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p-type and n-type semiconductors. These 
p–n heterojunctions have been frequently 
explored as electrocatalysts, photocatalysts, 
and photo-electrocatalysts for energy and 
environmental applications.[1]

Up till now, numerous n-type and 
p-type materials have been applied to 
construct such p–n heterojunctions, 
especially those materials featuring high 
electrocatalytic[2–6] and photocatalytic[7–9] 
activities. For example, various semicon-
ductors (e.g., transition metal oxides/
hydroxides) have been synthesized and 
utilized as photocatalysts since they are 
clean, sustainable, and cost-effective.[7–9] 
Among them, TiO2 is a benchmark and 
has been utilized extensively in the appli-
cations of pollutant degradation, water 
splitting, and solar cells.[10–13] Unfortu-
nately, TiO2 suffers from rapid photo-
electron–hole recombination when no 
favorable material is supported.[14,15] There-
fore, numerous efforts have been devoted 
for minimizing the recombination of the 

carriers or acquiring higher efficiencies of carrier separation in 
TiO2 photocatalysts.[16–18] Among numerous p-type materials, 
boron doped diamond (BDD) is a promising electrocatalyst.[24] 
This is because hydroxyl radicals (•OH) can be generated effi-
ciently on the BDD surface during the advanced oxidation 
processes.[24–26] Moreover, BDD possesses a wide electrochem-
ical window, supplying a sufficient bias voltage to enhance  

Heterojunctions are especially attractive for photo-electrocatalytic 
applications if both high-performance photo and electrocatalysts are 
employed for their construction. Herein, a p–n heterojunction is synthesized 
using uniform patterns of p-type boron doped diamond (BDD) and an n-type 
anatase TiO2 film. The exposure ratios of the BDD patterns are varied to tune 
the photo-electrocatalytic abilities of this heterojunction. A heterojunction 
with a BDD exposure ratio of 20% exhibits a photocurrent density 
of 0.63 mA cm−2, which is 2.86-fold higher than that obtained on a BDD film 
and 1.91-fold higher than that obtained on a TiO2 film coated on a BDD film. 
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p–n heterojunction as well as facilitated charge separation in a lateral 
direction. This TiO2/BDD patterned heterojunction is thus promising as a 
new photo-electrocatalyst for various catalytic applications.
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1. Introduction

The fundamentals and applications of different heterojunc-
tions have been studied for decades. Recently, heterojunctions 
formed between two solid materials have attracted more atten-
tion.[1] Based on a solid–solid architecture, the most commonly 
employed heterojunctions nowadays are closely contacted 

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. 
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the photo-electrochemical performance of a TiO2 photocata-
lyst. Therefore, heterojunctions integrated with these high-
performance electrocatalysts (e.g., BDD) and photocatalysts 
(e.g., TiO2) deliver significantly enhanced efficiencies for photo-
catalytic (PC), electrocatalytic (EC), and photo-electrocatalytic 
(PEC) reactions.[19,20] Meanwhile, nanostructured heterojunc-
tions with similar photocatalysts and electrocatalysts have also 
been fabricated in that they feature large contact areas, excel-
lent light-trapping characteristics and highly conductive path-
ways for the collection of charge carriers. For example, on a 
nanostructured TiO2 photoelectrode, the photocurrent density 
almost reached the theoretical photocurrent density of a TiO2 
photoelectrode.[21,22] Since the electron transfer rate of a BDD 
film is relatively fast, charge transfer across the interface of a 
BDD/TiO2 p–n heterojunction is rapid and efficient.[1b,27–29] The 
synthesis and applications of the p–n heterojunctions from 
p-type BDD and n-type TiO2 are thus significant. Actually, such 
heterojunctions have proven to be promising for the photocata-
lytic disinfection/degradation of pollutants.[30–34] For instance, 
a TiO2/BDD heterojunction, formed by dip-coating TiO2 nan-
oparticles on a BDD electrode, exhibited a current density of 
0.098  mA cm−2 at a bias potential of 0.8  V (vs Ag/AgCl) and 
with a density of 9.8  mW cm−2 under irradiation.[32] Another 
TiO2/BDD heterojunction was fabricated by liquid phase depo-
sition of TiO2 nanotubes on a BDD film.[33] The sputtering of 
TiO2 on a BDD film formed a TiO2/BDD heterojunction, of 
which the current density was 0.125 mA cm−2 at a bias poten-
tial of 1.5 V (vs standard hydrogen electrode) and under simula-
tive solar irradiation.[34] Note here that, the BDD surface was 
fully covered by a TiO2 film in these cases. In other words, the 
EC capacity of a BDD film is totally inhibited. In an attempt 
to partially expose the BDD surface, a TiO2/Sb-doped SnO2/
BDD mesoporous heterojunction has recently been synthe-
sized. Compared with previous TiO2/BDD heterojunctions, its 
PEC performance was significantly enhanced.[32–34] At a bias 
potential of 3.0  V (vs standard hydrogen electrode) and with 
an irradiation density of 3.0 mW cm−2, this 3D heterojunction 
exhibited a current density of 15 mA cm−2, which was 1.63-fold 
higher than that of a BDD film.[35] Unfortunately, the effect of 
the exposure ratios of a BDD film on the PEC performance of 
such TiO2/BDD heterojunctions is still unclear. Although the 
efficiencies of PC, EC, and PEC reactions are enhanced,[19,20] 
the chemical compatibility between typically used electrocata-
lysts and photocatalysts is relatively poor. Within existing TiO2 
based heterojunctions, the efficiency of charge transfer across 
related interfaces still requires improvement.[23] Using TiO2/
BDD heterojunctions with randomly distrusted BDD domains, 
it is still challenging to clarify such an effect. The development 
of novel strategies to fabricate TiO2/BDD p–n heterojunctions 
and to further explore their PEC performance is thus of great 
significance.

Herein, we introduce the generation of patterned TiO2/BDD 
p–n heterojunctions, where uniform and round rectangles 
from p-type BDD are formed beneath an n-type anatase TiO2 
film. In order to tune the PEC catalytic activities of these het-
erojunctions, the exposure ratios of rounded BDD rectangles to 
the total surface area of a TiO2/BDD heterojunction are set at 
0%, 10%, 20%, 38%, to 100% during the photolithographic step 
in their production. During PEC measurements, these rounded 

BDD rectangles actually act as a BDD ultra-microelectrode 
array (UMEA) on the surface of a heterojunction. Prior to the 
application of these patterned TiO2/BDD heterojunctions for 
the PEC degradation of methyl orange (MO), their PEC proper-
ties are investigated using voltammetry, both in the dark and 
under light illumination. The amounts of generated •OH radi-
cals are examined by means of electron spin resonance  spec-
troscopy (ESR). To interpret the PEC activity of these patterned 
TiO2/BDD heterojunctions, a synergistic effect is proposed 
among the BDD UMEA, the TiO2/BDD p–n junction and the 
charge separation in a lateral direction.

2. Results and Discussion

The morphology of three patterned TiO2/BDD composite films 
is shown in Figure 1A–C. In these scanning electron micros-
copy (SEM) images, the dark and bright regions correspond 
to the TiO2 and BDD phases, respectively. This was further 
confirmed by the phase contrasts in their backscattered elec-
tron (BSE) images (Figure S1A–C, Supporting Information). 
Clearly, the BDD patterns fabricated during the photolitho-
graphic process are rounded rectangles. The size of the 
exposed BDD patterns is 40 µm (in length) × 5 µm (in width). 
Such BDD patterns are thus actually formed as a BDD UMEA. 
According to these SEM and BSE images, the calculated expo-
sure ratios of the BDD patterns (or a BDD UMEA) to the total 
surface areas of the three patterned TiO2/BDD composite films 
are 10%, 20%, and 38% in Figure 1A–C, respectively. Note that, 
the morphology of BDD is well maintained and has not been 
affected during the etching process. Moreover, no pin holes 
are visible in the TiO2 zones (Figure S1D, Supporting Informa-
tion), suggesting that a dense TiO2 film has been sputtered on 
the BDD surface. The estimated thickness of this TiO2 film is 
about ≈500  nm (Figure  1D). Since the three composite films 
feature similar characteristics, only the patterned TiO2/BDD 
composite film with a BDD exposure ratio of 20% is presented, 
the results of its characterization are discussed in the following 
sections.

The crystal structure of a patterned TiO2/BDD composite 
film with a BDD exposure ratio of 20% was examined with 
X-ray diffraction spectroscopy (XRD). In its XRD patterns 
(Figure  1E), the diffraction peak at 69.1° originates from sil-
icon (100). The two peaks at 43.9° and 75.3° are indexed to the 
(111) and (220) planes of diamond, respectively. The two peaks 
at 25.3° and 48.1° are ascribed to the (101) and (200) planes of 
anatase TiO2, respectively. The crystal phases of this patterned 
TiO2/BDD composite film were further investigated by Raman 
spectroscopy. In its Raman spectrum (Figure  1F), the peak at 
520 cm−1 results from the silicon substrate. The two peaks at 
396 and 636 cm−1 reveal B1g and Eg modes of anatase TiO2, 
respectively.[36,37] The peak at 1330 cm−1 indicates the presence 
of doped sp3-carbon (namely of BDD).[38,39]

XPS analysis of this patterned TiO2/BDD composite film 
was further conducted. Its full XPS survey (Figure S2A, Sup-
porting Information) reveals the presence of Ti, C, O, and F 
elements in the film. The fluorine signal results from hydro-
fluoric acid used during the wet-etching process. The C peak 
for this patterned TiO2/BDD composite film is dramatically 

Small Methods 2020, 4, 2000257
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increased, in comparison to that for a TiO2 film (coated on a 
BDD film) (Figure S2B, Supporting Information). In its high-
resolution XPS spectrum of C 1s (Figure  1G), a sharp peak is 
seen with a binding energy of 285.0  eV. This is from the sp3 
hybridized carbon, namely the diamond phase in this patterned 
TiO2/BDD composite film.[40,41] In other words, BDD is success-
fully exposed on the surface of the TiO2 film. The two peaks 
at the binding energies of 286.5 and 288.3  eV are associated 
with oxygen-containing chemical groups of hydroxyl (C-OH)/
ether (COC) and carbonyl (>CO), respectively.[35,42] The 
high-resolution XPS spectrum of Ti 2p was fitted with two 
unique titanium peaks (Figure  1H): a Ti4+ 2p3/2 peak with a 
binding energy of 459.0 eV and a Ti4+ 2p1/2 peak with a binding 
energy of 464.8 eV.[43] In the high-resolution XPS spectrum of 
O 1s (Figure  1I), the peak with a binding energy of 530.0  eV 
is assignable to the lattice oxygen in TiO2,[44] while the oxygen 
with a binding energy of 531.7  eV is attributed to the bridged 
hydroxyls.[18,45]

In order to demonstrate the fabrication of a p–n heterojunc-
tion between the p-type BDD and n-type TiO2 on this patterned 
TiO2/BDD composite film, the curves of the current density 
versus voltage (J–V) of a TiO2 film (coated on a BDD film) and a 
BDD film were recorded (Figure S3, Supporting Information). 
The J–V curve of the BDD film passes through the zero point. 
This symmetric J–V behavior (Figure S3a, Supporting Informa-
tion) indicates an ohmic-like contact between a BDD layer and 
the silicon substrate.[46] In contrast, the J–V curve of the TiO2 
film (coated on a BDD film)  shows a rectifying characteristic 
(Figure S3b, Supporting Information). The current density is 
0.288 mA cm−2 at a forward bias of 5.0 V. With a reverse bias 
of −5 V, the current density is only 0.002 mA cm−2. Such a high 
rectification ratio represents the formation of a typical p–n het-
erojunction between BDD and TiO2.[30,33,47] Consequently, the 
patterned TiO2/BDD heterojunction is formed.

To investigate the EC activity of a patterned TiO2/BDD 
heterojunction with a BDD exposure ratio of 20%, the cyclic 

Small Methods 2020, 4, 2000257

Figure 1. A–D) SEM images of the patterned TiO2/BDD composite films with a BDD exposure ratio of A) 10%, B) 20%, and C) 38% in the top view 
and D) in the cross-sectional view; E) XRD patterns, F) Raman spectrum, and G–I) high-resolution XPS spectra of a patterned TiO2/BDD composite 
film with a BDD exposure ratio of 20% for the elements of G) C 1s, H) Ti 2p, and I) O 1s. In (G–I), the black lines are experimental results and other 
colorful lines are fitted ones.
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voltammograms (CVs) of Fe(CN)6
3−/4− redox probes dissolved 

in aqueous solutions were recorded on this heterojunction 
(Figure 2A). For comparison, similar measurements were per-
formed with a BDD film and a TiO2 film (coated on a BDD 
film). No redox peaks are found in the CV of the TiO2 film 
(coated on a BDD film), indicating that this film is not elec-
trochemically active (Figure  2A-b). In contrast, the CVs of the 
BDD film and this patterned TiO2/BDD heterojunction exhibit 
a couple of well-defined redox waves. On this patterned TiO2/
BDD heterojunction, the anodic peak current is 1.25 mA cm−2  
(Figure  2A-c), 61% of that obtained by the BDD film 
(2.06 mA cm−2, Figure 2A-a). These values demonstrate that the 
EC activity of this patterned TiO2/BDD heterojunction origi-
nates from the exposed BDD patterns. Note here that, the cur-
rent ratio (61%) is three-times higher than the exposure ratio 
(20%) of BDD patterns on this heterojunction. This is because 
these BDD patterns actually behave like an UMEA,[48,49] leading 
to the enhanced redox peak currents on this patterned TiO2/
BDD heterojunction. Furthermore, the anodic peak potential of 
[Fe(CN)6]3−/4− on this patterned TiO2/BDD heterojunction shifts 
to 0.48 V, which is 0.35 V on a hydrogen-terminated BDD film. 
A similar positive shift is observed in the CVs of a BDD film 
before and after oxygen etching (Figure S4, Supporting Infor-
mation). Such a positive shift is thus attributed to the introduc-
tion of oxygen-containing groups onto the surface of the BDD 
film or onto the exposed BDD surface of the patterned TiO2/
BDD heterojunction during the oxygen etching process.[50,51] 
The Nyquist plots of these films were also recorded at open-cir-
cuit potentials. The estimated charge transfer resistances (Rct) 
of a TiO2 film (coated on a BDD film) (Figure 2B) and a BDD 
film (Figure  2C-a) are 30 000 and 203 Ω, respectively. Com-
pared to a TiO2 film (coated on a BDD film), the Rct value of 
this patterned TiO2/BDD heterojunction (Figure 2C-b) reduced 
dramatically to 1911 Ω. In other words, the introduction of 
exposed BDD patterns significantly reduces the Rct value of a 
TiO2 film. Since this patterned TiO2/BDD heterojunction pos-
sesses exposed BDD and TiO2 phases, its applications as the 
catalyst for PC, EC, and PEC reactions are thus possible. More 
importantly, it is expected to be excellent photo-electrocatalysts.

To verify the superior PEC performance of this patterned 
TiO2/BDD heterojunction (with a BDD exposure ratio of 20%), 
the PEC response of this patterned TiO2/BDD heterojunction 
and a TiO2 film (coated on a BDD film) was assessed in 0.1 m 

Na2SO4 aqueous solution in the dark and under light irradia-
tion. When no light is applied, the current within the potential 
range of 0 to 1.0 V is negligible (Figure S5, Supporting Informa-
tion). With light illumination or when the light is on, the photo-
current response for both electrodes increases significantly. 
Such a response is also highly reproducible (Figure  3A). The 
photocurrent density of this patterned TiO2/BDD heterojunc-
tion is 0.023 mA cm−2, which is 53% of that (0.044 mA cm−2) 
achieved by a TiO2 film (coated on a BDD film). Therefore, 
the charge transport process of this patterned TiO2/BDD het-
erojunction is much faster. Meanwhile, an increase of the bias 
potential leads to the enhancement of the photocurrent densi-
ties for a TiO2 film (coated on a BDD film) (Figure S6, Sup-
porting Information). Taking the photocurrent density of a TiO2 
film (coated on a BDD film) at a bias potential of 1.0 V as an 
example, its value of 0.35 mA cm−2 is 6.9-fold higher than that 
without the application of a bias potential. This demonstrates 
an enhanced separation efficiency of photoexcited charge car-
rier once a bias potential is applied on a TiO2 film (coated on a 
BDD film).[32,34] In other words, a high-quality p–n heterojunc-
tion is formed through coating a n-type TiO2 film on a p-type 
BDD film. Similarly, the photocurrent density of a patterned 
TiO2/BDD heterojunction is also dramatically increased by the 
application of a bias potential (Figure  3B). For example, this 
heterojunction exhibits a photocurrent density of 0.28 mA cm−2 
at a bias potential of 1.0 V, which is 11.2-fold higher than that 
obtained without the application of a bias potential. Compared 
to a TiO2 film (coated on a BDD film), this heterojunc-
tion exhibits a faster rate of increase in the magnitude of as-
obtained photocurrent densities. The difference in as-obtained 
photocurrent densities between two heterojunctions is greatly 
enlarged with an increase in the bias potential (Figure 3C). The 
linear sweep voltammograms (LSVs) of both films were further 
recorded in 0.1 m Na2SO4 solution while subjected to light irra-
diation (Figure S7, Supporting Information). Compared with 
that of a TiO2 film (coated on a BDD film), the slope of the LSV 
of this patterned TiO2/BDD heterojunction is dramatically ele-
vated at a higher potential zone. When the potential is larger 
than 0.5 V, its increasing trend is also evidently greater. Further-
more, this patterned TiO2/BDD heterojunction has a small Rct 
value under light irradiation, 2.4-fold smaller than its value in 
the dark (Figure 3D). For a TiO2 film (coated on a BDD film), 
it is only 1.3-fold smaller (in the dark) than the value obtained 
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Figure 2. A) CVs and B,C) Nyquist plots of 0.01 m K3Fe(CN)6/K4Fe(CN)6 in 0.1 m Na2SO4 aqueous solution on (A-b,B) a TiO2 film (coated on a BDD 
film), A-a,C-a) a BDD film, and A-c,C-b) a patterned TiO2/BDD heterojunction with a BDD exposure ratio of 20%. The scan rate is 50 mV s−1. The 
Nyquist plots were recorded at open circuit potentials.



www.advancedsciencenews.com www.small-methods.com

2000257 (5 of 10) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

when it is illuminated (Figure S8, Supporting Information). 
Consequently, this patterned TiO2/BDD heterojunction fea-
tures a higher PEC efficiency than a conventional p–n TiO2/
BDD junction (a TiO2 film that is coated on a BDD film). 
The enhancement of interfacial charge-carrier transfer is thus 
achieved on this patterned TiO2/BDD heterojunction. Such 
a fast charge transfer across the TiO2/BDD interface lays the 
foundation for efficient utilization of the holes for the various 
PEC applications of this patterned TiO2/BDD heterojunction.

Encouraged by the high PEC efficiency of the patterned 
TiO2/BDD heterojunction with a BDD exposure of 20%, its 
EC and PEC performance at higher voltages (e.g., at 2.5  V) 

was further studied. Figure  4A,B compare the current and 
photocurrent densities of a patterned TiO2/BDD heterojunc-
tion with those of a BDD film and a TiO2 film (coated on 
a BDD film), respectively. Under EC conditions, this pat-
terned TiO2/BDD heterojunction presents a current density of 
0.09 mA cm−2, which is 47.4% of that on a BDD film (0.19 mA cm−2).  
Meanwhile, the current density of the TiO2 film (coated on a 
BDD film) is close to 0 (0.009  mA cm−2). This is because the 
EC activity of a BDD film is completely inhibited due to it 
being covered by the TiO2 layer. The current densities of five 
individual films under PEC conditions are summarized in 
Table S1 (Supporting Information). These films are: a BDD 

Small Methods 2020, 4, 2000257

Figure 3. A,B) Variation of photocurrent densities of a patterned TiO2/BDD heterojunction with a BDD exposure ratio of 20% A-a,B) and a TiO2 
film (coated on a BDD film) A-b) in 0.1 m Na2SO4 aqueous solution as a function of A) running time and B) applied bias potentials; C) Changes of 
increasing rates of photocurrent densities with the applied bias potentials of a patterned TiO2/BDD heterojunction with a BDD exposure ratio of 20% 
C-a) and a TiO2 film (coated on a BDD film) C-b); D) Nyquist plots of a patterned TiO2/BDD heterojunction with a BDD exposure ratio of 20% in 
0.01 m K3Fe(CN)6/K4Fe(CN)6 + 0.1 m Na2SO4 aqueous solution when the light is off (D-a) and on (D-b).

Figure 4. A) EC and B) PEC activities of a patterned TiO2/BDD heterojunction with a BDD exposure ratio of 20% A-a,B-a), a BDD film A-b,B-b) and a 
TiO2 film (coated on a BDD film) A-c,B-c) in 0.1 m Na2SO4 solution and at a bias potential of 2.5 V.
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film (100% BDD exposure), three patterned TiO2/BDD heter-
ojunctions with a BDD exposure ratio of 10%, 20%, and 38% 
(Figure S9, Supporting Information) and a TiO2 film that is 
coated on a BDD film (a heterojunction with 0% BDD expo-
sure). Under light irradiation conditions, the photocurrent 
densities of all patterned TiO2/BDD heterojunctions are higher 
than that of a conventional TiO2/BDD heterojunction (a TiO2 
film that is coated on a BDD film). Most significantly, the cur-
rent density of the patterned TiO2/BDD heterojunction with a 
BDD exposure ratio of 20% increases dramatically, from 0.08 
up to 0.63 mA cm−2. This value is 2.86-fold higher than that of 
a BDD film (0.22 mA cm−2) and 1.91-fold higher than that of a 
TiO2 film (coated on a BDD film) (0.33  mA cm−2). Therefore, 
the PEC performance of patterned TiO2/BDD heterojunctions 
is tuned by the exposure ratio of the electrocatalyst (here BDD) 
and/or the photocatalyst (here TiO2). The patterned TiO2/BDD 
heterojunction with a BDD exposure ratio of 20% features an 
optimized balance between EC performance of a BDD film and 
a PC performance of a TiO2 film, specifically, maximized PEC 
activity. Consequently, this patterned TiO2/BDD p–n hetero-
junction is an efficient photo-electrocatalyst which can be uti-
lized for different catalytic reactions.

To further clarify enhanced PEC activities of this pat-
terned TiO2/BDD heterojunction, ESR was utilized to assess 
the amounts of •OH radicals generated on this PEC catalyst. 
For comparison, similar measurements were performed on a 
BDD film and a TiO2 film (coated on a BDD film). As shown 
in Figure  5A, as-recorded ESR spectra exhibit four character-
istic peaks of DMPO•-OH, indicating that •OH radicals are 
produced on all of the three electrode surface.[24,52] The relative 
intensity of the DMPO•-OH signal obtained on this patterned 
TiO2/BDD heterojunction is much higher than that obtained 
on the other two electrodes. This indicates that a patterned 
TiO2/BDD heterojunction produces the largest total amount 
of •OH radicals compared to the other materials in this study, 
highlighting its potential for PEC applications (e.g., PEC degra-
dation of environmental pollutants).

The application of a patterned TiO2/BDD heterojunction for 
PEC degradation of environmental pollutants (e.g., dye mole-
cules) was then explored. MO was selected as a representative 
substance for this study. For the patterned TiO2/BDD hetero-
junction with a BDD exposure ratio of 20%, a reaction time 
of only 4 h is required to completely degrade the MO. When a 
BDD film and a TiO2 film (coated on a BDD film) are applied, 
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Figure 5. A) ESR spectra and B) the variation of MO removal rate with running time on a) the patterned TiO2/BDD heterojunction with a BDD exposure 
ratio of 20%, b) a BDD film, and c) a TiO2 film (coated on a BDD film); C) Stability tests of a patterned TiO2/BDD heterojunction with a BDD exposure 
ratio of 20% toward MO degradation for 5 iterations. The measurements were conducted at a bias potential of 2.5 V.
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the MO removal fraction in 4 h, is down to 56% and 45%, 
respectively (Figure 5B). This patterned TiO2/BDD heterojunc-
tion has also been successfully applied in the complete removal 
of MO, with the same concentration, for 5 separate iterations 
(Figure 5C), indicating its highly stable PEC activity. Obviously, 
such high and stable photo-electrocatalytic activity of the pat-
terned TiO2/BDD heterojunction with a BDD exposure ratio 
of 20% result from the accelerated generation of •OH radicals 
on the surface of this heterojunction, as confirmed by the ESR 
measurements. However, it must be pointed out that there are 
probably other species (e.g., electron and super oxide radicals) 
that play a role during MO degradation (decolorization). For 
example, the reductive cleavage of the azo bond (NN) by 
electrons leads to MO degradation. To provide convincing evi-
dence and deeper understanding of the enhanced degradation 
activities of these patterned TiO2/BDD heterojunctions, studies 
on the generation of electrons and other kinds of radicals are 
helpful and should be pursued.

On the basis of the above experimental results, the improved 
PEC activity of this patterned TiO2/BDD heterojunction is inter-
preted from the following aspects (Figure 6). First, the electro-
catalytic performance of a patterned TiO2/BDD composite film 
is significantly improved. This is because the exposed BDD 
rectangles on this patterned TiO2/BDD composite film actu-
ally act as an UMEA. Originating from radical diffusion on 
this BDD UMEA (instead of a linear diffusion occurring on a 
flat diamond electrode), this patterned TiO2/BDD composite 

film exhibits enhanced mass transport,[53] leading to the same 
electrochemical response as that obtained on a BDD film with 
the same geometric area of the patterned TiO2/BDD composite 
film (Figure  6A). Meanwhile, the constructed p–n heterojunc-
tion between BDD and TiO2 realizes efficient separation and 
transportation of photogenerated charge carriers. It is worth 
mentioning that the band gap energy of a hydrogen-terminated 
diamond surface is 5.47 eV,[54] which is larger than that (3.2 eV) 
of TiO2.[55] It is also known that the maximum energies of the 
valance band (VB) of BDD and TiO2 in a TiO2/BDD pattern are 
5.9 and 7.1  eV, respectively.[34] The barrier to bend the conduc-
tion band (CB) of a TiO2/BDD heterojunction is high, resulting 
in the diffusion of the electrons from TiO2 to BDD. Under light 
irradiation conditions, the photogenerated electron–hole pairs 
can be separated quickly by the built-in electric field within 
the space charge region. Driven by the electric field, the elec-
trons are transferred to the CB of the n-type TiO2 and the holes 
are left on the VB of the p-type BDD (Figure S10, Supporting 
Information).[1b,31] It must be pointed out that the hole concen-
tration in the BDD patterns is sufficient for its VB. Therefore, 
with the application of light irradiation and a sufficiently high 
bias voltage, the VB of BDD shifts and becomes equal to that of 
TiO2.[34] Consequently, the injection of holes from p-type BDD 
into n-type TiO2 as well as electron transfer from TiO2 to BDD 
occurs (Figure S7B, Supporting Information). Such processes 
are the driving forces required to improve the PEC efficiency of 
a TiO2/BDD heterojunction subjected to light irradiation and at 
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Figure 6. Schematic illustration of the PEC mechanism of a patterned TiO2/BDD composite film (or heterojunction) under light irradiation and with 
the application of a bias voltage: A) the radial diffusion on a BDD UMEA, B) separation and transportation of photoexcited charge carriers at the TiO2/
BDD p–n junction, C) charge transfer from BDD to TiO2 at a lateral direction.
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a high bias potential. For a conventional TiO2/BDD p–n junc-
tion (a TiO2 film coated on a BDD film), the hole injection from 
BDD to the photoexcited TiO2 is notably limited.[32,34] However, 
a perpendicular built-in electric field is expected to be formed in 
the boundary region of a patterned TiO2/BDD heterojunction 
with a forward bias voltage. In other words, the charge transfer 
occurs not only in the normal interface of a patterned TiO2/BDD 
heterojunction, but also in the lateral domain direction. Both 
contributions effectively increase the separation and transporta-
tion of the photoexcited charge carriers (Figure  6C).[56,57] As a 
result of such a lateral polarization, the photocurrent enhance-
ment of a patterned TiO2/BDD composite film (or heterojunc-
tion) is more remarkable than that of a TiO2 film that is coated 
on a BDD film (or a conventional heterojunction), even when 
the same bias potential is applied (Figure 3C). To summarize, 
such a patterned TiO2/BDD composite film (or heterojunction) 
combines the features of a BDD UMEA, a TiO2/BDD p–n junc-
tion and fast charge separation in a lateral direction, resulting 
in the significant enhancement of its PEC performance.

3. Conclusion

In summary, the patterned TiO2/BDD heterojunctions fab-
ricated from an anatase n-type TiO2 film and uniform p-type 
BDD patterns display enhanced photo-electrocatalytic activity, 
especially when high bias potentials are applied. Moreover, 
this activity can be tuned by adjusting the exposure ratios of 
BDD or TiO2 on these heterojunctions. The increased photo-
electrocatalytic activity is confirmed by the accelerated genera-
tion of •OH radicals on their respective surfaces. A synergistic 
effect is believed to exist between the surface of a BDD UMEA, 
a TiO2/BDD p–n junction and the facilitated charge separa-
tion in a lateral direction. Therefore, this study provides deep 
insights to aid the design of novel patterned heterojunctions. 
As a result of this, their application is expected to broaden into 
the fields of water treatment, CO2 reduction, and ammonia 
oxidation.

4. Experimental Section
Synthesis of the Patterned TiO2/BDD Heterojunctions: The synthesis of 

the patterned TiO2/BDD heterojunctions (composite films) is illustrated 
in Figure S11 (Supporting Information). In the first step, the BDD film 
was deposited on a single-crystalline Si (100) substrate with a microwave 
plasma enhanced chemical vapor deposition (MWCVD) system (ASTeX 
5000w A5000i model). Prior to the BDD growth, the Si substrate was 
pre-treated in a Piranha solution for 1 h (Caution: a Piranha solution 
is highly dangerous and must be used with great care) and cleaned 
3 times in an ultrasonic bath with distilled water. Subsequently, the Si 
wafer was seeded with diamond nanoparticles (5  nm in diameter) by 
immersing it into the diamond colloid dispersion in an ultrasonic bath 
for 30  min. After being rinsed with distilled water and dried with N2 
gas, the seeded Si substrate was loaded into a MWCVD reactor for the 
BDD growth. The growth parameters are listed in Table S2 (Supporting 
Information), including the flow ratio of H2/CH4 and trimethylborane 
(TMB), microwave power, chamber pressure, deposition time, and 
substrate temperature. In the second step, a TiO2 film was sputtered 
on the surface of the BDD film. Here, a radio frequency (RF, 3.56 MHz) 
magnetron sputtering machine was used. TiO2 layer was sputtered from 
a target material–Ti metal (99.99% purity, 2 in. in diameter, and 5 mm in 

thickness) in an Ar (99.99% pure)/O2 (99.99% pure) atmosphere. The 
sputtering parameters are shown in Table S3 (Supporting Information), 
including the background pressure, working pressure, the flow rates of 
Ar and O2 gases, RF power, sputtering time, and substrate temperature. 
In the third step, the TiO2 film was patterned by means of a standard 
photolithographic technique. Using a spin coater and a rotation speed 
of 4000 rpm, the TiO2 coated BDD film was initially covered with a thin 
and homogeneous layer of negative photoresist (AZ 15 nXT (115CPS)). 
Such a coated sample was then softly baked at 110  °C for 120 s. 
Following this, it was exposed through a photomask installed in a mask 
aligner (Karl Suss MJB 3), followed by a post bake at 120 °C for 30 s. The 
exposed sample was then developed in AZ 826MIF for 3 min and further 
stopped in distilled water for 1  min. The areas that were not covered 
with the photoresist were dry etched in an Ar/CF4 plasma and then wet-
chemically etched in a buffered hydrofluoric acid solution (VHF:VNH4F = 
12.5:87.5%). Finally, the photoresist was removed by washing the 
samples in 1 m KOH solution, followed by rinsing with distilled water.

Material Characterization: The morphologies of as-prepared films 
were examined with a field emission scanning electron microscope 
(FE SEM, Zeiss Ultra 55). The X-ray diffraction (XRD) patterns of 
as-prepared films were recorded on an XRD 3000 PTS diffractometer (GE 
Inspection Technologies GmbH). An X-ray photoelectron spectrometer 
(XPS, Surface Science Instruments, SSX-100 S-probe photoelectron 
spectrometer, USA) equipped with Al Kα radiation of 200 W was used to 
collect the XPS data of as-prepared films. For the analysis of the recorded 
XPS spectra, Casa XPS software was used. The Raman spectra of the 
used films were obtained on an inVia Raman Microscopy (RENISHAW). 
The curves of current density versus voltage (J–V) were recorded on a 
Keithley 2400 source meter at room temperature. The measured sample 
size was 10 mm × 10 mm. Copper wires were fixed on the surface of the 
BDD film and the TiO2 film with the help of silver glue.

EC and PEC Measurements: All EC and PEC measurements were 
performed on a CHI 660E electrochemical analyzer (Shanghai Chenhua 
Inc., China) with a three-electrode configuration. As-prepared film 
electrodes (with a geometric area of 0.196 cm2), Pt wire and a Ag/AgCl 
electrode acted as the working electrode, counter electrode, and reference 
electrode, respectively. For PEC measurements, the working electrode 
was irradiated by a 150 W Xenon lamp coupled to a Monochromator 
(MSH-300, LOT-Quantum Design GmbH) without wavelength control. 
The applied light density was 1 mW cm−2. Linear sweep voltammograms 
(LSVs) and photocurrent response were recorded in 0.1 m Na2SO4 
solution at a scan rate of 50  mV s−1. To evaluate the electrochemical 
activity of as-prepared electrodes, the cyclic voltammograms (CVs) were 
obtained at a scan rate of 50 mV s−1 in an aqueous solution of 0.01 m 
K3Fe(CN)6/K4Fe(CN)6 + 0.1 m Na2SO4. The Nyquist plots were recorded 
at open circuit potentials within the frequency range from 0.01  Hz to 
100  kHz. All current densities in the text were normalized with the 
geometric area of the used electrodes.

ESR Measurements: ESR spectra were recorded on a continuous-wave 
X-band ESR spectrometer (EMX-plus, Bruker, Germany) with a high-
sensitivity TM110 cylinder cavity (ER 4119HS-LC, Brucker, Germany). The 
unloaded quality factor was about 12 000 and the resonance frequency 
(empty) was 9.85  GHz. Unless otherwise stated, ESR spectra were 
detected with a 100  kHz magnetic field modulation with an amplitude 
of 50 µT. The electrolyte was a 0.1 m pH 2 Na2SO4 solution (adjusted by 
H2SO4). For the ESR measurement, 25 µL of the sample were collected 
from the electrolyte after a PEC process at 2.5  V for 5  min. This was 
immediately mixed with 25 µL of 0.22 m 5,5-dimethyl-1-pyrroline-N-oxide 
(DMPO) as the trapping agent.

PEC Degradation of MO: The PEC degradation experiments were 
conducted in an undivided quartz cell with 5 mL solution of 50 mg L−1 
MO containing in 0.1 m Na2SO4. A three-electrode system was applied, 
consisting of a Pt-wire counter electrode, an Ag/AgCl reference 
electrode, and as-prepared working electrodes (with a geometric 
area of 0.196 cm2). The degradation experiment was carried out at 
2.5  V on a CHI 660E electrochemical analyzer under light irradiation. 
A UV–visible spectrophotometer (CARY, 50 Bio) was employed to 
detect MO concentrations before and after PEC degradation at different 
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conditions. The removed fraction (η) was calculated using the formula 
η = (A0 – At)/A0 × 100%, where A0 and At are the absorbance intensities 
of MO at the initial and at a given time (t), respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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