crys
talline TiO2 anatase phase (JCPDS: 01–071-1167). The sharp (004) peak 
located at 37.8◦ suggests the directional growth of TiO2 NTs in the c 
direction perpendicular to the Ti substrate. For a detailed structural 
analysis, high-resolution TEM images of the as-synthesized crystalline 
TiO2 NTs were acquired. Fig. 1 (g) shows a TEM of a single TiO2 NTs 
with an average length of ~ 1 µm. Fig. 1 (h) displays the TEM top view of 
TiO2 NTs film supported on the Cu-grid. It is observed that the as- 
synthesized TiO2 NTs have an average inner diameter of ~ 58 nm and 
a wall thickness of ~ 27 nm, which are consistent with the SEM results. 
Fig. 1 (i) displays the atomic resolution image of the crystalline TiO2 
NTs. The lattice spacing is ~ 3.52 Å, which corresponds to the (101) 
plane of the tetragonal anatase phase of TiO2 [66]. 

XPS was used for elemental analysis of the as-synthesized TiO2 NTs. 
Figure S1 (a) and (b) display the survey scan spectra for the TiO2 NTs 
before and after annealing, respectively. The N 1S peak at 400 eV and 
the F 1S  peaks at 684.3 and 687.9 eV [Figure S1 (g) and (h)] are found 
before annealing, due to the presence of ammonium fluoride in the 
electrolyte during the preparation of TiO2 NTs. However, after the 
annealing process, both the N and F 1S  peaks were eliminated due to the 
oxidation of the TiO2 NTs. Moreover, the Ti 2p peaks (Ti4+ 2p3/2 and 
Ti4+ 2p1/2) are slightly shifted due to the annealing process [Figure S1 
(c) and (d)]. This change in binding energy is related to the change in 
chemical bonding. The removal of valence charge electron, due to the 
oxidation process, increases the binding energy of the Ti 2p spectrum 
[67]. The content of the chemical species in the O 1S peaks (OH1− at 
531.7 eV) and (O2− 529.9 eV) changes during the annealing in the ox
ygen atmosphere [68]. The concentration of OH− 1 has decreased with 
respect to O2− after annealing while maintaining the same peak posi
tion, as shown in Figure S1 (e) and (f). 

3.2. QDs and CuSe deposition on TiO2 NTs 

CdS/CdSe QDs were deposited by SILAR on the TiO2 NTs 

O. Abdelkarim et al.                                                                                                                                                                                                                            

5



Chemical Engineering Journal 446 (2022) 137312

6

photoanodes to increase the LHE and broaden the absorption range. The 
SILAR process involved five cycles of CdS QDs, followed by three cycles 
of CdSe, and finally two cycles of the ZnS passivation layer [Fig. 2 (a)]. 
UV–Vis spectroscopy was used to investigate the broadening effect of 
light-harvesting of the photoanodes sensitized with QDs. Fig. 2 (b) 
presents the reflectance spectrum of the reference photoanode (i.e. TiO2 
NTs), and QDs sensitized TiO2 NTs with and without CuSe deposition. 
The reflectance spectrum presents a significant difference between the 
photoanode sensitized with QDs and reference photoanodes in the 
visible region, while an insignificant difference occurs with CuSe 
deposition. This difference is attributed to the photocatalytic activity of 
the CdS/CdSe QDs in the visible region. SEM images and visual in
spection before and after sensitization with QDs are presented in Fig. 2 
(c) and (d). The SEM images before and after sensitization display the 
difference in morphology of the TiO2 NTs. The surface of the TiO2 NTs 
before sensitization shows a smooth structure as compared to after 
sensitization. Moreover, the presence of QDs all over the surface of the 
TiO2 NTs is obvious in the SEM image [Fig. 2 (d)]. Upon visual inspec
tion, the TiO2 NTs colour changed from light grey into dark red, which 
confirms the deposition of the CdSe QDs homogenously in the TiO2 NTs 
photoanode [inset Fig. 2 (c) and (d)]. To confirm the QDs decoration of 
the TiO2 NTs walls from inside and outside, SEM images were acquired 
at higher magnification. The walls of the TiO2 NTs are smooth [Figure S2 
(a)], while after QDs deposition over the TiO2 NTs [Figure S2 (b)] they 
become rough with the accumulation of nanoparticles outside and inside 
of the NTs walls. 

The photoanodes were immersed in a Cu (NO3)2⋅3H2O solution for 
different immersion times to construct a p-n heterojunction at the sur
face (more details are provided in the experimental section). EDS 
elemental mapping was used to confirm the deposition and homogenous 
distribution of the CdS/CdSe QDs inside the TiO2 NTs photoanodes. 

Fig. 2 (e) represents the EDS chemical composition spectrum for the 
TiO2 NTs photoanodes, coated with CuSe. The elemental mapping was 
measured through the cross-sectional image of the TiO2 NTs photo
anodes sensitized by CdS/CdSe QDs, with CuSe deposition, and ZnS 
passivation layer. Fig. 2 (f) shows the cross-sectional SEM image of the 
photoanode and the green rectangle represents the elemental mapping 
scanning area. These images [Fig. 2 (g) – (m)] confirm the homogenous 
distribution of elemental Ti, O, Cd, S, Se, Zn, Cu inside the TiO2 NTs/QDs 
photoanodes. 

XPS spectra were acquired to further analyze the surface elemental 
composition and investigate the bonding nature and oxidation state of 
the TiO2 NTs photoanodes sensitized with CdS/CdSe QDs and CuSe 
coating. Fig. 3 (a) displays the survey scan acquired from TiO2 NTs 
photoanodes, which confirms the presence of elemental Ti, O, Cd, S, Se, 
Zn, and Cu. The high-resolution spectra for each element are displayed 
in Fig. 3 (b) – (h). The high-resolution Ti 2p spectrum consists of 2 peaks 
located at binding energies of 458.6 and 463.3 eV for Ti4+ 2p3/2 and Ti4+

2p1/2 species, respectively [Fig. 3 (b)] [69]. The O 1 s peaks located at 
binding energies of 529.9 and 513.7 eV are attributed to O− 2 and OH− 1 

of the TiO2 NTs, respectively [Fig. 3 (c)] [70]. Both the Ti 2p and O 1 s 
spectrum were the same before and after QDs sensitization [Figure S1 
(d) and (f)]. The elements of the QDs deposited on the TiO2 NTs pho
toanode are identified in the high-resolution scans. The Cd 3d exhibits 
two peaks located at 405 and 411.7 eV, which are related to the Cd 3d3/2 
and Cd 3d5/2 peaks, respectively [71] [Fig. 3 (d)] and the S 2p spectrum 
was fitted in two characteristic peaks, S 2p3/2 and S 2p1/2, with binding 
energies of 161.2 and 162.4 eV, respectively [Fig. 3 (e)]. The shoulder 
appearing in Fig. 3 (e) at binding energies 159.8 eV is due to the overlap 
between the Se 3p and S 2p peaks [72]. 

Se 3d5/2 was also fitted into two characteristic peaks located at 53.8 
and 54.4 eV, respectively [Fig. 3 (f)]. Zn 2p1/2 and 2p3/2 peaks are 

Fig. 3. XPS spectra acquired for TiO2 NTs/CdS/CdSe/CuSe/ZnS photoanode: (a) full survey scan; (b) Ti 2p; (c) O 1 s; (d) Cd 3d; (e) S 2p; (f) Se 3d; (g) Zn 2p; (h) 
Cu 2p. 
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located at 1021.9 and 1045 eV [Fig. 3(g)]. Finally, the Cu 2p peak po
sitions are centered at 932.4 and 952.1 eV, referenced as Cu 2p3/2 and 
2p1/2. At those biding energies, the peaks are related to Cu (I) state 
[Fig. 3(h)] [73,74]. Based on these results, the Cu (I) state is combined 
with the 53.8 eV Se 3d5/2 peak to confirm the deposition of the CuSe 
layer [72,75]. The XPS spectra for the TiO2 NTs photoanode without 
CuSe layer deposition are presented in Figure S3. 

XRD patterns acquired from the photoanodes made of TiO2 NTs, TiO2 
NTs/QDs, and TiO2 NTs/QDs/CuSe, along with Ti foil are shown in 
Figure S4. All diffraction peaks detected from TiO2/NTs are compatible 
with the anatase phase of TiO2 (JCPDS: 01–071-1167) with the (101) 
main peak at 25.2◦ [76]. The Ti substrate main peak (101), located at 
about 40◦, is detected in all photoanodes. Most of the diffraction peaks of 
CdS, CdSe, ZnS, and CuSe overlap with TiO2 NTs (anatase) and Ti sub
strate, as shown in Figure S4. There is a difference in the diffraction 
peaks of TiO2 NTs as compared to the sample with QDs and CuSe in the 
range of 26-30◦ and 44◦. These differences are associated with (101) 
and (102) at 26.6◦ and 28.1◦ for CuSe (JCPDS:00–34-0171) [77], (220) 
at 44◦ for CdS (JCPDS:01–077-2306) [78], (002) at 25◦ for CdSe 
(JCPDS:00–019-0191) [79], and (220) at 44◦ for ZnS (JCPDS: 05–0566) 
diffraction pattern peaks [80]. 

3.3. PEC performance 

A series of PEC devices were fabricated and investigated to charac
terize: i) the effect of sensitization of the TiO2 NTs with CdS/CdSe QDs, 
ii) the difference in performance between the TiO2 NTs and NPs with the 
same photoanode thickness and QDs deposition, iii) surface potential 
influence on device performance with different CuSe deposition time, 
and iv) the effect TiO2 NTs length on the device stability. The PEC 
performance measurements were carried out under dark, continuous 
light, and chopped light (AM 1.5 G, 100 mW.cm− 2). A three-electrode 
configuration cell was used. The working electrode was the as 
designed photoanodes, the counter electrode was Pt, and the reference 
electrode was Ag/AgCl (saturated with KCl). 

Fig. 4 (a) displays the j-V (vs RHE) of PEC devices based on three 
types of photoanode structures (i.e. TiO2 NTs, TiO2 NTs with QDs, and 
TiO2 NPs with QDs). To highlight the effect of the QDs sensitization of 

the TiO2 NTs photoanode, we fabricated a PEC device with only TiO2 
NTs as a reference sample. The latter (i.e. TiO2 NTs) yield a photocurrent 
density of 0.08 mA cm− 2 at 0.5 V vs. RHE under one sun illumination 
(AM 1.5 G, 100 mW.cm− 2). After CdS/CdSe QDs sensitization (i.e. TiO2 
NTs/QDs), the photocurrent density is significantly enhanced and rea
ches 4.18 mA cm− 2 under identical measurement conditions, which is 
51 times higher than that of the reference sample (i.e. TiO2 NTs). This 
significant enhancement in the PEC device performance is mainly 
attributed to the broadening of the light-harvesting range of the QDs 
sensitized photoanode that generates more charge carriers under one 
sun illumination. The photoactivity variation with QDs sensitization in 
the visible region was apparent from the UV–Vis results in Fig. 2 (b). 
From these results, we highlight the effect of LHE on the overall device 
performance. 

A 20 nm particle-sized titania paste was used to prepare the TiO2 NPs 
photoanode with 1 µm thickness, using a spin coating technique, to 
match the same thickness of the TiO2 NTs (details are reported in the 
experimental section). SEM images [Figure S5] confirmed the successful 
deposition of a homogenous mesoporous layer of TiO2 NPs. The 
photocurrent density of the TiO2 NPs, sensitized with CdS/CdSe QDs, 
was 0.45 mA cm− 2 at 0.5 V vs. RHE. The PEC device based on TiO2 NTs 
photoanode shows a 7 times higher photocurrent density as compared to 
the TiO2 NPs due to the enhancement in charge transport efficiency. The 
photogenerated carriers in the case of TiO2 NTs have a directional 
pathway toward the backend of the photoanode, which improves the 
collection efficiency and reduces non-radiative carrier recombination. 
On the other hand, the TiO2 NPs photoanode has a higher surface area as 
compared to the TiO2 NTs photoanode. Consequently, a larger amount 
of QDs is deposited into the TiO2 NPs photoanode, generating more 
charge carriers upon illumination. However, the zigzag pathway of the 
photoinjected charge carrier within the TiO2 NPs photoanode increases 
non-radiative recombination processes, eventually deteriorating the 
overall device performance [81]. Fig. 4 (b) and (c) shows the dark, light, 
and chop j-V curve for the TiO2 NTs and TiO2 NTs with QDs, 
respectively. 

The systematic comparison shows the effect of LHE on the PEC 
performance of TiO2 NTs, which absorb only in the UV region (Eg = 3.2 
eV), and the extended absorption range of the CdS/CdSe QDs sensitized 

Fig. 4. (a) PEC performance of TiO2 NTs, TiO2 NPs/QDs, and TiO2 NTs/QDs photoanodes under dark and light conditions. PEC performance of (b) TiO2 NTs and (c) 
TiO2 NTs/QDs under Dark, light and chopped conditions. (d) Normalize open-circuit voltage decay measurement. (e) Electron lifetime calculation. (f) Saturated 
photocurrent density at 0.5 V vs. RHE and photovoltage. 
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TiO2 NTs towards the visible region. The open-circuit potential mea
surement can represent the amount of photovoltage that the device can 
produce through splitting the quasi-Fermi level under one sun illumi
nation. To measure the photovoltage of the device, we performed 
transient photovoltage decay measurements. First the device was illu
minated under one sun illumination for 50 s, then the light was turned 
off for 250 s and the potential decay was recorded [Fig. 4 (d)]. The 
difference between the potential under light and dark (when it reached 
the plateau) conditions is the photovoltage of the device. Fig. 4 (e) 
displays the electron lifetime calculations from the Voc decay measure
ment. In open-circuit conditions, upon illumination, the photogenerated 
electrons are being accumulated in the conduction band of the photo
anode. After turning off the light, these electrons start to recombine, 
which is reflected by the decay of the open circuit potential [Fig. 4 (d)]. 
The decay rate of the curve represents the tendency of photogenerated 
electrons to recombine with the oxidized species in the electrolyte and 
by internal traps inside the photoanode itself. Therefore, the electron 
lifetime calculations from the Voc decay measurement can reflect the 
non-radiative carrier recombination for different photoanode designs. 
At any given potential, the electron lifetime of the device based on TiO2 
NTs/QDs is higher as compared to the case of TiO2 NPs/QDs. This 
electron lifetime calculation shows that the carrier recombination inside 
the device based on QDs sensitized NTs is lower as compared to the NPs, 
which is consistent with the obtained j-V performance of the corre
sponding devices. Fig. 4 (f) represents the photovoltage and photocur
rent density at 0.5 V vs. RHE of the three PEC devices. The photovoltage 
of the TiO2 NPs with QDs shows a slightly higher photovoltage (0.05 V) 
as compared to TiO2 NTs with QDs because i) it has a higher surface area 
with a higher amount of QDs deposition, which generates more charge 
carriers under illumination, and ii) the mesoporous structure of the 
photoanode leads to higher electrolyte penetration inside the device. 

The surface potential enhancement is crucial to improve the charge 
separation process, which eventually improves the overall device per
formance. Creating a p-n heterojunction at the surface of the photo
anode generates an electric field that can favor the separation of 
photogenerated carriers. The CuSe layer was formed by immersing the 
photoanode in Cu (NO3)2⋅3H2O solution with different immersion times 
(details are provided in the experimental section). Fig. 5 (a) shows a 
schematic representation of the QDs sensitized TiO2 NTs photoanode 
with CuSe coating. Fig. 5 (b) and (c) represent the j-V curve for the 
reference sample and the one with 15 s of CuSe deposition, respectively. 
A 13% improvement in the photocurrent density is recorded with CuSe 
deposition compared to the reference device. Fig. 5 (d) shows the effect 

of CuSe deposition immersion time (s) on the photocurrent density of 
TiO2 NTs/CdS/CdSe photoanode. By increasing the immersion time 
from 0 to 15 s, the photocurrent density increases from 4.18 to 4.72 mA. 
cm− 2 and then decreases from 4.72 to 3.16 mA.cm− 2 with a further 
increase in the immersion time from 15 to 20 s. The decrease in the 
photocurrent density can be attributed to the recombination of the 
photogenerated carriers that occurs at the surface of the photoanode, 
due to the generation of more photogenerated holes by the p-type 
semiconductor (CuSe). The stability of the PEC devices was investigated 
under chopped illumination for 300 s by switching between light and 
dark every 30 s [Fig. 5 (e)]. The potential used was at 0.4 V vs RHE. The 
photocurrent density for both samples was decreased at the end of the 
stability test. The reference device maintains 89.44% of the initial 
photocurrent density (from 3.6 to 3.22 mA.cm− 2), while the device 
based on 15 s CuSe maintains 95.94% of its initial value (from 4.19 to 
4.01 mA cm− 2). In addition, the long-term stability was investigated 
under continuous one sun light illumination (AM 1.5 G, 100 mW.cm− 2) 
for 2 h at 0.4 V vs RHE, as shown in Fig. 5 (f), for PEC devices based on 
TiO2 NTs/QDs and TiO2 NTs/QDs/Cu. The long-term stability is 
consistent with the short chopped one and shows an improvement in 
device stability with the addition of the CuSe layer. The results show 
that the reference device maintains 62% of the initial photocurrent 
density, while the device made of TiO2 NTs/QDs/Cu maintains 66% of 
the initial value after 2 h of continuous light illumination under one sun 
(AM 1.5 G, 100 mW.cm− 2). 

The device stability depends on the rate of the photocorrosion pro
cess. The main cause of photocorrsion is the accumulation of photo
generated holes at the surface of the photoanode. Holes are strong 
oxidants that can oxidize the QDs, and eventually, degrade the opera
tional stability of the device. The CuSe layer enhances the carrier sep
aration and the hole transfer efficiency from the QDs to the electrolyte, 
which prevents hole accumulation, and enhances the device stability. 
The Voc decay measurements and the calculated electron lifetime are 
presented in Fig. 5 (g). The p-n heterojunction on the surface of the 
photoanode enhances the charge separation and injection in a closed- 
circuit cell [Fig. 5 (c) and (e)]. However, in an open-circuit measure
ment, the photogenerated carriers are being generated and separated, 
yet are still accumulated on the photoanode bulk (with no collection of 
the charge carriers) due to an open-circuit condition. When the light is 
turned off, more holes exist as compared to the reference device, due to 
the deposition of the CuSe layer. These holes in addition to the oxidized 
species in the electrolyte both increase the recombination rate of the 
photogenerated carriers on the surface of the photoanode. The results 

Fig. 5. (a) A schematic representation of the as designed photoanode. PEC performance under dark, light, and chopped conditions; (b) TiO2 NTs/QDs (reference); (c) 
TiO2 NTs/QDs/15 CuSe. (d) Normalized photocurrent density of photoanodes with × S CuSe deposition time. (e) Chopped illumination stability test. (f) Long-term 
stability test for the devices based on TiO2 NTs/QDs and TiO2 NTs/QDs/Cu. Transient photovoltage decay measurement: (g) Open-circuit voltage decay and inset 
electron lifetime calculation from open-circuit voltage decay. 
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indicate that the electron lifetime at any given potential is shorter in the 
case of CuSe as compared to the reference device. 

To understand the effect of QDs sensitization and CuSe deposition on 
the flat band potential of different devices, Mott–Schottky plots (M− S 
plots) were recorded [Figure S6 (a)]. The flat band potential is identified 
through the extrapolation of the slope obtained in the measurement. All 
devices show a positive slope, which reflects the dominance of the n- 
type semiconductor on the photoanode design, due to the presence of 
TiO2 and CdS/CdSe QDs. In the case of TiO2 NTs/QDs/Cu, the M− S plot 
shows the same behavior as compared to TiO2 NTs/QDs with less 1

C2
sc 

due 
to the presence of the p-n junction. Similarly, The TiO2 NTs substrate 
was sensitized with CuSe by depositing the photoanode in the same Se 
precursor used in the SILAR method for 1 min and then 15 s in the Cu- 
based solution. The CuSe is considered a p-type semiconductor and 
should indicate a negative slope in the M− S plot. However, since the 
CuSe deposited layer is very thin compared to the quantity of TiO2, a 
positive slope was obtained with less 1

C2
sc 

as with respect to the TiO2 NTs 
substrate. The flat band potential of the devices sensitized with QDs was 
shifted by 0.1 V due to the change in the electronic band structure. To 
confirm the deposition and the effect of the CuSe layer on the TiO2 NTs 
substrate, the photocurrent density was measured as shown in Figure S6 
(b). The deposition of CuSe shows a significant improvement in photo
current density under illumination as compared to the bare TiO2 NTs. 
However, the obtained value (0.28 mA.cm− 2) is considerably lower as 
compared to the devices based on TiO2 NTs/QDs and TiO2 NTs/QDs/Cu. 

We studied the influence of the length of the TiO2 NTs on the overall 
device performance. Figure S7 (a) displays the difference in the photo
current density at 0.5 V vs RHE between the short (1 µm) and long (2 
µm) TiO2 NTs photoanodes, with and without 15 s CuSe deposition. The 
photocurrent density decreases, from short to long TiO2 NTs, for both 
devices based on TiO2 NTs/QDs by 11%, from 4.18 to 3.72 mA cm− 2, 
and TiO2 NTs/QDs/CuSe by 14%, from 4.72 to 4.05 mA cm− 2. Figure S7 
(b) and (c) present the j-V curves for the long TiO2 NTs/QDs and TiO2 
NTs/QDs/CuSe devices, respectively. The photocurrent density was 
reduced for both samples as compared to the short one as the mean free 
path length for the photogenerated carriers increases with a longer TiO2 
NTs, which increases the probability of charge carrier recombination 
and eventually degrades the photocurrent density of the PEC device. 
Figure S7 (d) displays the difference between the stability of short and 
long TiO2 NTs based devices in the chopped test measurement. The 
photocurrent stability for both devices increased with longer TiO2 NTs. 
The thickness of the photoanode has a dual effect. As the thickness in
creases, the available active surface area increases, which increases the 
amount of QDs deposition. On the other hand, the non-radiative carrier 
recombination of the photogenerated carriers increases, as it takes more 
time to reach the back contact of the photoanode, and the probability of 
the charge carriers to be recombined with the oxidized species in the 
electrolyte or by internal trap sites inside the photoanode increases. 
Figure S7 (e) presents the chopped illumination for the 300 s stability 
test. The increase in the photoanode thickness improves the stability of 
the device as shown in Table 1. 

The photocorrosion process occurs as explained before. However, the 

excess availability of QDs and the additional electrolyte penetration 
inside the photoanode enhance the kinetics of the hole scavenger pro
cess at the photoanode/electrolyte interface. Both these parameters 
improve the operational stability of the device. Figure S7 (f) presents the 
Voc decay measurement with an almost comparable decay rate between 
the reference and the TiO2 NTs/QDs/CuSe devices. The electron lifetime 
calculation is presented in the inset of Figure S7 (f). The results are 
consistent with the shorter TiO2 NTs photoanode but with a lower effect 
of the CuSe coating layer on the electron lifetime of the PEC device, as 
the impact of photogenerated holes from the p-type semiconductor 
(CuSe) is reduced as compared to the excess availability of the n-type 
semiconductors (CdS/CdSe QDs). A systematic comparison of the 
photocurrent density of the previously reported PEC devices, based on 
TiO2 NTs sensitized with CdS/CdSe, and the results of this work are 
presented in Table S1. 

3.4. Surface potential measurements 

KPFM was used to measure the influence of surface potential created 
by the p-n heterojunction. This was conducted by measuring the dif
ference in work function (Φ) at the surface of the photoanode with and 
without CuSe deposition, in both light and dark conditions (details re
ported in the experimental section). Fig. 6 (a) shows the AFM topog
raphy image, using tapping mode, of the reference sample (without 
CuSe), while Fig. 6 (b) shows the same image with different light in
tensity to stimulate dark and light conditions. Fig. 6 (c) and (d) represent 
the AFM topography and difference in lighting conditions for the pho
toanode with CuSe coating, respectively. Fig. 6 (e) illustrates the results 
of the KPFM line scan for both samples under light and dark conditions. 
The Φ difference for the reference sample between dark and light is ~ 
35.1 mV, while the sample with CuSe shows a higher Φ difference, 
reaching ~ 52.7 mV, as compared to the reference sample. The higher 
difference in Φ indicates a higher surface potential difference, between 
light and dark, which leads to a higher separation and injection effi
ciency of the photogenerated carriers in the operational conditions of 
the PEC device. However, the surface potential is not very stable due to 
the charging effect [82]. The band diagram for the n-type semiconductor 
and p-n-heterojunction under dark (left) and illumination (right) is 
shown in Fig. 6 (f). The splitting of the quasi-Fermi-level occurs ac
cording to the predominant charge carriers. In the case of p-n hetero
junctions, both electrons (from n-type semiconductors) and holes (from 
p-type semiconductors) are generated upon illumination. This dual 
photogeneration increases the splitting of the quasi-Fermi-level as 
compared to only electrons in the n-type semiconductor. As the differ
ence in the quasi-Fermi-level increases, a larger photovoltage is gener
ated in the PEC device. From the KPFM results, we conclude that the 
photoanode with p-n heterojunction has a higher surface potential, 
which results in better separation/injection of charge carriers. This 
demonstration is consistent with the PEC results of the corresponding 
photoanodes. A schematic of the effect of p-n heterojunction at the 
surface of CdS/CdSe QDs sensitized TiO2 NT photoanode on the carrier 
dynamics is shown in Fig. 6 (g). Suitable engineering of the band 
alignment of the CdS/CdSe with the TiO2 enhances the generation and 
injection of the charge carriers. When the CuSe layer is added, a p-n 
heterojunction forms at the interface. This p-n heterojunction further 
enhances the carrier kinetics and increases the charge separation/in
jection rate, which results in better PEC performance. 

4. Conclusions and perspectives 

In summary, we investigated different strategies to enhance the 
performance of TiO2 photoanodes in PEC H2 generation. The fabrication 
methods use simple low-cost solution-based processes under the 
ambient condition that makes it easy for commercialization. Ti sub
strates were used to grow self-organized TiO2 NTs that are used as a 
template for the CdS/CdSe QDs sensitization process by SILAR. The 

Table 1 
Stability of different PEC devices.  

PEC 
device 

Thickness 
(µm) 

Initial photocurrent 
density 
(mA.cm− 2) 

Final photocurrent 
density 
(mA.cm− 2) 

Stability 
(%) 

TiO2/QDs 1  3.6  3.22  89.44 
TiO2/ 

QDs/ 
CuSe 

1  4.19  4.01  95.94 

TiO2/QDs 2  3.53  3.46  98.01 
TiO2/ 

QDs/ 
CuSe 

2  3.91  3.85  98.46  
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sensitization leads to an increase in the photocurrent density that rea
ches 4.18 mA.cm− 2 (at one sun illumination, AM 1.5 G, 100 mW.cm− 2), 
which is 51 times higher than the control device. The change in the 
photoanode structure, between TiO2 NPs and NTs, with the same 
thickness and QDs sensitization, yields an improvement of the photo
current density by a factor of 7 when using TiO2 NTs as compared to 
TiO2 NPs. These results highlight the effect of enhancing the LHE and 
carrier transport efficiency on the overall PEC device performance. In 
addition, the deployment of nanoscale p-n heterojunction at the surface 
of the photoanode was performed with a fast and simple approach. The 
process requires dipping the photoanode in a Cu-based solution for 15 s 
after depositing the CdS/CdSe QDs. The deposition of CuSe (p-type 
semiconductor) enhances the photocurrent density by 13%, reaching 
4.72 mA cm− 2. The surface potential for the reference device and the 
one based on the p-n heterojunction was investigated through KPFM 
measurements under dark and light conditions. This work demonstrates 
the potential of utilizing one-dimensional NTs as an electron transport 
layer and template for QDs deposition that can be used in other solar 
energy conversion devices. The employment of one-dimensional NTs 
and p-n heterojunction at the surface of the photoanode offer better 
carrier dynamics. Overall, this work provides a pathway to optimize the 
photoanode structure to further improve the performance of PEC H2 
generation and other emerging optoelectronic devices in a cost-effective 
way that can be easily scaled up for industrial applications. 
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org/10.1016/j.cej.2022.137312. 

Fig. 6. Standard and chopped illuminated AFM topography images: (a)-(b) TiO2 NTs/QDs; (c)-(d) TiO2 NTs/QDs/CuSe, respectively. (e) KPFM surface potential line 
scan. (f) Band diagram representation of the TiO2 NTs/QDs (n-type) and TiO2 NTs/QDs/CuSe (p-n type) under dark and light. (g) A schematic representation of the 
effect of the p-n heterojunction in PEC device carrier dynamics. 
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