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a b s t r a c t 

The utilization of photoelectrochemical cathodic protection (PECCP) enables an indirect corrosion pro- 

tection of metals with low self-corrosion potential by introducing a metallic nickel interlayer. However, 

the ability to enhance the PECCP efficiency remains challenging because of the inherent property of the 

semiconductor. Herein, this ability is demonstrated by coupling a covalent organic framework (TpBD) dec- 

orated TiO 2 photoanode (TiO 2 /TpBD) with nickel coating on magnesium alloy for an effective corrosion 

protection. The composite photoanode showed direct PECCP for the nickel interlayer and indirect corro- 

sion protection of the magnesium alloy. The composite structure of the nanotube array and the covalent 

organic framework for the photoanode were confirmed by field emission scanning electron microscopy 

(FESEM), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). The en- 

hanced photoelectrochemical conversion capability and PECCP performance of the nickel-coated Mg alloy 

were evidenced by the results from electrochemical and photoelectrochemical measurements including 

Mott-Schottky curves, photoinduced potential variations, and electrochemical impedance spectroscopy 

(EIS). Lastly, a corrosion protection mechanism is proposed, where the enhanced PECCP efficiency is at- 

tributed to the formation of a direct Z-scheme heterojunction, which is substantiated by the results from 

valence band (VB) XPS and electron spin resonance characterizations. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Globally, the total annual estimated direct economic losses 

aused by metal corrosion account for about 3% - 5% of the 

lobal gross product, which is far greater than the sum of losses 

rom weather-related disasters and other types of accidents [1] . 

he specific hazard includes material wasting, environmental pol- 

ution, and severe engineering safety accidents, which are detri- 

ental to the energy-efficient economy and sustainable environ- 
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ent [ 1 , 2 ]. Many technical and nontechnical preventive strategies 

ave been developed to minimize the impact of corrosion [3] . The 

ost frequently used conventional techniques for preventing and 

ontrolling corrosion include design of corrosion-resistant alloys, 

lastics, and polymers [4–10] , deposition of organic and inorganic 

lms (such as chemical conversion [11–18] , layered double hy- 

roxide [19–27] , anodic and plasma electrolytic oxidation [ 28 , 29 ], 

nd metallic protective coatings [30–35] ), addition of corrosion in- 

ibitors into corrosive environments [ 22 , 36 ], and traditional ca- 

hodic protection [ 37 , 38 ]. These corrosion protection technologies 

ave their advantages and disadvantages, but all need extra con- 

umption of resources and energy [39] . 

At the end of the 20th century, a new corrosion protection 

echnique called semiconductor photoanode-based cathodic pro- 
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ection, prevalently known as photoelectrochemical cathodic pro- 

ection (PECCP) or photogenerated cathodic protection today, was 

roposed and has received considerable attention in the commu- 

ity of corrosion and protection in recent years. A key attribute 

f the PECCP technology is the unlimited availability of solar en- 

rgy compared to conventional cathodic protection that needs ex- 

ernal current and sacrificial anodes. PECCP technology is energy- 

aving and economical and is regarded as a potential environmen- 

ally benign alternative to traditional cathodic protection [2] . The 

ECCP works by generating photogenerated electrons utilizing n- 

ype semiconductors under light irradiation to polarize the poten- 

ial of the protected metal to a sufficient negative range, achiev- 

ng thermodynamic stability and protection of metals from degra- 

ation. According to the photogenerated electron transfer mecha- 

ism in the PECCP process, a lower conduction band (CB) poten- 

ial for the semiconductor needs to be generated in terms of the 

elf-corrosion potential ( E c ) of the protected metal. This mecha- 

ism of the PECCP makes it impossible for applications in direct 

athodic polarization of metals with a very low E c , such as magne- 

ium (Mg) alloy that has an E c value of about −1.5 V vs. SCE in a

.5 wt.% NaCl solution [40] . This is because the CB potentials of the

resently known semiconductor materials are not negative enough. 

his issue could be addressed by introducing an inert nickel inter- 

ayer with high E c between the substrate and a Cu 2 O semiconduc- 

or photoanode to enable an indirect pathway for the protection 

f Mg alloy from corrosion [1] . However, the attempt was unsat- 

sfactory because the photoinduced potential drop was as low as 

10 mV due to the limitation of the inherent properties of Cu 2 O 

emiconductors [1] . 

In this work, we demonstrate the improvement of the direct 

ECCP performance of the photoanode to the nickel layer on the 

g alloy substrate by exploring advanced modification of semi- 

onductor composite. As an n-type semiconductor with merits of 

ontoxicity, low cost, and chemical stability, TiO 2 photoanode has 

een studied extensively and demonstrated applicability in PECCP 

f several metals, including 304 stainless steels [2] . However, TiO 2 

nly responds to the near ultraviolet (3% - 5% power of solar light) 

wing to the wide bandgap ( E g = 3.2 eV), which limits the ef-

ective utilization of the solar energy during the PECCP process 

2] . Recent studies have demonstrated that doping by metal or 

onmetal element, decoration by metal oxide, and compositing 

ith organic frameworks are viable ways to shift the response 

ange of TiO 2 to visible light and thus improve the light absorp- 

ion and photochemical activities [41] . Among them, covalent or- 

anic frameworks have gathered significant interest owing to the 

rdered structure and extended π- π conjugation that can reduce 

harge recombination and facilitate charge transport [ 41 , 42 ]. Pho- 

ocatalytic applications of covalent organic frameworks have been 

tudied extensively in organic reactions, pollutant degradation, H 2 

eneration, and CO 2 reduction [41] , but are scarcely explored in the 

ECCP field. Our approach involved the preparation of a covalent 

rganic framework TpBD decorated TiO 2 photoanode for the direct 

ECCP and the preparation of a nickel interlayer with a very low E c 
or the indirect corrosion protection to Mg alloy. The morphology, 

tructure, and composition of the as-prepared composite and coat- 

ng were characterized. The corresponding light absorption, pho- 

oelectrochemical conversion, and PECCP performance were tested. 

astly, a corrosion protection mechanism for the present system is 

roposed, along with discussion of its potential implications. 

. Experimental section 

.1. Preparation of Mg/Ni electrode and TiO 2 /TpBD photoanode 

The chemical reagents used in the experiments were purchased 

rom Aladdin Industry Co., Ltd. or Sinopharm Chemical Reagents 
253 
o., Ltd. The reagents are analytical grade and were not further 

urified. The nickel-coated Mg alloy (Mg/Ni) was obtained by the 

lectroless nickel plating method. Briefly, AZ31 Mg alloy sheets 

ith a dimension of 2.0 × 3.0 × 0.2 cm 
3 were firstly polished 

y SiC sandpapers (1200 grit), and degreased in an alkaline solu- 

ion. Then, the substrates were pickled and activated in a phos- 

horic acid solution ( ≥ 85.0%, 400 cm 
3 dm 

−3 ) and hydrofluoric 

olution ( ≥ 40.0%, 350 cm 
3 dm 

−3 ), respectively. After that, the 

ubstrates were immersed in a preheated electroless nickel plat- 

ng bath to form a Ni-P coating on the Mg alloy. The composi- 

ions of the solutions for pretreatment of Mg alloy and electro- 

ess nickel plating, and the corresponding conditions are summa- 

ized in Table S1. The details of the preparation of nickel coat- 

ng on Mg alloy can also be found in our recent publications 

 30 , 31 ]. 

The TiO 2 /TpBD photoanode was prepared by po- 

entiostatic anodization: Typically, Ti foils ( > 99.999%, 

5 mm × 10 mm × 0.25 mm) were sequentially degreased 

n acetone and ethanol under an ultrasonic condition and deion- 

zed water for 20 min. Then, the Ti foils were etched in a solution 

onsisting of NH 4 F (0.45 g), H 2 O (3 mL), H 2 O 2 (6 mL), and HNO 3 

6 mL) to remove surface oxides. After chemical polishing, the 

amples were cleaned by deionized water and then anodized in 

n electrochemical cell with a two-electrode system. A Pt foil 

nd the Ti sheet were used as the counter electrode (cathode) 

nd the working electrode (anode), respectively. The anode and 

athode (at a distance of 3.0 cm) were immersed in an electrolyte 

omposed of 37.0 mL ethylene glycol, 3.0 mL deionized water, 

nd 0.22 g NH 4 F. The voltage for anodization was provided by an 

lectrophoresis device (DYJ-2, Sangli, Nanjing). After anodization, 

he samples were cleaned by using deionized water and ethanol 

everal times to remove residual electrolytes. The as-prepared 

amples were annealed at 450 °C for 2 h in a tube furnace at a
eating rate of 5 °C min −1 to obtain anatase phase TiO 2 nanotube 

rrays. For writing conveniently, hereinafter, the TiO 2 nanotube 

rrays are simply referred to as TiO 2 . To obtain the best photo- 

lectrochemical performance, the TiO 2 were prepared at different 

imes (30, 90, 60, and 120 min), temperatures (15, 25, 35, and 

5 °C), voltages (20, 40, 60, and 80 V), and concentrations of NH 4 F

0.1 wt.%, 0.3 wt.%, 0.5 wt.%, and 0.7 wt.%). The photo-induced 

urrent density and potential variations for the samples prepared 

nder different reaction conditions are given and discussed in the 

upporting Information. 

The deposition of the covalent organic framework on the TiO 2 

as obtained by a hydrothermal synthesis method at 393 K. Firstly, 

, 3, 5-trimethylbenzene (C 9 H 12 , 15 ml) and 1, 4-dioxane (C 4 H 8 O 2 ,

5 ml) were mixed and ultrasonically agitated for 20 min in a 

eaker (50 mL). Then, 1, 3, 5-triformylphloroglucinol (Tp, C 9 H 6 O 6 , 

.3 mg), benzidine (BD, C 12 H 12 N 2 , 8.3 mg), and aqueous acetic 

cid (0.172 mL) were added into the mixture, followed by sonica- 

ion for 20 min to produce a homogeneous dispersion. The dis- 

ersion was then poured into a Teflon-lined stainless-steel auto- 

lave where an anodized TiO 2 foil had been obliquely placed. The 

utoclave was transferred into an oven and heated at 120 °C for 
 days. Afterward, tangerine precipitates (i.e., TpBD) were formed 

oth on the TiO 2 surface and at the bottom of the Teflon liner. 

he TpBD-coated TiO 2 was then wrapped with filter paper and 

xtracted with acetone at 88 °C for 24 h in a 250 ml Soxh- 

et extraction apparatus. Meanwhile, centrifugal separation of the 

recipitate at the bottom of the Teflon liner by acetone was re- 

eated 5 times. After drying of the acetone-extracted TiO 2 and pre- 

ipitate in vacuum at 60 °C for 6 h, TiO 2 /TpBD photoanode for 

ECCP to nickel-coated Mg alloy and TpBD powder for character- 

zation were obtained, respectively. The schematic diagram for the 

abrication of the TiO 2 /TpBD composite photoanode is shown in 

ig. 1 . 
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Fig. 1. Schematic diagram for preparation of the TiO 2 /TpBD composite photoanode. 
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.2. Morphological, structural, and compositional characterizations of 

he fabricated materials 

The surface morphology and microstructure of TiO 2 , TpBD, and 

iO 2 /TpBD were obtained by field emission scanning electron mi- 

roscopy (FESEM, SU8020, 3 kV, Hitachi), transmission electron mi- 

roscopy (TEM), and a high-resolution TEM (HRTEM, FEI Tecnai G2 

30, America) with an accelerating voltage of 300 kV. An X-ray en- 

rgy dispersive spectrometer (EDS) coupled with the SEM was used 

or qualitative examination of element content and distribution. 

n X-ray diffractometer (XRD, Bruker D8 Advance, λ = 0.154 nm, 

ermany) was used to identify the composition and crystallo- 

raphic structure of the TpBD with scan speeds of 5 ° min −1 or 

 ° min −1 . X-ray photoelectron spectroscopy (XPS, Thermo Ecalab 

50Xi America) was employed to analyze the chemical states 

f the elements. Functional group information was obtained by 

ourier transform infrared spectroscopy (FTIR, Nicolet-6700, Amer- 

ca) within the range of 400 - 40 0 0 cm 
−1 . The light absorption

erformance was acquired by using an ultraviolet-visible diffuse 

eflectance spectrometer (UV–vis DRS, UV3600, Tsushima, Japan) 

n the wavelength range of 200 - 800 nm. Electron spin resonance 

ESR) spectra were acquired using a Bruker A300–10/12 spectrome- 

er coupled with an N 2 heating set-up operated at 9.85 GHz (mod- 

lation frequency = 100 kHz, amplitude = 1.0 G) under visible 

ight irradiation. 

.3. Photoelectrochemical and PECCP performance measurements 

All photoelectrochemical and PECCP performance tests were 

easured by an electrochemical workstation (Gamry, Interface 

010E, America) coupled with a 300 W Xe lamp. A three-electrode 

ystem in an electrochemical cell, in which TiO 2 /TpBD sample 

cted as a working electrode, Pt foil acted as a counter electrode, 

nd saturated calomel electrode (SCE) acted as a reference elec- 

rode, was used to survey the Mott-Schottky and current density 

ver potential ( j - E ) curves. The Mott-Schottky curves were mea- 

ured in dark in an electrolyte containing 0.1 mol L −1 Na 2 S and 

.2 mol L −1 NaOH at a perturbation frequency of 1.0 kHz in the 
254
otential range from −0.6 to 1.0 V. The j - E curves were measured 

rom −1.0 to 1.0 V (vs. SCE) with a scan rate of 20 mV s −1 under

ntermittent visible light (the interval is 2 s). The illumination with 

 power energy density of 150 mW cm 
−2 was achieved by the Xe 

amp combined with a 420 nm cutoff filter (PLS-SXE300, Beijing 

erfectlight Technology Co., Ltd.). 

The PECCP performance was obtained by monitoring the curves 

f open circuit potential over time (OCP - t ) and current density 

ver time ( j - t ) under intermittent visible light by using a three-

lectrode system with two electrochemical cells. The TiO 2 /TpBD 

hotoanode was immersed in a photoelectrochemical cell contain- 

ng Na 2 S (0.1 mol L −1 ) and NaOH (0.2 mol L −1 ), while the Pt foil,

CE, and Mg/Ni sample with an area of 1 cm 
2 were exposed to a 

.5 wt.% NaCl solution in a corrosion cell. The corrosion cell and 

he photoelectrochemical cell were connected by a salt bridge. The 

iO 2 /TpBD photoanode and the Mg/Ni sample were connected by 

 copper wire. A more detailed diagram can be found in our pre- 

ious publication [1] . Also, the system was used to test the elec- 

rochemical impedance spectroscopy (EIS) in the frequency range 

f 100 kHz - 0.01 Hz with a 10 mV AC single. The potentiostatic 

olarization curves were measured at a potential range of ±0.5 V 

s. OCP with a scan rate of 5 mV 
−1 . All tests were performed after

0 min of OCP tests until a stable potential was obtained. 

. Results and discussion 

.1. Morphology, structure, and composition of the fabricated 

emiconductors 

Structural morphologies and elemental compositions of the 

iO 2 before and after deposition of TpBD semiconductor are illus- 

rated in Fig. 2 . As shown in Fig. 2 (a), an ordered nanotube array

lm with a thickness of 9.0 μm (inset at the bottom left corner) 

s formed on the Ti foil after anodic oxidation. The outer and in- 

er diameters of the nanotubes are about 148 and 125 nm, respec- 

ively, meaning that the average thickness of the nanotube wall is 

bout 11.5 nm. The long nanotubes with large specific surface areas 

rovide many possibilities for optimizing the photoelectrochemical 
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Fig. 2. SEM and TEM images, and EDS spectra of the fabricated semiconductors. The surface morphologies of (a) TiO 2 and (b) TiO 2 /TpBD photoanodes, and (d) TpBD powder. 

(c) TEM image of single TiO 2 nanotube after deposition of TpBD semiconductor. (e) and (f) the corresponding EDS spectra of the square areas (pink dashed squares) in (a) 

and (b), respectively. Inset at the bottom left corner in (a) is the cross-sectional SEM image of TiO 2 nanotubes. Insets at the top right corner in (a), (b), and (d) are the digital 

pictures of the corresponding samples. 

p

f

f

a

T

t

a

c

w

n

T

a

c

i

t

e

t

[

t  

f

o  

t

w

a

(

a

Table 1 

Chemical compositions of the TiO 2 and TiO 2 /TpBD 

based on EDS spectra (at.%). 

Ti O C N 

TiO 2 34.04 65.96 NA NA 

TiO 2 /TpBD-1 15.19 35.85 48.96 0 

TiO 2 /TpBD-2 NA 33.35 53.16 13.49 
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i
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t

roperties of the photoanode. The color of the photoanode changes 

rom nattier blue to tangerine after deposition of covalent organic 

ramework TpBD on the TiO 2 (i.e., TiO 2 /TpBD, Fig. 2 (b)). The gaps 

mong the TiO 2 nanotubes are filled up by the formed precipitates. 

he outer diameters of the nanotubes in the TiO 2 /TpBD increase 

o approximately 157 nm (which is confirmed by the TEM image 

s illustrated in Fig. 2 (c)), while the inner diameters of that de- 

rease to about 91 nm, indicating that the TpBD semiconductor 

as attached to both the inside and outside surfaces of the TiO 2 

anotubes. The maintained channel structure after deposition of 

pBD ensures enough contact between the TpBD semiconductor 

nd the surrounding electrolyte, thus promoting separation effi- 

iency of photogenerated electron-hole pairs ( e −-h + ) [43] . The SEM 

mage of the TpBD powder shows aggregated spheres with diame- 

ers ranging from several hundreds of nanometers to one microm- 

ter ( Fig. 2 (d)), which is slightly different from the morphology of 

he TpBD on the TiO 2 and was also observed in previous studies 

44] . The EDS spectra and the corresponding chemical composi- 

ions of the TiO 2 and TiO 2 /TpBD photoanodes are shown in Fig. 2 (e,

) and listed in Table 1 , respectively. The EDS result shows that 

nly O and Ti elements with an O/Ti atomic ratio of ∼2 exist in

he TiO 2 nanotube surface, indicating that high purity TiO 2 film 

as formed during anodization. After deposition of TpBD, a large 

mount of carbon (48.96 at.%) is detected in the TiO 2 /TpBD sample 

TiO 2 /TpBD-1 in Table 1 ), manifesting that some organic species 

re deposited on the TiO 2 nanotube surface. Since the peaks for 
o

255 
itanium and nitrogen are very close and can overlap in the EDS 

pectra, the composition data for TiO 2 /TpBD were also exported af- 

er removing the titanium element (TiO 2 /TpBD-2 in Table 1 ). The 

ubstantial concentration of nitrogen element confirms the forma- 

ion of nitrogen-containing organic species on the TiO 2 surface. 

As shown in Fig. 3 (a), the HRTEM micrograph of the TiO 2 /TpBD 

xhibits that both polycrystalline (main) and amorphous (sec- 

ndary) phases are formed because crystal lattice fringes with dif- 

erent interplanar spacings can be seen in most areas. Meanwhile, 

rystal lattice fringe cannot be found in some areas (blue dashed 

ircles) in the HRTEM image. The polycrystalline and amorphous 

tructures of the TiO 2 /TpBD are also confirmed by the correspond- 

ng SAED pattern as shown in Fig. 3 (b), which presents bright 

iffraction spots and diffuse halos. The formation of amorphous 

ovalent polymers is attributed to the insufficient chemical reac- 

ion during the hydrothermal process and the rapid precipitation 

f TpBD [45] . Three typical regions marked by yellow dotted rect- 
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Fig. 3. (a) HRTEM image and (b) corresponding SAED pattern of TiO 2 /TpBD. (c)-(e) Magnified lattice fringe images of the areas marked with square 1 ©, 2 ©, and 3 © in (a), 

respectively. 

Fig. 4. (a) Powder XRD pattern of the TpBD powder. Inset at the upper right corner is the small-angle XRD pattern of the corresponding sample. (b) FTIR spectra of the TiO 2 , 

TpBD, and TiO 2 /TpBD. 
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ngles in Fig. 3 (a) are enlarged and illustrated in Fig. 3 (c-e) to ex-

ibit the D -spacings of different planes in the TEM image more 

learly. The crystal lattice fringes with interplanar spacings of 0.21 

nd 0.43 nm are indexed as (200) and (110) planes for TiO and 

iO 2 from the matrix, respectively ( Fig. 3 (c, d)). Since the lattice 

istance of (001) plane for TpBD and (101) plane for TiO 2 is very 

lose, it is difficult to assign the well-resolved lattice that has a 

istance of ∼0.35 nm as shown in Fig. 3 (e) [ 46 , 47 ]. 

Powder XRD pattern of the TpBD powder and FT-IR spectra of 

he fabricated semiconductors are given in Fig. 4 to further iden- 

ify the crystal structure of the TpBD. The wide-angle XRD pattern 

nd corresponding small-angle XRD pattern (inset) as shown in 

ig. 4 (a) exhibit obvious reflection peaks at 2 θ = 3.39 °, 6.13 °, 9.85 °,
nd 11.74 °, which correspond to (110), (210), (200), and (220) crys- 

al planes of the covalent organic framework TpBD, respectively 

 47 , 48 ]. The broad peak arising from π- π stacking of TpBD lay-
256 
rs at 2 θ = 26.26 ° is assigned to (001) crystal plane that has a 

attice spacing of 0.35 nm [ 45 , 49 ]. Since a small number of TiO 2 

anotubes broke up, fell off from the Ti foil, and incorporated 

nto the TpBD powder at the bottom of the autoclave during the 

pBD synthesis process, peaks for TiO 2 (110) (JCPDS NO:53–0619) 

nd TiO (200) (JCPDS NO:08–0117) are also observed in the XRD 

attern. 

Fig. 4 (b) illustrates the FTIR spectra of the TiO 2 , TpBD, and 

iO 2 /TpBD semiconductors in the wavenumber of 400 - 4000 

m 
−1 . Only a strong adsorption band at 433 cm 

−1 for stretching vi- 

ration of Ti-O bond is found in the FTIR spectrum of TiO 2 , demon-

trating the high purity of the TiO 2 nanotube during anodization 

50] . After modification of the TiO 2 with TpBD, the stretching vi- 

ration for the Ti-O bond can also be identified clearly (FTIR spec- 

rum for TiO 2 /TpBD), indicating that the nanotube structure of the 

iO is not destroyed notably during growth of TpBD. More impor- 
2 
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Fig. 5. XPS spectra of the TiO 2 /TpBD composite. The (a) survey, high-resolution of (b) C 1s, (c) N 1s, and (d) O 1s spectra. 
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antly, several characteristic peaks for TpBD appear in the spectra 

f TiO 2 /TpBD and TpBD samples. For example, strong absorption 

ands at 1620, 1573, 1452, 1285, and 10 0 0 cm 
−1 are observed in

he spectra of both TiO 2 /TpBD and TpBD, which are assigned to 

he stretching of carbonyl C = O [45] , C = C, aromatic ring C = C, C –N

51] , and C –H bonds of the TpBD, respectively. The broad absorp- 

ion band at 3300 - 3500 cm 
−1 is attributed to the O –H bending

and of adsorbed water on the TpBD powder surface [ 52 , 53 ]. The

arbonyl stretching band of Tp should be located at 1643 cm 
−1 , 

hile it is not observed in the FTIR spectra, manifesting that the 

p monomers were consumed completely during the condensation 

eaction process [ 49 , 54 ]. 

Fig. 5 shows the chemical composition of the TiO 2 /TpBD and 

orresponding high-resolution XPS spectra for C 1s, N 1s, and O 

s. Since the detection depth of the XPS technique is only several 

anometers, and a considerable amount of TpBD has attached to 

he inside and outside surfaces of the TiO 2 nanotubes, peaks for 

 (284 eV), N (400 eV), and O (531 eV) elements but no Ti ele-

ent are detected in the full scan spectrum ( Fig. 5 (a)) [55] . The

 1s can be divided into three different peaks that are indexed as 

 = C (284.75 eV), C = N (286.37 eV), and C = O (288.13 eV) bonds of

pBD ( Fig. 5 (b)) [ 56 , 57 ]. In the N 1s spectrum ( Fig. 5 (c)), three split

eaks located at 399.4, 400.24, and 404.05 eV are assigned to N –H, 

 –N bonds, and polyimide nitrogen (imide-N) from organic poly- 

er byproduct [ 56 , 58 ]. The appearance of imide-N is attributed 

o the tautomer formed by imines from BD and enamines from 

pBD during the synthesis [57] . In the O 1s spectrum ( Fig. 5 (d)),

hree split peaks located at 531.0, 533.0, and 536.1 eV contribute 

o C = O bonding, chemically adsorbed −OH, and water molecules, 

espectively [58] . In short, based on the morphological, struc- 

ural, and compositional characterizations, it can be concluded that 

he TpBD polymer with a covalent organic framework structure 

as synthesized and is loaded successfully on the TiO 2 nanotube 

urface. 
257 
.2. Light absorption and photoelectrochemical conversion 

erformances of the prepared semiconductors 

The photoelectrochemical performances of pure TiO 2 and 

iO 2 /TpBD composite photoanodes are shown in Fig. 6 . As shown 

n Fig. 6 (a), the UV–vis spectrum of the TiO 2 photoanode in the 

avelength ranging from 200 to 800 nm indicates that pure TiO 2 

as strong absorption mainly in the UV region less than 380 nm, 

ith a light absorption threshold of 398 nm, owing to the inher- 

nt bandgap of TiO 2 ( E g = 3.2 eV) based on the calculation of the

ubelka-Munk formula and Tauc plot ( Fig. 6 (b)) [ 59 , 60 ]. The spec-

rum of the TpBD photoanode exhibits much broader and stronger 

bsorption in both the UV and visible light regions in contrast to 

he TiO 2 photoanode, which is ascribed to the significant red shift 

f the absorption edge to about 660 nm, corresponding to a nar- 

ow bandgap of E g = 2.0 eV ( Fig. 6 (b)). 

A Mott-Schottky curve of the TiO 2 photoanode ( Fig. 6 (c)) and an 

PS valence band (VB) spectrum for the TpBD powder ( Fig. 6 (d)) 

ere acquired to calculate the CB potential ( E CB ) and VB potential 

 E VB ) of the TiO 2 and TpBD semiconductors. By extrapolation of the 

inear region to C −2 = 0, the flat band potential ( E fb ) of the TiO 2 

hotoanode can be determined, which is −0.50 V (vs. SCE). Previ- 

us studies have demonstrated that the E fb of an n-type semicon- 

uctor is ∼0.2 V more positive than the E CB value [61] . Therefore, 

he E CB value of the TiO 2 photoanode is estimated to be −0.70 V 

vs. SCE), i.e., −0.46 V (vs. NHE). Accordingly, the E VB value of the 

iO 2 photoanode can be obtained, which is 2.74 V (vs. NHE) based 

n the formula of E VB = E CB + E g . The E VB value of the TpBD pow-

er is 0.90 eV, which is calculated directly by extrapolating a lin- 

ar fit to the leading edge of the VB XPS spectrum to the baseline.

gain, according to the mathematical relationship between E VB and 

 CB and the foregoing E g value (2.0 eV), the E CB of the TpBD pow- 

er is −1.10 V (vs. NHE). The positive slope in the linear region 

f the Mott-Schottky curve for the TiO 2 /TpBD composite semicon- 
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Fig. 6. Photoelectrochemical performance of the TiO 2 , TpBD, and TiO 2 /TpBD photoelectrodes. (a) UV–vis spectra and (b) plots of ( αhv ) 2 versus hv for the TiO 2 and TpBD 

photoelectrodes. (c) Mott-Schottky curves of the TiO 2 . (d) VB XPS spectrum of TpBD powder. (e) Mott-Schottky curve of the TiO 2 /TpBD. (f) The photoinduced variation of the 

current density over potential ( j - E ) curves under periodically switching on and off the visible light in 0.1 mol L −1 Na 2 SO 4 solutions. (g) Enlarged j - E curve for the pure 

TiO 2 photoelectrode. (h) Nyquist diagram and corresponding EC model for pure TiO 2 and TiO 2 /TpBD photoelectrodes in solutions containing 0.1 mol L −1 Na 2 S and 0.2 mol 

L −1 NaOH. 
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uctor indicates that the n-type characteristic of the TiO 2 nan- 

tubes remains after deposition of the TpBD film ( Fig. 6 (e)). The 

 fb value of the TiO 2 /TpBD composite photoanode negatively shifts 

o −1.12 V (vs. SCE) compared to that of pure TiO 2 photoanode, 

ndicating the increased reduction capability of the photoinduced 

lectrons generated by the TiO 2 /TpBD composite [62] . 

The enhanced photoelectrochemical performance is confirmed 

y the current density over potential ( j - E ) curves ( Fig. 6 (f, g)) and

yquist diagrams ( Fig. 6 (h)) of the uncoupled TiO 2 and TiO 2 /TpBD 

hotoanodes. The j - E curves of both TiO 2 and TiO 2 /TpBD pho- 

oanodes under intermittent visible light show obvious photoin- 
258 
uced currents. In the sweeping potential ranging from −1.0 V to 

.0 V (vs. SCE), the photoinduced current of the TiO 2 photoanode 

s mainly limited to 0.2 mA cm 
−2 including the background cur- 

ent ( Fig. 6 (g)). In contrast, the current for the TiO 2 /TpBD photoan-

de is enhanced significantly, with a maximum close to 12.0 mA 

m 
−2 ( Fig. 6 (f)). The maximum photoinduced current in the case of 

he TiO 2 /TpBD photoanode is about 60 times higher than that cur- 

ent of the TiO 2 photoanode. The threshold bias potential, a start- 

ng point corresponding to generate positive photoinduced current, 

f the TiO 2 /TpBD photoanode is about −1.0 V (vs. SCE), which is 

uch negative in comparison with that of the TiO photoanode 
2 
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Table 2 

The fitted electrochemical parameters based on EIS data of TiO 2 and TiO 2 /TpBD photoanodes under visible light. 

Samples R s / � cm 
2 CPE 1 /S s 

n cm 
−2 R 1 / � cm 

2 CPE dl /S s 
n cm 

−2 R ct / � cm 
2 χ2 

TiO 2 3.10 6.64 × 10 −4 4.75 × 10 2 1.22 × 10 −4 6.38 × 10 3 2.53 × 10 −4 

TiO 2 /TpBD 2.87 1.74 × 10 −2 1.8 1.29 × 10 −3 885 2.84 × 10 −3 
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around −0.58 V vs. SCE), manifesting that the deposition of the 

pBD on the TiO 2 nanotube surface creates a negative movement 

f the Fermi level. Fig. 6 (h) shows the Nyquist plots of the TiO 2 

nd TiO 2 /TpBD photoanodes under visible light illumination and 

orresponding equivalent circuit (EC) model for fitting (inset at the 

ottom right corner). In the EC diagram, R s is the solution resis- 

ance, R 1 and CPE 1 represent the resistance and capacitance of the 

urface film (TiO 2 oxide or both TiO 2 oxide and TpBD deposition), 

espectively. R ct and CPE dl represent the charge transfer resistance 

nd double-layer capacitance of the electrochemical reactions hap- 

ening at the solid/electrolyte interface, respectively. The fitted re- 

ults based on the EC model are listed in Table 2 . After depositing

pBD on the TiO 2 , the R 1 and R ct decrease from 475 to 1.8 � cm 
2 

nd 6380 to 885 � cm 
2 , respectively. The significant decrease of 

he R 1 and R ct indicates that the movements of both ions in the 

lectrolyte and electrons in the photoelectrode layers become easy, 

hich is beneficial to an acceleration of the electrochemical reac- 

ions at the electrode/electrolyte interface and separation of pho- 

oinduced electron-hole pairs. 

.3. PECCP performance of the TiO 2 /TpBD photoanode to the 

ickel-coated Mg alloy 

To study the PECCP performance of the TiO 2 /TpBD photoan- 

de to the Mg/Ni electrode, the j - t (at OCP) and OCP - t curves

f the TiO 2 and TiO 2 /TpBD photoanodes coupled with the Mg/Ni 

lectrode (denoted by Mg/Ni-TiO 2 and Mg/Ni-TiO 2 /TpBD, respec- 

ively) under visible light irradiation were obtained. Photocurrent 

ensity at OCP is an essential parameter to evaluate the sepa- 

ation efficiency of photo-generated charges. The transient pho- 

ocurrent curves of the two different photoanodes coupled with 

he Mg/Ni electrode under intermittent visible light illumination 

re shown in Fig. 7 (a). The current densities increase promptly 

nd decay sharply upon on/off cycles of light illumination in both 

ases, showing the fast response of photocurrent of the photoan- 

des to visible light. The curves of the transient photo-generated 

urrent show good reproducibility and stability after several cycles 

f visible light illumination. The TiO 2 /TpBD photoanode exhibits a 

uch larger steady photocurrent density (450 μA cm 
−2 ), nearly 

.6 times that of the pure TiO 2 photoanode (80 μA cm 
−2 ) un- 

er visible light irradiation. The fast response and remarkable pho- 

ocurrent are attributed to the formation of heterojunction struc- 

ure at the interface between TiO 2 and TpBD, which favors the 

eparation and transfer of the photoinduced electron-hole pairs 

63] . The positive photocurrent density exhibits that the photoelec- 

rons flow from the TiO 2 /TpBD photoanode to the Mg/Ni electrode 

hrough the Cu wire, imparting cathodic polarization and protec- 

ion for the Mg/Ni electrode. 

The photoinduced decrease of the mixed potential of the Mg/Ni 

lectrode coupled with the TiO 2 /TpBD photoanode is also an im- 

ortant parameter to assess the charge separation efficiency and 

he PECCP performance [64] . As shown in Fig. 7 (b), the OCP of

he Mg/Ni electrode in the dark is −0.38 V before coupling with 

iO 2 /TpBD photoanode. When the Mg/Ni electrode is coupled with 

he TiO 2 /TpBD photoanode, the OCP moves obviously to a lower 

alue ( −0.47 V) even in the dark. After turning on the light, the 

CP shifts quickly toward a more negative direction and gradu- 

lly drops to a very low value. When the lamp is turned off, the 

CP instantly shifts with a very slow speed toward a more posi- 
259 
ive potential and cannot return to the initial potential ( −0.47 V) 

ithin 100s. Once the visible light is switched on and off again, 

imilar OCP variations are observed. After several on/off cycles, the 

hotoinduced OCP under visible light illumination keeps at about 

1.13 V, exhibiting a maximum OCP drop of 660 mV. During the 

ark periods, the OCP only increases to −0.99 V at most with a 

elatively slow speed, indicating a degree of electron storage prop- 

rty of the TiO 2 /TpBD photoanode. In comparison, the OCP curve of 

he Mg/Ni electrode coupled with TiO 2 photoanode shows a max- 

mum OCP drop of only 230 mV from −0.45 to −0.68 V. The OCP 

apidly increases and returns to the initial value when the light 

s turned off, indicating the relatively inferior PECCP performance 

nd electron storage capability of the TiO 2 photoanode. The large 

CP drop of the Mg/Ni electrode coupled with TiO 2 /TpBD photoan- 

de can be maintained for 2 h at least under visible illumination. 

t can gradually return to its initial potential after turning off the 

ight source ( Fig. 7 (c)), manifesting good stability and durability of 

he TiO 2 /TpBD photoanode. 

To demonstrate the enhanced physical barrier protection of the 

i layer to the Mg alloy substrate with the assistance of the 

iO 2 /TpBD photoanode, the OCP - t curves of the Mg/Ni electrodes 

efore and after coupling with TiO 2 /TpBD photoanode under visi- 

le light illumination are measured ( Fig. 7 (d)). The deposition time 

f the nickel layer on the Mg alloy is purposefully shortened to 

0 min for observation of the galvanic corrosion between Mg sub- 

trate and Ni layer within a short period. In the case without cou- 

ling with TiO 2 /TpBD photoanode, the OCP of the Mg/Ni electrode 

tabilizes at −0.38 V in the early stage, i.e., the stable potential of 

ickel in a NaCl solution. After ∼35 min of exposure ( t 1 ), the OCP

f the Mg/Ni electrode drops sharply to −1.22 V (vs. SCE), meaning 

ccurrence of galvanic corrosion and failure of corrosion protection 

f the nickel layer to Mg alloy. After coupling with TiO 2 /TpBD pho- 

oanode under visible light irradiation, the OCP moves negatively 

nd keeps at a low value ( −1.12 V) in the early stage. The sig-

ificant photo-potential (photo-induced OCP) drop in comparison 

ith the OCP of the Mg/Ni electrode without coupling ( −0.38 V) 

emonstrates the injection of abundant photogenerated electrons 

rom the TiO 2 /TpBD photoanode to the nickel layer surface, result- 

ng in cathodic polarization and protection of the nickel layer. Af- 

er 117 min ( t 2 ) of immersion in the NaCl solution, galvanic cor- 

osion also occurs, causing further OCP decrease down to −1.35 V. 

he slightly decreased OCP in comparison with that without cou- 

ling with TiO 2 /TpBD photoanode ( −1.22 V) indicates the contin- 

ous injection of photoelectrons even after the occurrence of gal- 

anic corrosion. However, the photoelectrons are useless in terms 

f direct or indirect corrosion protection to Mg alloy since the 

ormed mixed potential ( −1.35 V) is higher than the E c of the Mg

lloy ( −1.50 V). Nevertheless, compared with the case without cou- 

ling, the onset of galvanic corrosion is delayed significantly when 

oupled with TiO 2 /TpBD photoanode under illumination. In other 

ords, the physical barrier protection of the nickel layer to the Mg 

lloy is enhanced with the assistance of the electrons produced by 

he TiO 2 /TpBD photoanode, which is also visually confirmed by the 

igital photos of the nickel-coated Mg alloy with and without cou- 

ling with TiO 2 /TpBD photoanode after the same time (108 min) of 

xposure to NaCl solutions (Insets in Fig. 7 (d)). A cavity that is big

nd deep enough to show the underlying Mg alloy is observed in 

he photos of the Mg/Ni electrode without coupling with photoan- 

de (photo 1 ©). At the same time, corrosion pits are not found at 
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Fig. 7. Time-dependent profiles of the photoinduced (a) current densities and (b) OCP of the uncoupled Mg/Ni electrode and the Mg/Ni working electrode coupled with 

TiO 2 /TpBD photoanode or TiO 2 photoanode under intermittent visible light illumination ( λ > 420 nm). (c) The long-term time-dependent OCP response of the Mg/Ni 

electrode coupled with TiO 2 /TpBD photoanode under visible light irradiation. (d) OCP - t curve of the Mg/Ni electrode (electroless Ni plating time is purposefully decreased 

to 20 min) with and without coupling with TiO 2 /TpBD photoanode under visible light irradiation. The insets in (d) are the digital photos of the Mg/Ni electrodes ( 1 ©) 

uncoupled with photoanode after 108 min of exposure to NaCl solutions, and coupled with photoanode after ( 2 ©) 108 min and ( 3 ©) 150 min of exposure to NaCl solutions. 

Table 3 

Fitted EIS parameters for the Mg/Ni electrodes under different conditions in the NaCl solutions. 

Samples R s / � cm 
2 CPE 1 /S s 

n cm 
−2 R 1 / � cm 

2 CPE dl /S s 
n cm 

−2 R ct / � cm 
2 χ2 

Mg/Ni 4.90 4.83 × 10 −5 1.20 × 10 3 2.53 × 10 −7 2.15 × 10 4 1.95 × 10 −4 

Mg/Ni- TiO 2 /TpBD-dark 7.52 2.26 × 10 −5 1.15 × 10 3 2.26 × 10 −3 2.81 × 10 3 8.52 × 10 −5 

Mg/Ni- TiO 2 /TpBD-light 5.62 9.90 × 10 −5 1.19 × 10 3 3.87 × 10 −2 171.80 2.08 × 10 −5 
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he surface of the Mg/Ni electrode in the presence of PECCP (photo 

2 ). With increasing exposure time up to 150 min, the Mg/Ni elec- 

rode coupled with TiO 2 /TpBD photoanode is only corroded slightly 

ith some corrosion pits and the nickel layer does not peel off

rom the magnesium alloy substrate (photo 3 ©). 

EIS is used to evaluate the PECCP performance of the TiO 2 /TpBD 

hotoanode to the Mg/Ni electrode under dark and visible light il- 

umination ( Fig. 8 ). During the EIS test, galvanic corrosion is not 

bserved, suggesting that the corrosive electrolyte does not pen- 

trate the nickel layer to the Mg alloy surface. Previous stud- 

es have demonstrated that a passive nickel oxide film will be 

ormed on the nickel film surface when the Mg/Ni electrode is 

xposed to the NaCl solution [30] . Therefore, an EC diagram (in- 

et in Fig. 8 (a)) with two-time constants is used for fitting the 

IS data. There are five electrical elements in the model, where 

 s represents solution resistance, R 1 and CPE 1 (constant phase el- 

ment) represent the resistance and capacitance of the natural 

ickel oxide film on the nickel surface, respectively, and R ct and 

PE dl represent charge transfer resistance and double-layer capac- 

tance, respectively. The EC model allows for fitting the experi- 

ental data with a high goodness of fit and low chi-square less 

han 2.0 × 10 −4 ( Table 3 ). When the Mg/Ni electrode is not cou- 

led with the photoanode (denoted by Mg/Ni), the R 1 and R ct are 
260 
.20 and 21.5 k � cm 
2 , indicating good physical barrier protection 

f the nickel layer. After coupling with the TiO 2 /TpBD photoanode 

n dark (Mg/Ni-TiO 2 /TpBD-dark), the R 1 value changes slightly, but 

he R ct value decreases by nearly one order of magnitude to 2.81 

 � cm 
2 . The decrease in R ct value may be ascribed to the more 

egative free corrosion potential of the TiO 2 /TpBD composite com- 

ared with that of the nickel. Therefore, the former is anodically 

olarized while the nickel is cathodically polarized, facilitating the 

lectrochemical reactions at the solid/electrolyte interface. When 

he light is turned on (Mg/Ni-TiO 2 /TpBD-light), the marginal varia- 

ion of R 1 value (1.19 k � cm 
2 ) indicates that the resistance of the 

ickel oxide layer is not obviously changed upon coupling and il- 

umination, while compared with that before irradiation, the R ct 
alue further decreases by more than one order of magnitude to 

71.8 � cm 
2 , suggesting the transfer of photoelectrons from the 

hotoanode to the nickel surface. The slight change in R 1 and sub- 

tantial decrease in R ct can be distinguished clearly by the enlarged 

lots as shown in Fig. 8 (b). The diameters of the capacitive loops 

t high and intermediate frequencies corresponding to the R 1 val- 

es remain almost unchanged for the Mg/Ni-TiO 2 /TpBD samples 

efore and after illumination. At a low-frequency region, compared 

ith that in the dark, the capacitive loop diameter corresponding 

o the R ct value decreases remarkably after turning on the light. 
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Fig. 8. EIS of the Mg/Ni electrode with and without coupling with TiO 2 /TpBD photoanode in a 3.5 wt.% NaCl solution under dark state and visible light irradiation. (a) 

Nyquist diagram with an inset showing the EC diagram for fitting. (b) An enlarged view of the orange rectangle area in (a). Bode diagrams of (c) modulus versus frequency 

and (d) phase versus frequency. 

Table 4 

Electrochemical parameters based on the potentiodynamic polarization curves. 

Samples E corr / V (vs. SCE) j corr / μA cm 
−2 βc / mV dec −1 

Mg −1.50 ± 0.038 7.08 ± 1.14 −490 

Mg/Ni −0.33 ± 0.015 3.43 ± 0.75 −347 

Mg/Ni-TiO 2 /TpBD-dark −0.84 ± 0.038 16.4 ± 1.05 −197 

Mg/Ni-TiO 2 /TpBD-light −1.12 ± 0.049 69.6 ± 1.72 −190 
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he significant decrease in R ct value and diameter of the capac- 

tive loop at the low frequencies indicate the good charge trans- 

er capability and effective PECCP property under illuminated con- 

ition, which is attributed to the inhibition of charge recombina- 

ion and facilitation of charge separation arising from the extended 

ight absorption and suitable energy-band matching between TpBD 

nd TiO 2 [39] . The aforementioned obvious decrease in impedance 

t low-frequency region after illumination and the two time con- 

tants characteristic can also be observed easily from the modulus- 

requency and phase-frequency diagrams as shown in Fig. 8 (c, d). 

ig. 8 (c) shows that the impedance modulus at 0.01 Hz of the 

g/Ni-TiO 2 /TpBD-dark is 1.48 k � cm 
2 , which is much higher than 

hat value of the Mg/Ni-TiO 2 /TpBD-light (1.21 k � cm 
2 ). The phase 

ngle spectra of the Mg/Ni-TiO 2 /TpBD samples, especially for the 

ample in the dark, clearly reveal two maxima at the intermediate 

nd low frequencies ( Fig. 8 (d)). 

To further confirm the PECCP performance of the TpBD/TiO 2 

hotoanode, potentiodynamic polarization curves of the Mg alloy, 

ingle Mg/Ni electrode in dark state, and Mg/Ni electrodes coupled 

ith TiO 2 /TpBD photoanodes both in the dark and under visible 

ight illumination are also measured ( Fig. 9 ). The corresponding 

lectrochemical parameters based on the potentiodynamic polar- 

zation curves are tabulated in Table 4 . In general, a more pos- 

tive E c of a metallic coating reflects better corrosion resistance 

wing to the lower corrosion tendency from the thermodynamic 

spect. It can be found that the E c and corrosion current density 

 j corr ) of the Mg alloy in a 3.5 wt.% NaCl solution are −1.50 V (vs.
261 
CE) and 7.08 μA cm 
−2 , respectively. In comparison, these values 

f the uncoupled Mg/Ni electrode are −0.33 V (vs. SCE) and 3.43 

A cm 
−2 , respectively, indicating that the nickel layer can act as a 

hysical barrier and provide good corrosion protection to the Mg 

lloy in a NaCl electrolyte. After coupling with the TiO 2 /TpBD pho- 

oanode, the E c the Mg/Ni electrode decreases to −0.84 V (vs. SCE), 

nd the corresponding j corr increases to 16.4 μA cm 
−2 , indicating 

hat the TiO 2 /TpBD photoanode can provide cathodic polarization 

rotection for the Ni layer even in the dark [65] . The E c of the

g/Ni electrode further decreases down to −1.12 V (vs. SCE) when 

he lamp is turned on, resulting in a photoinduced potential drop 

280 mV), which agrees well with the results by measuring the 

CP variations. In addition, the j corr of the Mg/Ni electrode cou- 

ling with TiO 2 /TpBD photoanode under visible light illumination 

69.6 μA cm 
−2 ) is more than four times higher than that in the 

ark (16.4 μA cm 
−2 ), demonstrating the formation of photogen- 

rated charges and transfer of photogenerated electrons to nickel 

urface to hasten electrochemical reactions. Based on the remark- 

ble E c difference as high as 0.79 V between the uncoupled and 

oupled Mg/Ni electrode under illumination and the obvious in- 

rease in j corr after irradiation, it can be concluded that the nickel 

ayer on the Mg alloy surface is well protected via cathodic polar- 

zation. 

.4. PECCP mechanism of the TiO 2 /TpBD photoanode to the 

ickel-coated Mg alloy 

It is necessary to compare the electron density variation of the 

pBD before and after growth on the TiO 2 nanotubes and the in- 

erfacial charge transfer pathways between the TpBD and TiO 2 to 

tudy the PECCP mechanism. The high-resolution XPS spectra of 

everal different elements for the pure TpBD powder are shown 

n Fig. 10 . The C 1s spectrum of the pure TpBD powder can be

plit into three peaks at binding energies of 284.97 (C = C), 286.4 

C = N), and 288.2 eV (C = O), which shift toward a higher energy 

egion by 0.22, 0.03, and 0.07 eV in comparison with that of the 
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Fig. 9. (a) Potentiodynamic polarization curves of the Mg alloy, single Mg/Ni electrode, and Mg/Ni electrodes coupled with TiO 2 /TpBD photoanode in 3.5 wt.% NaCl corrosive 

mediums in the dark and under visible light illumination. (b) The corresponding E corr and j corr for the samples under different conditions based on the polarization curves. 

Fig. 10. High-resolution XPS spectra of (a) C 1s, (b) N 1s, and (c) O 1s for the pure TpBD powder. 
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iO 2 /TpBD composite ( Fig. 5 (b)), respectively. The N 1s spectrum 

f the pure TpBD can also be deconvoluted into three different 

ypes of nitrogen species, i.e., N –H (399.6 eV), C –N (400.3 eV), and

mide-N (404.2 eV), which are correspondingly higher than that of 

he TiO 2 /TpBD composite ( Fig. 5 (c)). By comparing the O 1s XPS

pectra of the pure TpBD with that of the TiO 2 /TpBD composite, a 

imilar decrease in binding energies is also observed, namely, a de- 

rease by 0.22 and 0.18 eV from 531.22 (C = O) and 533.18 ( −OH) eV

or pure TpBD to 531.0 (C = O) and 533.0 ( −OH) eV for TiO 2 /TpBD

omposite, respectively ( Fig. 5 (d) and Fig. 10 (c)). These negative 

hifts in the binding energies suggest the shift of the electron den- 

ity from TiO 2 to TpBD and an increase in electron density for the 

pBD after depositing on the TiO 2 [66] , demonstrating the forma- 

ion of interfacial covalent bonds and the intimate contact between 

pBD and TiO 2 , which is believed to be beneficial to the generation 

f a direct Z-scheme heterojunction [67] . 

Elucidation of the interfacial charge transfer pathway is vital 

o demonstrate the formation of a direct Z-scheme heterojunction 

etween the TiO 2 and TpBD semiconductors. Therefore, ESR spec- 

ra of pure TiO 2 , TpBD, and TiO 2 /TpBD composite semiconductors 

or DMPO- ·OH in water and DMPO- ·O 2 
− in methanol under visible 

ight illumination were obtained and are shown in Fig. 11 (a, b). It 

an be seen from the ESR spectra ( Fig. 11 (a)) that DMPO- ·OH sig-

als are weak for pure TpBD and medium for TiO 2 , suggesting that 

he production of hydroxyl radicals ( ·OH) is limited by the photo- 

enerated holes from VB of TpBD, but enough ·OH can be produced 

n the case of pure TiO 2 . The formation of TiO 2 /TpBD composite 

eads to a significant enhancement of the ·OH signal. Similar re- 

ults are also observed for the ·O 2 
− signal ( Fig. 11 (b)). 

To correlate the above experimental results with the photo- 

hemical characteristics of the composite materials, we analyzed 

he alignment of the energy bands at the interface between TpBD 
262
nd TiO 2 . A staggered band structure, forming either a traditional 

ype-II heterojunction or a direct Z-scheme heterojunction, is illus- 

rated in Fig. 12 [68] . In the former case ( Fig. 12 (a)), when electron

nd hole pairs are generated by both semiconductors under illumi- 

ation, the photogenerated electrons on the CB of TpBD semicon- 

uctor transfer to the CB of TiO 2 semiconductor, while the photo- 

enerated holes transfer in the opposite direction (i.e., from TiO 2 to 

pBD). In the direct Z-scheme heterojunction ( Fig. 12 (b)), the pho- 

ogenerated electrons on the CB of TiO 2 tend to directly recombine 

ith the photogenerated holes on the VB of TpBD that has a rela- 

ively negative VB potential. The interfacial transfers of the photo- 

enerated electrons occur in opposite directions for type-II hetero- 

unction (from TpBD to TiO 2 ) and direct Z-scheme heterojunction 

from TiO 2 to TpBD). Based on the band energies, the observed 

ifference in ESR spectra is attributed to the lower E VB of TpBD 

0.9 eV) and higher E VB of TiO 2 (2.74 eV) as compared to the po- 

ential of OH 
−/ ·OH (2.3 eV vs. NHE) [69] . The strongest DMPO- ·OH

ignal as depicted in the case of TiO 2 /TpBD composite indicates 

hat the charge transfer is incompatible with type-II heterojunction 

n which the accumulated h + on the VB of TpBD cannot oxidize 

H 
− to produce considerable ·OH. In other words, the interfacial 

harge transfer between TiO 2 and TpBD complies with the direct Z- 

cheme pathway, which is further confirmed by the different signal 

ntensities of the DMPO- ·O 2 
− in pure TiO 2 , TpBD, and TiO 2 /TpBD 

omposite, as shown in Fig. 11 (b). It can be seen that the accu- 

ulated e − on the CB of both TiO 2 and TpBD can reduce O 2 to

O 2 
− due to the smaller potential as compared to that of O 2 / ·O 2 

−

 −0.33 eV vs. NHE) [70] . The CB potential of pure TpBD ( −1.1 eV

s. NHE) is much lower than that of pure TiO 2 ( −0.46 eV vs. NHE),

esulting in much stronger DMPO- ·O 2 
− signal in the TpBD sample. 

n the case of TiO 2 /TpBD composite, owing to the improvement in 

eparation of the photogenerated electron-hole pairs, the reduction 
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Fig. 11. ESR spectra of pure TiO 2 , TpBD, and TiO 2 /TpBD composite semiconductors for (a) DMPO- ·OH in water and (b) DMPO- ·O 2 − in methanol under visible light illumination 

for 5 min. DMPO: 5, 5-dimethyl-1-pyrroline N-oxide. 

Fig. 12. A schematic illustration of the charge-carrier migration pathways of (a) type-II and (b) direct Z-scheme heterojunctions for the TiO 2 /TpBD composite photoanode, 

along with the transfer of accumulated photogenerated electrons from the CB of the TpBD semiconductor to the nickel-coated magnesium alloy to induce PECCP performance. 
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bility is enhanced further, showing the strongest DMPO- ·O 2 
− sig- 

al. 

The formation of a direct Z-scheme TiO 2 /TpBD system is also 

onsolidated by the measurement of OCP variations of the Mg/Ni 

lectrode coupled with a TiO 2 or TiO 2 /TpBD photoanode under in- 

ermittent visible light illumination ( Fig. 7 (b)). The photoinduced 

otential of the Mg/Ni electrode coupled with pure TiO 2 photoan- 

de stabilizes at a value of −0.68 V (vs. SCE), or −0.44 V (vs.

HE), which is very close to the CB potential of TiO 2 ( −0.46 V vs.

HE). If the charge-carrier migration mechanism of the TiO 2 /TpBD 

omposite complies with type-II heterojunction, the photoinduced 

otential should also be close to the CB potential of TiO 2 semi- 

onductor. However, the potential of the Mg/Ni electrode coupled 

ith TiO 2 /TpBD composite under irradiation stabilizes at a value 

f −1.13 V (vs. SCE), or −0.89 V (vs. NHE), which is much more 

egative than the CB potential of TiO 2 and closer to the CB po- 

ential of TpBD semiconductor. Thus, the photoinduced potential 

rop is attributed to the migration of photogenerated electrons 

rom the CB of TpBD semiconductor, rather than that of TiO 2 

emiconductor. 

Importantly, the formation of a nickel coating on magnesium 

lloy is shown to play an important role in an effective cou- 

ling with the above photochemical characteristics (see right panel 
263 
f Fig. 12 ). The photogenerated electrons in the pure TiO 2 and 

iO 2 /TpBD composite photoanodes cannot undergo upward trans- 

er to the bare magnesium alloy. This is because the CB poten- 

ials of the semiconductors are more positive than E c of the bare 

agnesium alloy ( −1.26 V vs. NHE). For the pristine nickel-coated 

agnesium alloy, owing to the intact wrap of the coating to the 

ubstrate, E c value shifts remarkably toward a more positive di- 

ection to −0.14 V (vs. NHE), which corresponds to E c value of a 

ickel-phosphorus coating. In this case, compared to the CB poten- 

ial of the single TiO 2 photoanode or TiO 2 /TpBD composite pho- 

oanode, E c of the nickel-coated magnesium alloy is more positive, 

hereby the photogenerated electron can migrate to the coating 

urface. Especially, in the case of TiO 2 /TpBD photoanode, the CB 

otential of the TpBD semiconductor is as low as −1.1 V (vs. NHE). 

uch a big potential difference between the E c of the Mg/Ni elec- 

rode and the CB potential of the TpBD semiconductor produces 

nough OCP drop when the Mg/Ni electrode is coupled with the 

iO 2 /TpBD photoanode under visible light illumination, generating 

irect PECCP to the nickel coating against corrosion. The direct ca- 

hodic polarization protection via TiO 2 /TpBD photoanode prolongs 

he nickel coating’s corrosion protection to the underlying magne- 

ium alloy by a more effective physical barrier against corrosive 

pecies present in the environment. 
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. Conclusions 

In summary, the charge transfer process in the TiO 2 /TpBD 

omposite system is shown to follow a direct Z-scheme pho- 

ocatalytic mechanism, which improves the photoelectrochemical 

erformance by coupling TpBD-decorated TiO 2 photoanode with 

ickel coating on Mg alloy for an effective corrosion protection. 

lthough the accumulated photogenerated electrons on the CB of 

he TpBD semiconductor are ineffective in transferring to the mag- 

esium alloy for direct corrosion protection, they can effectively 

ransfer to the nickel-coated magnesium alloy surface for PECCP of 

he nickel coating. This improvement remarkably prolongs corro- 

ion protection of the nickel coating to the magnesium alloy by a 

hysical barrier. 

The TiO 2 -based composite photoanode, consisting of an anodic 

xidized TiO 2 nanotube array underlayer and a hydrothermal de- 

osited covalent organic framework TpBD thin film, is promising 

or direct PECCP to the nickel interlayer and indirect corrosion pro- 

ection to the Mg alloy. Compared to the single Mg/Ni electrode in 

he dark, a large potential drop as high as ∼660 mV is obtained 

fter coupling with the TiO 2 /TpBD photoanode, suggesting direct 

ECCP of the composite to the nickel layer. Furthermore, under 

he assistance of the PECCP, the physical barrier protection time 

f the nickel layer to the Mg alloy extends to 117 min, which is 

hree times higher than that of the single Mg/Ni electrode without 

hotoanode. The enhanced photoelectrochemical and PECCP per- 

ormances of the composite photoanode are attributed to the well- 

atched conduction and VBs between the TiO 2 and TpBD semicon- 

uctors to form a direct Z-scheme heterojunction. This promotes 

n effective spatial separation of carriers and prolongs the life- 

ime of the photogenerated electrons. These results not only fur- 

her demonstrate the utilization of a photoanode in direct PECCP 

o the nickel layer for an indirect corrosion protection of the un- 

erlying Mg alloy, but also pave the way for better design of highly 

fficient photoanode composites. 
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