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A B S T R A C T   

Herein, we are scaffolding borophene quantum dots (BPQDs) on photoactive semiconductor nanomaterial such 
as TiO2 nanoparticle which shows enhanced photoelectrochemical (PEC) water splitting activity. The BPQDs are 
synthesized by sonochemical method and then scaffolded onto TiO2 nanoparticles by hydrothermal method. 
Further, the concentration of BPQDs on TiO2 nanoparticles is optimized for better photoelectrochemical water 
splitting application. The effective absorption edge is found to be less (2.51 eV) for 2.5 wt% BPQDs scaffolded 
TiO2 nanoparticles as studied by UV–Visible spectroscopic analysis. Transmission electron microscopic (TEM) 
images reveal the scaffolding of BPQDs of size (2–9) nm with TiO2 nanoparticles of having the size ~25 nm. XRD 
results confirmed the anatase phase of TiO2 nanoparticles and b-rhombohedral boron structure for BPQDs. The 
FTIR and XPS results confirms the presence of boron functionalized groups in the nanocomposites. The photo-
luminescence (PL) spectroscopic results revealed the decrease in PL emission intensity for BPQDs/TiO2 nano-
composite indicating the decreased photogenerated charge carriers recombination time. The work function (ϕ) is 
found to be less for BPQDs/TiO2 nanocomposite signifying the easy release of electrons under the presence of 
visible light illumination. Further, BPQDs/TiO2 nanocomposite shows the improvement in photoelectrochemical 
(PEC) water splitting due to the synergistic effects of individual components.   

1. Introduction 

Borophene is the lightest element in the Dirac material which has 
gained interest recently [1]. Among various allotropes of borophene, 
borophene quantum dots are the new kind that have gained widespread 
attention as a new rising star in the research community for different 
applications like supercapacitors [2], memory devices [3], bio medical 
[4], catalysts [5], and many other potential applications due to their 
unique properties of good biocompatibility, robust chemical inertness, 
distinct structural, optical, and electronic properties excellent mechan-
ical flexibility and physicochemical properties, such as high thermal 
conductivity [6]. Although theoretical efforts have guided the research 
directions of borophene towards many other potential applications 
[7,8]. BPQDs are a very good alternative to other semiconductors like 
dyes. BPQDs based nanocomposites are fascinated because of their good 
photo-induced electron transfer and accepting nature [9]. These BPQDs 

can be scaffolded on to semiconducting nanoparticles to tune the opto- 
electronic applications of semiconducting nanoparticles [10]. Further, 
the BPQDs decorated semiconducting nanoparticles may exhibit large 
surface-to-volume ratio which provides more active sites for catalysis, 
making them efficient catalyst for water splitting [11]. Additionally, 
BPQDs possess excellent light-harvesting capabilities due to their 
tunable bandgap, allowing them to absorb a wide range of wavelengths 
effectively [11]. This efficient light absorption leads to enhanced 
photoinduced electron transfer processes, which are crucial for photo-
electrochemical reactions [12,13]. 

In the context of scaffolding of quantum dots on semiconducting 
nanoparticles, various researchers have developed different kinds of 
quantum dots/semiconducting nanoparticles based nanocomposites. 
Tiance et al. [14] reported graphitic C3N4 quantum dots decorated TiO2 
nanowire heterojunction and observed that significantly enhanced 
photoelectrochemical photocurrent density compared to pristine TiO2 
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nanowires. Furthermore, photocatalysts exhibited excellent stability 
during continuous testing for 10 h under simulated solar light and the 
material retains approximately 82 % of its initial photocurrent. Jiang 
et al. [15] reported nitrogen doped graphene quantum dots scaffolded 
zinc doped cadmium selenide nanohybrids via facile solvothermal pro-
cess and developed nanocomposite showed maximum photocurrent 
response about 3.79 μA cm2 as compared to pristine. Dong et al. [16] 
reported Ni4P2 -CQDs@CdS catalyst which exhibited water splitting 
activity with hydrogen evolution rate up to 145 μmolg-1h− 1. Also, they 
argued that carbon quantum dots act as both the electron acceptor and 
donor. Sulaeman et al. [17] reported S,N-GQD sensitization\ZnO 
nanopencil for photoelectrochemical water splitting. They found that 
the band gap energy of S,N-GQDs was 2.92 eV, and when composited 
with ZnO nanopencil, it decreased the band gap of ZnO nanopencil to 
3.155 eV from 3.169 eV. This reduction in band gap energy facilitated 
the generation of electron-hole pairs in the composite material upon 
visible light irradiation and the photoelectrochemical studies showed 
that the SN-GQDs scaffolded ZnO nanocomposite exhibited remarkable 
performance. The developed-ZnO NPc/SN-GQDs composite material 
achieved a best current density of 1820A cm− 2 at +1.2 V (vs. Ag/AgCl). 
Among all developed for semiconductor/quantum dots photocatalysts, 
TiO2 is considered as most attractive semiconductor materials which has 
been used extensively for photocatalytic and photoelectrochemical 
water splitting applications because of its excellent chemical stability as 
well as low cost and also conduction band of TiO2 lies above the redox 
potential of water which is more favorable for splitting of water to 
produce hydrogen. Liang et al. [18] reported carbon quantum dots 
decorated TiO2 nanoarray photocatalysts towards efficient photo-
electrochemical water splitting. The photocurrent density achieved by 
the modified photoanodes is approximately six times higher than that of 
the pristine (non-modified) analogues, showcasing the remarkable 
enhancement in photoelectrochemical performance. Zheng et al., [19] 
reported black phosphorus quantum dot sensitized TiO2 nanotube arrays 
with enriched oxygen vacancies for efficient photoelectrochemical 
water splitting. They found that the photocurrent density of the TiO2/ 
black phosphorus electrode is approximately three times higher than 

that of bare TiO2 under simulated solar light irradiation due to the 
alignment of Fermi level and the influence of band edges (conduction 
band and valence band) on photoelectrochemical hydrogen production 
activity [20]. Researchers even reported other nanostrcutures for pho-
toelectrochemical water splitting [21–25]. To the best of our knowledge, 
there are no reports on the study of the borophene quantum dots 
interface with TiO2 nanoparticles and their charge transfer mechanism 
as well as photoelectrochemical water splitting mechanism. 

Therefore, herein, we developed borophene quantum dots scaffolded 
TiO2 nanoparticles and characterized it using TEM, UV–Visible spec-
troscopy, XRD, FTIR, XPS, PL and UPS measurements. A detailed 
mechanism has been proposed based the obtained results to explain the 
enhancement in the photoelectrochemical water splitting by BPQDs/ 
TiO2. 

2. Experimental details 

2.1. Materials 

Boron powder (99 %), Ethylenediamine (98 %), Boric acid (98.31 
%), Isopropyl alcohol (IPA), Titanium tetra isopropoxide (97 %), 30 % 
(w/w) in hydrogen peroxide, Nafion™ 117 containing solution(45 %), 
N-Methylpyrrolidone (NMP), polyvinylidene fluoride (PVDF) and all the 
chemicals were of analytical grade purchased from Sigma Aldrich and 
measured amount of Milli-Q water (MQW) was used during the 
experiments. 

2.2. Preparation of borophene quantum dots 

The preparation of BPQDs is as shown in Scheme 1(a). Firstly, using 
ultrasonication method, 50 mg of boron powder (99.99 %) was dis-
solved in a 30 mL containing of isopropyl alcohol (IPA) for 2 h. Then, 
boric acid (20 mg) was added to the solution and agitated for 12 h until it 
dissolved. Then, 2 mL of hydrogen peroxide with 30 % concentration 
was added dropwise in the prepared solution. The resulting solution was 
vigorously agitated at room temperature for 5 h. Then, the solution was 

Scheme 1. Schematic illustration of (a) preparation of BPQDs by sonochemical assisted method; and (b) preparation of BPQDs/TiO2 nanocomposites by hydro-
thermal method. 
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ultrasonically isolated in 50 mL of isopropyl alcohol solution using a 20 
kW high-power probe-sonicator (5 sec ultrasonication and 3 sec pause), 
and it was kept constant at 5 ◦C during the probe sonication. After 7 h of 
ultrasonication, the solution was centrifuged and supernant was purified 
with 1 kDa dialysis membrane using Milli-Q water for 24 h. Then, the 
solution was dried at 70 ◦C for 24 h. The obtained powder was denoted 
as BPQDs. The use of exfoliation solvent IPA may introduce some carbon 
impurities in the resulting BPQDs. 

2.3. Synthesis of BPQDs/TiO2 nanocomposite 

As synthesized BPQDs were scaffolded on to TiO2 nanoparticles by 
hydrothermal method as shown in Scheme 1(b). Firstly, 10 mL of tita-
nium isopropoxide was added dropwise to the beaker containing 20 mL 
of Milli-Q water and 5 mL of ethanol under constant stirring for 30 min. 
Then, 2.5 wt% of BPQDs were added to the above solution and stirring 
was continued for 45 min. Then, the solution was shifted in an autoclave 
and kept at 160 ◦C for 6 h in an hot air oven and then let to cool to 
ambient temperature. The resulting solution was filtered through a 0.22 
m membrane and dried overnight at 80 ◦C. The attained sample was 
designated as a 2.5 wt% BPQDs/TiO2 nanocomposite. For comparison, 
different weights of BPQDs such as 0.5 wt%, 1.5 wt% and 5.0 wt% were 
used for the synthesis of 0.5 wt% BPQDs/TiO2, 1.5 wt% BPQDs/TiO2 
and 5 wt% BPQDs/TiO2 nanocomposite respectively. 

2.4. Characterization of BPQDs/TiO2 nanocomposite 

UV–Visible absorption spectroscopy was carried out using JASCO, V- 
670 UV–Visible spectrophotometer (Japan). The physical properties of 
the prepared nanocomposites was characterized by using X-ray dif-
fractogram by using a Bruker AXS D8 Advance X-ray diffractometer 
(USA) with CuKα radiation with wavelength 1.5408 Å. The chemical 
bonding nature and functional groups present in the nanocomposite 
were studied using FTIR spectroscopy using JASCO FTIR-6100 spec-
trophotometer (Japan). The Raman spectrum was measured using a 
Renishaw Invia laser Raman microscope (UK) with a 532 nm LASER 
excitation wavelength. X-ray photoelectron spectroscopy (XPS) was 
used to investigate the chemical bonding and elemental composition of 
BPQD/TiO2 nanocomposites using an angle integrated photoelectron 
spectroscopy beamline with an Omicron EA-125 XPS analyzer (Ger-
many). UPS was measured at the Indus-1 synchrotron source on the 
AIPES beamline (BL-02). PL studies were performed using Perkin Emler, 
LS 55 (USA) at ambient temperature. 

2.5. Photoelectrochemical study 

Photoelectrochemical measurements were carried out using three 
electrode system using the BioLogic SP300 (France) electrochemical 
workstation using platinum as counter electrode and Ag/AgCl as refer-
ence electrode. The current density–voltage (J-V) curves were measured 
using 150 W xenon lamp solar simulator (100 mW/cm2) with a cut-off 
filter of λ ≥ 410 nm. The synthesized BPQDs/TiO2 nanocomposite was 
dissolved in the Nafion and NMP solution with 1:3 ratio and ultra-
sonicated for 2 h. Then, it was coated on to clean ITO substrate with an 
area of (0.5 × 0.5) cm2 and dried out at ambient temperature. The 
photoanode working area was 0.25 cm2. The linear sweep voltammetry 
(LSV) was performed with aqueous solution containing 0.1 mol/L con-
centration of Na2SO4 with − 0.8 V to 1.2 V potential range. Each mea-
surement was recorded three times to make sure consistency of the 
result. Mott-Schottky (M–S) plots were recorded in the frequency range 
of 1 to 10 kHz, with an amplitude of 5 mV in the range of − 1 to 1.0 V vs 
Ag/AgCl. EIS measurements were carried out in the frequency range of 
105 Hz–1 MHz with an amplitude of 5 mV at the open circuit potential 
under 150 W xenon lamp solar simulator. The Nyquist plots were fitted 
using EC lab software [26]. 

3. Results and discussion 

The UV–Visible absorption spectra of BPQDs is depicted in Fig. 1(a). 
As it can be perceived from figure that the absorption curve showed a 
prominent peak in the ultraviolet region and a small peak in the near 
visible region attributed to π-π* and n-π* transition respectively [7]. The 
Tauc’s plot of BPQDs as shown in the inset of Fig. 1(a), the effective 
absorption edge of BPQDs was found to be 2.38 eV. Further, UV–Visible 
absorption spectra of BPQDs/TiO2 nanocomposite series are shown in 

Fig. 1. UV–Visible absorbance spectroscopy of (a) BPQDs, (b) BPQDs/TiO2 
nanocomposites along with TiO2, (c) Tauc’s plot of BPQDs/TiO2 nano-
composites along with TiO2. 
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Fig. 1(b). It can be observed that the absorption edge of the TiO2 showed 
red shift for BPQDs/TiO2 nanocomposites. The absorbance of all TiO2 
nanocomposites showed almost similar to that of pure TiO2 in UV re-
gion. Nevertheless, the absorbance in the visible region gradually 
increased upon scaffolding of BPQDs. The maximum absorbance was 
obtained for the 2.5 wt% BPQDs/TiO2 nanocomposite. This may be due 
to the presence oxygen functionalized groups in the BPQDs which helps 
to promote more electrons to transfer on to the TiO2 surface further 
improving the visible light response [27]. The effective absorption edge 
of the nanocomposites was found by using Tauc’s plot as shown in Fig. 1 
(c). The effective absorption edge of TiO2 was calculated to be 3.27 eV 
which decreased to 2.51 eV for 2.5 wt% BPQDs/TiO2 nanocomposite 
and then increased for 5 wt% BPQDs/TiO2 nanocomposite. The reduc-
tion in the effective absorption edge of 2.5 wt% BPQDs/TiO2 nano-
composite indicates that this nanocomposite favors visible light 
absorption. As the effective absorption edge of 2.5 wt% BPQDs/TiO2 
nanocomposite was found to be less, hence it used for further 
deliberations. 

The particle size and surface analysis of the synthesized BPQDs and 
2.5 wt% BPQDs/TiO2 nanocomposite were examined with TEM and HR- 
TEM as shown in Fig. 2. Fig. 2(a) depicted the TEM image of BPQDs 

which depicts nearly spherical shaped BPQDs and histogram image of 
BPQDs is as shown in Fig. 2(c) which shows BPQDs size varying from 2 
nm to 9 nm with an average size of around 6 nm. The HR-TEM pictures 
of BPQDs (Fig. 2(b)) shows the d-spacing as 0.22 nm which attributed to 
lattice plane (104) of boron [7,8]. Further, TEM images (depicted in 
Fig. 2 (d,e)) of 2.5 wt% BPQDs/TiO2 revealed that it is composed of 
smaller particles (BPQDs) with low aspect ratio are scaffolded onto 
spherical shaped TiO2 nanoparticles of size ~25 nm [28]. The HR-TEM 
pictures of BPQDs/TiO2 (Fig. 2(f)) revealed the d-spacing as 0.26 nm 
which attributed to lattice plane of (101) and SAED pattern of of 
BPQDs/TiO2 (shown in Fig. 2(g)) confirms the TiO2 anatase phase. 
TEM/EDX plotting was performed to confirm the occurrence of BPQDs 
and TiO2 nanoparticles in the nanocomposites. As shown in Fig. 2(h), 
boron, titanium, and oxygen content are present in the BPQDs/TiO2 
nanocomposite. 

XRD pattern of BPQDs, TiO2 and 2.5 wt% BPQDs/TiO2 nano-
composite are depicted in Fig. 3(a). It can be observed from the result 
that the synthesized BPQDs reveals the structure attributed to b-rhom-
bohedral boron structure which is in consistent with JCPDS file No. 
80–0323. Further, TiO2 exhibited peaks at 25.4◦, 37.7◦, 48.3◦, 53.6◦, 
55.5◦, 62.4◦, 70.2◦and 75.2◦ attributed to anatase phase structure which 

Fig. 2. (a) TEM image, (b) HRTEM image and (c) histogram of particle size distribution of BPQDs, (d & e) TEM image, (f) HRTEM images and (g) SAED pattern (h) 
EDX of BPQDs/TiO2. 
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Fig. 3. (a) X-ray diffraction pattern (b) FTIR (c) Raman spectra of BPQDs, TiO2, BPQDs/TiO2; (d) survey spectrum, and high resolution XPS spectra of (e) O1s (f) B1s 
(g) Ti2p of BPQD/TiO2; (h) PL spectra of TiO2 and BPQD/TiO2 nanocomposite. 
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is in consistent with JCPDS file No. 21–1272 [27,29]. These peaks were 
exhibited in 2.5 wt% BPQDs/TiO2 nanocomposite also. However, the 
intensity of these diffraction peaks slightly reduced for BPQDs/TiO2 
nanocomposite due to the decoration of TiO2 by BPQDs. Further, these 
diffraction peaks were shifted to lower angle for 2.5 wt% BPQDs/TiO2 
nanocomposite compared to TiO2 indicating the interaction of BPQDs 
with TiO2. The diffraction peaks corresponding to BPQDs were not 
observed in 2.5 wt% BPQDs/TiO2 nanocomposite due its less 
concentration. 

The FTIR spectra of BPQDs, TiO2 and BPQDs/TiO2 nanocomposites 
are depicted in Fig. 3(b). The BPQDs showed the broad peak around 
2800–3442 cm− 1 corresponding to hydroxyl B–OH and B–H functional 
group [30]. Further, the peaks observed at 1432 cm− 1 and 1280 cm− 1 

were due to B–C and B–O vibrational modes of boronyl functional 
groups. Further, BPQDs peaks showed at 658 cm− 1 and 878 cm− 1 were 
ascribed to B–B stretching vibrations respectively [31]. The BPQD/TiO2 
nanocomposite also exhibited these peaks as well as other peaks at 461 
cm− 1 and 521 cm− 1 corresponding to stretching Ti–OH and Ti–O–Ti 
peaks respectively [27,32]. 

The Raman spectra of TiO2, BPQDs and 2.5 wt% BPQDs/TiO2 
nanocomposite is depicted in Fig. 3(c). TiO2 showed the peaks at 147 
cm− 1, 401 cm− 1, 521 cm− 1 and 641 cm− 1 attributing to Eg(1), Eg(2), A1g 
+ B1g(2) and Eg(3) of TiO2 respectively [27]. Further, the peak observed 
at 576 cm− 1 and 1056 cm− 1 attributed to the breathing modes of b12 
phase [33]. The other peaks at 410, 470, and 764 cm− 1 correspond to 
vibrational modes of w3 phase of BPQDs [33]. 

The chemical state of the BPQDs and TiO2 in the nanocomposite was 
investigated using XPS. Fig. 3(d) shows the survey scan of 2.5 wt% 
BPQDs/TiO2 nanocomposite which showed the peaks at 186 eV, 286 eV, 
530 eV and 459 eV, attributed to B, C, O and Ti correspondingly. The 
presence of carbon in the sample is due to the airborne impurities and 
the introduction of the exfoliation solvents (IPA) during synthesis of 
nanocomposite [9]. The percentage of loading of BPQDs on TiO2 
nanoparticles was found to be 3.2 wt%. The high resolution XPS spectra 
of B1s of BPQDs/TiO2 is depicted in Fig. 3(e) which exhibited the peaks 
at 186.5 eV, 188.2 eV and 191.2 eV which were attributed to B–B, B–O 
and B2O3 bonds respectively [7,8]. Similarly, the high resolution XPS of 
O1s of BPQDs/TiO2 (depicted in Fig. 3(f)) showed the peaks at 529.9 eV 

Fig. 4. (a) UPS spectra and (b) Mott-Schottky plots of BPQDs/TiO2 and TiO2.  

Fig. 5. (a) LSV curves, (b) Photocurrent response, (c) Stability check and (d) Nyquist plots of TiO2, BPQDs and BPQDs/TiO2 nanocomposites.  
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and 532.4 eV which were attributed to Ti-O and B-O bonds, respectively 
[27]. The high resolution XPS of Ti 2P of TiO2 and BPQDs/TiO2 is 
depicted in Fig. 3(g). The peaks exhibited at 459.39 eV, 465.19 eV for 
TiO2 and peaks exhibited at 458.55 eV, 464.24 eV for BPQDs/TiO2 were 
attributed to Ti 2P3/2 and Ti 2P1/2 chemical state respectively [27]. It is 
worth noticing that these peaks moved towards the lower binding en-
ergy value for BPQDs/TiO2 compared to TiO2 representing the interac-
tion of TiO2 particles with BPQDs. 

PL spectroscopy was carried out to examine the migration and 
trapping nature of photo-excited electrons and holes [34]. Also, PL 
emission is widely recognized for revealing the recombination rate of 
photo generated electron-hole pairs in semiconductors as it is formed by 
the recombination of photo-generated electrons and holes in semi-
conductors. The higher PL intensity attributed to the faster recombina-
tion rate and lower PL intensity attributed to the suppression of 
recombination rate [34]. PL spectra of the 2.5 wt% BPQDs/TiO2 and 
TiO2 are shown in Fig. 3(i) at an excitation wavelength of 360 nm. It can 
be observed that the BPQDs/TiO2 nanocomposite showed less intensity 
compared to TiO2 nanoparticle representative the suppression of 
recombination rate of photo generated electrons and hole pairs [27]. 
This suggests that the more photoexcited electrons participate in pho-
toelectrochemical activity in BPQDs/TiO2 nanocomposite and is ex-
pected to show enhanced photoelectrochemical activity compared to 
individual TiO2 nanoparticles. 

UPS was performed to study the work function of BPQDs/TiO2 and 
TiO2. The WF(ϕ) of BPQDs/TiO2 nanocomposite and TiO2 was calcu-
lated using the formula [35,36]: 

ϕ = hν − |Esec − EFE|

Where Esec is secondary edge and EFE is Fermi edge in UPS, hv = 23 eV is 
incident photon energy. 

The UPS spectra of BPQDs/TiO2 nanocomposite and TiO2 is shown in 
Fig. 4(a). The calculated ϕ were found to be 4.64 eV for TiO2 and 4.14 eV 
for 2.5 wt% BPQDs/TiO2 respectively. It can be noticed that the ϕ was 
found to be less for 2.5 wt% BPQDs/TiO2 compared to TiO2 nano-
particles which benefits the reduction of the energy barrier and improve 
electron transport performance [36]. The ϕ for BPQDs/TiO2 nano-
composite was decreased due to more defects created on the surface of 
TiO2 by BPQDs or due to presence boron functionalized groups of which 
can serve as n-type dopants providing excess of electrons so that more 
electron charge transfer from BPQDs to TiO2 occurs as well as creation of 
new energy levels affecting the moving of fermi energy levels towards 
the conduction band of TiO2 which may favors the enhancement in 
photoelectrochemical water splitting for BPQDs/TiO2 nanocomposite 
[37]. 

The photoelectrochemical performance of the BPQDs/TiO2, BPQDs 
and TiO2 electrodes were thoroughly studied to understand the syner-
getic effects between BPQDs and TiO2. Fig. 5(a) depicts the linear sweep 
voltammetry (LSV) curves of BPQDs/TiO2 nanocomposite, BPQDs and 
TiO2. As can be observed from figure that the onset potentials of TiO2 
and BPQDs/TiO2 nanocomposite were calculated to be − 0.8 V and 
− 0.65 V v/s Ag/AgCl, respectively. This shows that the onset potentials 
of TiO2 negatively moved by 150 mV after introducing of BPQDs, 
signifying that the BPQDs can greatly decrease the onset potential value 
of TiO2. The negative change in the onset potential is an excellent 
response for photoelectrochemical water splitting [38]. Additionally, 
the transient photocurrent responses for TiO2, BPQDs and BPQDs/TiO2 
photoanode is shown in Fig. 5(b). When illuminated, BPQDs/TiO2 
exhibited a substantial rise in transient photocurrent (0.35 mA cm− 2) 
which is almost ~4 times higher than that of TiO2 (0.1 mA cm− 2) 
electrode. This is due to the less band gap of BPQDs/TiO2 nano-
composites [39,40]. To gain more insight into the charge transfer 
resistance between BPQDs/TiO2 photoanode and electrolyte interface, 
electrochemical impedance spectroscopy (EIS) was performed at 1.23 V 
vs. NHE under illumination. The attained Nyquist plots for TiO2, BPQDs 

and BPQDs/TiO2 photoanode under 150 W xenon lamp radiance are 
shown in Fig. 5(d). The diameter of the EIS curve semicircle (which 
correlates to interfacial charge transfer resistance) for BPQDs/TiO2 
photoanode was found to be much lesser than that of TiO2 suggesting the 
lower charge transfer resistance and effective charge transfer between 
BPQDs/TiO2 photoanode and the electrolyte [27,39]. The Randel cir-
cuit, which is seen in the inset of Fig. 5(d), was used to study impedance 
spectra. Table 1 summarizes the determined values of the series resis-
tance (R1), charge transport resistance (RT), and transfer resistance (RW) 
between the BPQDs/TiO2 photoanode and the electrolyte. It is evident 
that BPQDs/TiO2 exhibits lower charge transport and transfer resis-
tance. The BPQDs/TiO2 photoanode showed lowest RT value which was 
caused by a reduction in surface recombination, supports enhanced 
charge separation and quicker charge transfer at the interface compared 
to TiO2 photoanodes [39]. The suppressed recombination rate of pho-
togenerated charge carriers of BPQDs/TiO2 compared to TiO2 is also 
corroborated by PL spectroscopic results discussed in the above section. 
The obtained photocurrent response has been compared with other 
types of borophene based structures as well as quantum dots and is 
tabulated in Table 2. The photocurrent response of BPQDs/TiO2 nano-
composite has been found to be promising for the photoelectrochemical 
water splitting. Fig. 5(c) depicts a long stability (10 h) test that dem-
onstrates the BPQDs/TiO2 electrodes exhibited outstanding stability, 
with no measurable current decay throughout the process at 0.5 V under 
150 W xenon lamp illumination. Mott-Schottky (M–S) plots were used to 
investigate the effect of band edge alignment on photoelectrochemical 
water spitting performance of BPQDs/TiO2. For n-type semiconductors, 
the difference between the flat band potential (Efb) and the conduction 
band edge is expected to be relatively small. M–S plots of TiO2 and 
BPQDs/TiO2 are shown in Fig. 4(b). The Efb of TiO2 is determined as 
− 0.25 V and for BPQDs/TiO2 is − 0.52 V vs Ag/AgCl. Upon light illu-
mination, electrons were excited from valence band to conduction band 
of BPQDs. Further these electrons can transfer to conduction band of 
TiO2 from conduction band of BPQDs. Since the Efb of BPQDs is situated 
higher than that of TiO2 until thermodynamic equilibrium is formed and 
these electrons are involved in water splitting resulting in hydrogen 
production. Similarly, the flow of holes in the opposite direction from 
valence band of TiO2 to valence band of BPQDs is expected [27,41]. 
Additionally, the donor density was determined using Mott-Schottky 
plots as described elsewhere [42]. The determined donar density value 

Table 1 
Randel circuit fitting parameters of as prepared TiO2, BPQD, BPQD/TiO2.  

Sample R1 (Ω) RT (Ω) Rw (Ω) C1 (F) 

TiO2 6 2358 1252  0.0000823 
BPQD 5 2142 1085  0.000072 
BPQD/TiO2 14 685 438  0.000010  

Table 2 
Comparison of photocurrent produced by different Quantum dots based 
photoelectrocatalyst.  

Sl 
No 

Method catalysts Photocurrent 
response 

Reference 

1 Hydrothermal 
method 

Hexagonal Boron 
Nitride Quantum 
Dots-WO3 

1.63 mAcm− 2 [44] 

2 Hydrothermal 
method 

CQDs/TiO2 2.5 mAcm− 2 [45] 

3 Solvothermal 
method 

GQDs/TiO2 0.3 mAcm− 2 [46] 

4 Solvothermal 
method 

NCQDs/TiO2 0.15 mAcm− 2 [47] 

5 Liquid exfoliation 
method 

Phosphorus quantum 
dots/TiO2 

0.95 mAcm− 2 [48] 

6 Hydrothermal 
method 

Borophene quantum 
dots/TiO2 

0.35 mAcm− 2 This work  
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of TiO2 and BPQDs/TiO2 was found to be 2.59 × 1018 cm3 and 1.17 ×
1020 cm3 respectively. It can be observed that higher donor density was 
found to be for BPQDs/TiO2 compared to other individual components 
which is attributed to the best photoelectrochemical performance 
demonstrated by the BPQDs/TiO2 photoanode. Based on the above 
findings, the charge transfer mechanism between the BPQDs and TiO2 
can be explained using Scheme 2. When the BPQDs/TiO2 nanocomposite 
is illuminated with light, the BPQDs generates photoexcited electrons in 
its conduction band leaving behind holes in its valence band. These 
photoexcited electrons are spontaneously transferred to the conduction 
band of TiO2 and involve redox reaction to split water and thereby 
producing hydrogen. Simultaneously, holes present in the valence band 
of BPQDs can directly transfer to the valence band of TiO2 and involve in 
the oxidation reaction to produce O2. Apart from this, BPQDs can boost 
the visible light harvesting of BPQDs/TiO2 nanocomposite due to the up- 
conversion effect caused by the absorption of two or more photons [43]. 
BPQDs can improve the visible light absorption and broaden the spec-
trum of light harvesting to the visible area, resulting in improved pho-
toelectrochemical water splitting performance. 

4. Conclusions 

In conclusion, the BPQDs were scaffolded onto TiO2 nanoparticles 
and used for PEC water splitting applications. The enhanced photo-
electrochemical activity of BPQDs/TiO2 was due to the decrement in the 
band gap as studied from UV–Visible absorption spectroscopy and the 
decrease in the work function of BPQDs/TiO2 nanocomposite as studied 
by UPS indicating the easy generation of photoexcited electrons. The 
suppressed photoexcited electron-hole pairs as revealed by PL spec-
troscopy suggestes the longer lifetime of these photoexcited electrons 
favoring the enhanced photoelectrochemical activity of BPQDs/TiO2 
nanocomposite. The developed BPQDs/TiO2 nanocomposite will be a 
promising nanocomposite for visible light photoelectrochemical 
applications. 
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