
Contents lists available at ScienceDirect 

Applied Catalysis B: Environmental 

journal homepage: www.elsevier.com/locate/apcatb 

Decoration of γ-graphyne on TiO2 nanotube arrays: Improved 
photoelectrochemical and photoelectrocatalytic properties 
Bowen Gaoa, Mingxuan Suna,b,*, Wen Dinga, Zhipeng Dinga, Wenzhu Liua 

a School of Materials Engineering, Shanghai University of Engineering Science, Shanghai 201620, China 
b State Key Laboratory of Photocatalysis on Energy and Environment, Fuzhou University, Fuzhou, 350002, PR China  

A R T I C L E  I N F O   

Keywords: 
Graphyne 
TiO2nanotube arrays 
Photoelectrochemical performance 
Photoelectrocatalysis 

A B S T R A C T   

A series of γ-graphyne/TiO2 nanotube array heterostructures are first synthesized by a facile and environmental- 
friendly drop-coating method. The prepared heterostructures is completely investigated by a collection of char-
acterizations. Interestingly, the unique C-O-Ti linkage between γ-graphyne and TiO2 nanotube arrays is verified by 
both X-ray photoelectron spectroscopy and Fourier transform infrared analysis. After modification of γ-graphyne, 
the maximum transient photo-current and photo-potential of TiO2 nanotube arrays are improved by 2.2 and 1.3 
folds, respectively. Moreover, a maximum of 3.64 and 1.35 folds enhancements are severally verified for the 
photoelectrocatalytic degradation of levofloxacin and rhodamine B over the heterostructures compared to that of 
TiO2 nanotube arrays. Furtherly, the heterostructures also show superior photoelectrocatalytic performance on 
nitrogen fixation and oxygen evolution than TiO2 nanotube arrays. The crystal, morphological, photoelec-
trochemical, and photoelectrocatalytic stability of the heterostructures are confirmed. This work sheds light on 
designing γ-graphyne modified composites for photoelectrochemical and photoelectrocatalytic application.   

1. Introduction 

In recent decades, energy shortage and environmental pollution 
have become worldwide hot topics. Titanium dioxide (TiO2) nanoma-
terials have been widely investigated in the fields of photocatalytic 
pollutant degradation [1–5], hydrogen evolution [6–8], oxygen evolu-
tion [9–11], and nitrogen fixation [12–14] for addressing energy and 
environmental crises because of its relative nontoxicity, low cost, fa-
vorable electronic, and optoelectrochemical properties. Particularly, 
TiO2 nanotube arrays on titanium substrate exhibit further fascinating 
structures, including vertically grown tubular structure and large sur-
face-to-volume ratio, etc. [15,16] These unique structures provide 
highly ordered unidirectional electron transfer channels and more ef-
fective active sites [17]. Nevertheless, TiO2 nanotube arrays still face 
intrinsic characteristics of large band gap and fast carriers recombina-
tion [18–20]. Therefore, literature have reported various modification 
strategies for improving photo-response and charge-transport rate of 
TiO2 nanotube arrays [21–28]. To date, it is yet urgent to further de-
velop decoration methods for TiO2 nanotube arrays to obtain photo-
catalytic system with high-activity, which can promote the application 
of TiO2 nanotube arrays in solar energy utilization. Amongst, the con-
struction of heterojunction still appears as a potent way to improve the 
photocatalytic performance of TiO2 nanotube arrays nowadays. 

Graphynes, as newly emerging two-dimensional carbon materials, 
exhibit large surface area, high stability, and higher mobility of carriers 
than that of graphene [29]. These favorable properties are mainly en-
dowed by the superior crystalline structure of graphyne, which is 
comprised of both sp and sp2 carbon atoms and a prominent π-π 
stacking interaction [30–32]. Recently, literature concerning gra-
phynes-based materials mainly focused on the theoretical calculation 
for applications in energy conversion and storage owing to its intricate 
preparation process [33–39]. As the synthetic procedure for graphynes 
gradually become facile, some experimental reports have emerged for 
improving photoelectrochemical and photocatalytic performance of 
semiconductors by the modification of graphynes, such as graphdiyne/ 
ZnO [40], graphdiyne/CdS [41], and graphynes/TiO2 [42–44]. Wang 
et al. successfully synthesized graphdiyne modified TiO2 (Degussa P25) 
nanoparticles through a simple hydrothermal process, and 0.6 wt. % 
graphdiyne/TiO2 composite showed the best photocatalytic degrada-
tion towards methylene blue [42]. Ramakrishnan et al. reported na-
nocomposites of graphdiyne, graphdiyne oxide, and TiO2 by one-step 
hydrothermal process, and the obtained composites showed an im-
proved photoelectrochemical performance [43]. Wu et al. constructed a 
novel heterojunction of TiO2 nanoparticles and γ-graphyne, and 8.4- 
fold higher H2 evolution rate was observed after the modification [44]. 
Thus, graphynes has been reported to be great potential modifiers for 
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improving the solar energy utilization of other semiconductors. 
Generally, the most common type of graphynes is denoted as γ- 

graphyne, which is a semiconductor with moderate energy band gaps 
[34,45,46]. Recently, we firstly reported the sonochemical synthesis of 
γ-graphyne using CaC2 and PhBr6 as the starting materials [47]. The 
successful fabrication of γ-graphyne paves the way for us to investigate 
the γ-graphyne/TiO2 nanotube arrays system. Herein, 2D γ-graphyne 
nanosheets were assembled onto TiO2 nanotube arrays by a simple 
drop-coating assembly process in an attempt to improve its photoelec-
trochemical and photoelectrocatalytic performance. Thereinto, the 
successful formation of heterojunction facilitates the carriers separation 
by transferring electrons and holes to different energy levels. To the 
best of our knowledge, this is the first investigation on the construction 
of γ-graphyne/TiO2 nanotube array heterostructures and investigation 
of their photoelectrochemical and photoelectrocatalytic performance. 

2. Experimental sections 

2.1. Fabrication of γ-graphyne modified TiO2 nanotube arrays 

TiO2 nanotube (TNT) arrays were prepared on titanium substrate 
using electrochemical anodization which has been described in detail 
by our previous report [5]. In short, titanium foils were first chemically 
etched in a mixture of deionized water, HNO3 (65 wt. %), and HF (40 
wt. %) with volume ratio of 5:4:1 for 20 s and then were thoroughly 
rinsed by deionized water. The electrochemical anodization was carried 
out by applying a constant voltage of 20 V between titanium foil and 
graphitic counter electrode in HF aqueous solution (0.5 wt. %) for 40 
min using a direct current power supply, and the obtained amorphous 
nanotube arrays were then converted into anatase and rutile phase by 
annealing at 450℃ for 2 h in air. 

γ-graphyne was synthesized using a simple sonochemical method as 
our report earlier [47]. The γ-graphyne/TiO2 nanotube arrays (GY/ 
TNT) heterostructures were fabricated by drop-coating method. The 
synthesis process and schematic structure of the GY/TNT hetero-
structures are shown in Fig. 1. In a typical procedure, 0.120 g of GY 
powders were added into 80 mL of absolute ethanol and magnetically 
stirred for 1 h. Afterwards, the resultant was severally diluted with 0, 4, 
and 10 folds volumetric absolute ethanol to obtain suspensions with 
different GY content. Before the drop-coating process, the obtained 
TiO2 nanotube arrays were pre-heated in an oven at 70℃ for 1 h. Then, 
1.3 mL of GY suspension was quickly pipetted and dropped onto the 
pre-heated TiO2 nanotube arrays with exposed surface area of 1 cm2, 
which allows a close connection between GY and TiO2 nanotube arrays. 
The mass of GY was calculated to be 1.95, 0.39, and 0.18 mg for the 1.3 
mL diluted GY suspensions, respectively. The resulted heterostructures 
are severally denoted as 1.95GY/TNT, 0.39GY/TNT, and 0.18GY/TNT. 

2.2. Characterizations 

X-ray diffraction (XRD) was recorded using Cu-Kα radiation on 
Panalytical X'Pert X-ray diffractometer (Holland) at 40 kV and 40 mA. 
Raman spectroscopy were performed using a 532 nm laser excitation on 
Raman spectrometer (Renishaw, UK). The morphological structure was 
characterized by the field emission scanning electron microscopy (FE- 
SEM) on JEOL JSM-7000F (Japan). The high-resolution transmission 
electron microscopy (HR-TEM), transmission electron microscopy 
(TEM), energy-dispersive X-ray spectroscopy (EDS) elemental mapping 
images, and the selected area electron diffraction (SAED) were obtained 
on the FEI Tecnai F20 instrument (USA). An RBD upgraded PHI-5000C 
ESCA system (PerkinElmer) was employed for the X-ray photoelectron 
spectroscopy (XPS) analysis using Al/Mg-Kα radiation. The binding 
energies were calibrated with C 1s at 284.6 eV. Fourier transform in-
frared (FT-IR) spectra were obtained using a Shimadzu IR Prestige 21 
spectrometer. The UV–vis diffuse reflectance spectra (UV–vis DRS) 
were detected on Shimadzu UV 2600 spectrophotometer (Japan). 

2.3. Photoelectrochemical and photoelectrocatalytic tests 

Both the photoelectrochemical and photoelectrocatalytic tests were 
performed using a three-electrode system on CHI 660E electrochemical 
analyzer. The obtained samples with an active area of 1 cm2, platinum 
wire, and saturated calomel electrode (SCE) were served as working 
electrode, counter electrode, and reference electrode, respectively. A 
500 W xenon lamp was served as the ultraviolet and visible (UV–vis) 
light source for both photoelectrochemical and photoelectrocatalytic 
tests. The transient photovoltage (TPV) signals were recorded with CEL- 
TPV2000 (CEAULIGHT). The excitation levels and the wavelength of 
laser pulse are 38 μJ/pulse and 355 nm, respectively. 

The photoelectrochemical tests including transient photo-current, 
transient photo-potential, linear sweep voltammetry (LSV), electro-
chemical impedance spectroscopy (EIS) measurements under UV–vis 
light irradiation, and Mott-Schottky (MS) under dark condition were 
carried out using 0.5 M Na2SO4 aqueous electrolyte (pH = 7). 
Furthermore, the electrochemical impedance was measured with fre-
quencies ranging from 0.01–100000 Hz and Mott-Schottky curves were 
recorded at frequency of 1 kHz under applied bias from -1 to 1 V (vs. 
SCE). The ohmic drop correction of Tafel plot was performed by the 
introduction of the total area-specific uncompensated resistance (R, Ω 
cm2) of the system, which is assumed to be constant and independent of 
current, according to the following Equation [48]: 

= j Rcorr

Where ηcorr, η, j, and R are the overpotential after the correction, the 
original overpotential, the corresponding current density, and the 

Fig. 1. Schematic illustration for the synthesis of GY/TNT (a-c).  
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measured total area-specific uncompensated resistance, respectively. 
The reversible hydrogen electrode (RHE) potential and normal hy-

drogen electrode (NHE) potential can be converted from SCE. The 
conversion with respect to various reference electrodes can be calcu-
lated by the equations: 

= + + ×
= +

E E 0.242 0.0591 (pH)
E E 0.242

(RHE) (SCE)

(NHE) (SCE)

The photoelectrocatalytic (PEC) degradation of rhodamine B (RhB) 
and levofloxacin (LEVO) under UV–vis light irradiation was performed 
with a bias potential of 1 V (vs. SCE) in supporting electrolyte of 0.5 M 
Na2SO4 aqueous solution. Once the photoelectrocatalytic process 
begun, 1 mL of pollutant was collected by pipetting at given time in-
tervals for determining the remaining dye concentration on a Shimadzu 
UV 1601-PC spectrophotometer (Japan). The maximum absorption 
peaks for rhodamine B and levofloxacin appeared at 553 and 288 nm, 
respectively. Also, a pseudo-first-order reaction model was introduced 
to further analyze the experimental data by the equation [49]: 

=ln (C /C ) k t0 t ap

Where kap, C0, t, and Ct represent the rate constant, the initial organic 
contaminants concentration, reaction time, and the remaining organic 
contaminants concentration at the given time ‘t’, respectively. 

The PEC N2 fixation tests were also performed to further investigate 
the PEC activity of pristine TNT and 0.39GY/TNT. Typically, 50 mL of 
0.5 M Na2SO4 were employed as supporting electrolyte. Prior to the 
PEC tests, N2 should be slowly bubbled into the Na2SO4 aqueous so-
lution for 30 min until saturated. Then, photoelectrocatalytic fixation of 
nitrogen to ammonia was carried out under UV–vis lighter radiation at 
a constant 1 V (vs. SCE) bias using conventional three-electrode system. 
Each PEC test was carried out for 1 h, and N2 should be bubbled into the 
supporting electrolyte throughout the whole experiment. The con-
centration of ammonia in the solution was measured by spectro-
photometric method with Nessler’s reagent, and characteristic absorp-
tion peak is located at 420 nm. The relation between the ammonia 
concentration and absorbance is subject to the Beer–Lambert law, and 
the conversion equation can be given by the linear fit of the standard 
solution. Finally, controlled experiments were also conducted by the 
introduction of 100 μmL methanol and replacement of N2 with Ar. 

3. Results and discussion 

3.1. Physicochemical properties 

The XRD patterns of pristine TNT and 0.39GY/TNT heterostructure are 
displayed in Fig. 2(a). All the diffraction peaks for the pristine TNT are 
ascribed to TiO2 and titanium metal substrate. Thereinto, the diffraction 

peaks with considerable intensity for pristine TNT at 35.09°, 38.42°, 40.17°, 
53.01°, 62.95°, 70.66°, 76.22°, and 77.37° are severally assigned to {100}, 
{002}, {101}, {102}, {110}, {103}, {112}, and {201} crystal planes of 
metal titanium (JCPDS 00−044-1294), suggesting that the formed TiO2 

nanotube array on titanium substrate is a very thin film. The weak dif-
fraction peak at 25.28° corresponds to {101} crystal plane of anatase 
(JCPDS 00−001-0562), while the diffraction peak with tenuous intensity 
at 27.40° is attributed to the {110} crystal plane of rutile (JCPDS 01−076- 
0318). Therefore, it is confirmed that the prepared TiO2 nanotube arrays 
are composed of anatase and rutile phases. The characteristic peak for 
carbon at ∼26° shown in the 0.39GY/TNT XRD pattern confirms that GY is 
successfully coupled on the surface of TNT. All the residual diffraction 
peaks for 0.39GY/TNT are well consistent with that of pristine TNT. No 
other diffraction peaks are found, suggesting no impurities exist in the 
heterostructures. In summary, the XRD results demonstrate the successfully 
prepared GY/TNT heterostructures possess high purity and crystallinity. 

Raman spectroscopy is also introduced to detect GY, TNT, and the 
existence of GY on TNT arrays. The results are shown in Fig. 2(b). For 
both pristine TNT and GY/TNT samples, the characteristic peaks located 
at ∼144, ∼396, ∼516, and ∼636 cm−1 can be ascribed to Eg(A), B1g, 
A1g (superimposed with the B1g band around 519 cm−1), and Eg (A) 
modes of the anatase, respectively. And, the typical Raman band for 
rutile appears at ∼449 cm−1, which can be assigned to the Eg(R) mode 
[50,51]. For GY/TNT heterostructures, the additional emerged peaks at 
∼1344, ∼1571, and ∼2692 cm-1 severally correspond to D band, G 
band, and 2D band of GY [42]. Thereinto, the D band and G band are 
severally ascribed to the defects/disorder structures of the carbonaceous 
materials and an in-plane vibrational mode involving the sp2 hybridized 
carbon atoms while the 2D band represents a two-phonon lattice vibra-
tional process. Thereby, the above Raman results further indicate that the 
GY/TNT heterostructures are successfully synthesized. 

Fig. 3displays the FE-SEM images of pristine TNT (Fig. 3(a) and 
3(b)) and 0.39GY/TNT heterostructure (Fig. 3(c) and 3(d)). As shown in  
Fig. 3(a) and 3(b), vertically aligned TNT arrays with highly ordered 
tubular structure grow on the titanium metal substrate, which can 
provide unique transmission channel for charge carriers. The average 
wall thickness and inner diameter for the nanotubes are statistically 
calculated to be 13 and 68 nm, respectively. The one-dimensional and 
open-top tubular structures can provide large surface areas as well as 
more active sites. As presented in Fig. 3(c) and 3(d), after loading GY 
onto TNT, a 2D sheet-like morphology of GY uniformly distributes on 
most of the surface of 1D TNT arrays. Also, flake-like morphology is 
observed for pristine GY, as displayed in the inset of Fig. 3(d). More-
over, it can be found that no obvious morphological change occurs for 
highly ordered tubular structure of TNT after the coating of GY. 

The morphology of 0.39GY/TNT heterostructure is further in-
vestigated by a series of consecutively enlarged TEM images on the 
same spot as shown in Fig. 4(a). The tubular structure of vertical 

Fig. 2. XRD patterns (a) and Raman spectra (b) of pristine TNT (1) and 0.39GY/TNT (2); Inset in (b) is the Raman spectrum of pristine GY.  
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arranged TNT arrays is clearly observed in the three partial enlarged 
TEM images. Moreover, it can be clearly observed that the TNT arrays 
are tightly covered by sheet-like GY, indicating the close connection 
between GY and TNT. HR-TEM images (Fig. 4(b)) along with the SAED 
(Fig. 4(c)) are used to further investigate the microstructures and phase 
compositions of the as-prepared heterostructures. The well resolved 
lattice fringes indicate the high crystallinity of the heterostructures, 
which are in good accordance with the XRD results. As depicted in  
Fig. 4(b), the graphyne, {002} and {101} facets of titanium are detected 
with an average interplanar spacing of 3.4, 2.3, and 2.2 Å, respectively. 
Moreover, a ∼45° included angle is found between {002} and {101} 
facets of titanium, which endow more confidence to the measured in-
terplanar spacing above. In addition, as displayed in the inset of  
Fig. 4(b), an average spacing of 3.5 Å is verified, ascribing to the {101} 
facets of anatase phase. Similar results are also authenticated by SAED 
analysis, where the double-ended arrows presented in red, green and 
yellow are measured to be 5.7, 5.9 and 8.7 nm−1, respectively. More-
over, a fraction of XRD pattern for 0.39GY/TNT originating from  
Fig. 2(a) is presented in Fig. 4(d) for comparison. The diffraction peaks 
with relatively high crystallinity in the XRD pattern shows a good 
agreement to the phases detected by TEM and SAED. Amongst, the 
diffraction peak located at 25.28° corresponds to the as-measured 3.5 Å 
and 5.7 nm−1, indicating the formation of {101} facets of anatase 
phase; the diffraction peak located at 38.42° corresponds to the as- 
measured 2.3 Å and 8.7 nm−1, evincing the formation of {002} facets 
of titanium phase; the diffraction peak located at 40.17° corresponds to 
the as-measured 2.2 Å, signifying the formation of {101} facets of ti-
tanium phase; and, the diffraction peak located at 26° corresponds to 
the as-measured 3.4 Å and 5.9 nm−1, denoting the formation of gra-
phyne phase. EDS elemental mapping is adopted to detect the element 
distribution of the heterostructures, as shown in Fig. 4(e). A uniform 

distribution is found for carbon (depicted in red) on the TNT arrays. 
Furthermore, a circular distribution is observed for oxygen (depicted in 
orange) owing to the tubular structure of TNT arrays, and other scat-
tered oxygen may originate from some oxygen-enriched species 
hanging on the GY. A similar distribution can be observed for titanium 
(depicted in yellow), while the circular pattern is more obscure. This 
can be explained by the reason that the EDS elemental mapping is in-
troduced as a bulk analysis, and thus the titanium on the substrate can 
also be detected. The above analysis further confirms that the suc-
cessfully fabricated GY/TNT heterostructures show close contact, uni-
form distribution, and high crystallinity. 

XPS analysis is adopted to study the elemental composition and 
chemical bonding configuration of the obtained 0.39GY/TNT hetero-
structure. The characteristic peaks for Ti, O, and C elements are clearly 
observed from the survey spectrum of XPS, as shown in Fig. 5(a). The Ti 
2p high-resolution XPS spectrum in Fig. 5(b) shows two peaks at 458.3 
and 464.1 eV, corresponding to Ti4+ 2p3/2 and Ti4+ 2p1/2, respectively. 
Moreover, a shift about 0.2−0.3 eV occurs for Ti 2p after the mod-
ification of GY on TiO2 nanotube arrays, compared to that of pristine 
TiO2 nanotube arrays (the locations of peaks are depicted in orange 
dash line, in Fig. 5(b)), which was prepared with the same method by 
our group [25,26]. This finding indicates a most probable chemical 
bonding interaction between GY and TNT in 0.39GY/TNT hetero-
structure. The O 1s high-resolution XPS spectrum is shown in Fig. 5(c). 
The binding energies located at 529.5, 531.0, and 531.9 eV are at-
tributed to the oxygen in the lattice of TNT (OL), surface hydroxyl 
oxygen (O−OH), and C-O-Ti, respectively [42,44,52]. Also, no peak is 
detected around 535.2 eV, which is ascribed to C]O bond [53].  
Fig. 5(d) illustrates the C 1s high-resolution XPS spectra for pristine GY 
and 0.39GY/TNT samples. The primitive curve of C 1s for 0.39GY/TNT 
is deconvoluted into four contributions at 284.4, 284.8, 268.6, and 

Fig. 3. SEM images of top-view pristine TNT under low magnification (a) and high magnification (b); Top-view (c) and side-view (d) of 0.39GY/TNT heterostructure; 
Inset in (d) shows the morphology of pristine GY. 
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288.2 eV, which are assigned to C]C (sp2), C≡C (sp), C-O, and C-O-Ti 
or C]O2 bond, respectively [54]. Noticeably, an obvious new peak 
appears around 288.2 eV for 0.39GY/TNT compared to that of pristine 
GY (depicted in cyan dash-dot line), which can be attributed to C-O-Ti 
or C]O bond. However, since there is a clear evidence of the absence of 
C]O bond according to the O 1s XPS spectrum, the peak at 288.2 eV 
should only correspond to C-O-Ti bond for 0.39GY/TNT hetero-
structure. Furthermore, the peak for sp3 hybridized carbon atom is not 
observed, implying that the carbon atoms in GY exist as sp and sp2 

hybridization rather than sp3 hybridization. The area ratio of sp/sp2 is 
about 1, which is well consistent with the γ-graphyne structure. Thus, 
we can deduce that the sp and sp2 hybridized carbon atoms exist in GY 
and show a high degree of symmetry, which suggests that the GY in GY/ 
TNT heterostructures possesses a high stability. Moreover, the forma-
tion of C-O-Ti linkage between GY and TNT is also confirmed by Fourier 
transform infrared (FT-IR) spectra. As depicted in Fig. 6, FTIR spectra of 
pristine TNT and 0.39GY/TNT are shown for comparison, in order to 
investigate the nature of chemical bonding with multiple means. It can 
be clearly noticed that, after the modification of GY, a newly appeared 
absorption is formed around 1150 cm−1, which reasonably correspond 
to the vibrations of C-O-Ti bond [55]. Base on the upwards analyses, Ti 

2p XPS spectra, C 1s XPS spectra, and FT-IR spectra all confirm a strong 
chemical bonding interaction (C-O-Ti linkage) between GY and TNT, 
which can provide a highly efficient transfer path for carriers between 
the two components in the as-prepared heterostructures. 

The UV–vis absorption spectra of the pristine GY and GY/TNT are 
depicted in Fig. 7. It is well known that the intercept extrapolated from 
the linear part of the absorption curves to X-axis can provide approx-
imate values of the light absorption edge for samples [56]. Compared 
with the optical absorption edge of the pristine TNT sample (415 nm), a 
redshift of 101 nm towards the larger wavelength is observed for that of 
0.39GY/TNT heterostructure (516 nm), therefore revealing a narrowing 
band gap by the modification of GY on TNT arrays. Forbye, the 0.39GY/ 
TNT sample shows an enhanced absorption intensity throughout the 
ultraviolet and visible light region. According to the formula E = hc/λ, 
the estimated band gaps can be roughly calculated by optical absorp-
tion edges, which are 2.9 and 2.4 eV for pristine TNT and 0.39GY/TNT, 
respectively. This result suggests that a favorable synergism between 
GY and TNT by a strong chemical combination can lead to the expanded 
and enhanced light response of TiO2 nanotube arrays. 

3.2. Photoelectrochemical performance 

The transient photo-current of pristine TNT and GY/TNT electrodes is 
investigated under the intermittent UV–vis light illumination with no 
applied bias (vs. SCE). It is widely known that a higher photo-current is 
related to a higher separation efficiency for the photogenerated electrons 
and holes of photocatalysts, and thus signifying a better photocatalytic 
performance. As shown in Fig. 8(a), the transient photo-current re-
sponses of pristine TNT and GY/TNT electrodes are performed for several 
on-off cycles of light activation. Fast and stable photo-current response is 
detected for each switch-on and -off event. The photo-current density 
drops almost to zero instantly at the moment that the illumination is 
interrupted and the photo-current density instantaneously jumps back to 
a spike as the illumination is reintroduced again. The average photo- 
current density of pristine TNT, 1.95GY/TNT, 0.39GY/TNT, and 0.18GY/ 
TNT electrodes are found to be ∼0.47, ∼0.44, ∼1.04, and ∼0.69 mA/ 
cm2 under UV–vis light illumination, respectively. Obviously, enhanced 
photo-current density for 0.39GY/TNT and 0.18GY/TNT electrodes are 
observed compared with that of pristine TNT electrode, which indicate 
the generation of more carriers. Especially, the 0.39GY/TNT electrode 
displays the highest photo-current density, which is calculated to be 2.2 
folds higher than that of pristine TNT electrode. This improvement can 
be attributed to the enhanced light response and carriers separation ef-
ficiency, as will be described in detail later. Moreover, the decrease in 
transient photo-current responses over 1.95GY/TNT electrode indicates 
that the excessive loading of GY plays a negative effect on photoelec-
trochemical performance of the heterostructure. 

The transient photo-potential of the pristine TNT and GY/TNT elec-
trodes under the intermittent UV–vis light irradiation is presented in  
Fig. 8(b). The photo-potential of pristine TNT is found to be -0.303 V, 
while it is -0.377 V for 0.18GY/TNT electrode. Enhanced photo-voltage is 
observed with the increment of loading GY on TNT, among which 
0.39GY/TNT electrode shows the highest photo-potential. The photo- 
potential is up to -0.386 V for 0.39GY/TNT electrode, which increases 
about 1.3 times towards negative direction compared with that of pris-
tine TNT electrode. Owing to a strong interaction between GY and TNT 
as well as the vertically aligned TNT arrays, these special structures allow 
boosting the transfer for photo-induced carriers within the as-prepared 
sample, leading to a promotion of the transient photo-potential. Thus, it 
can be noticed that the potential generated by the build-up charges re-
stores towards original state at a relatively high pace right after the ir-
radiation goes out. However, with further increment of loading GY, the 
photo-potential decreases to -0.271 V for 1.95GY/TNT electrode. The 
variation with similar tendency for transient photo-current response over 
1.95GY/TNT electrode is observed in transient photo-potential curves 
likewise. In other words, in both transient photo-current responses and 

Fig. 4. TEM images (a), HR-TEM (b), SAED (c), XRD pattern (d), and EDS 
elemental mapping (e) of 0.39GY/TNT sample; The interplanar spacing (b, HR- 
TEM), dots spacing in reciprocal lattice (c, SAED), and diffraction peaks (d, 
XRD) for anatase, graphyne, titanium {002} and titanium {001} are illustrated 
in red, green, yellow, and orange, respectively. 
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transient photo-potential tests, excessive GY coating on TNT leads to a 
slight decrease. Compared with the results on graphynes modified TiO2 

nanoparticles in other literature [43,44], where the photoelec-
trochemical properties still showed an enhancement even with the 100 
wt. % modification, the peculiar results here may cause by the intrinsic 

nature of the structure of TNT. The unique tubular structure of TNT al-
lows light-scattering to occur inside the inner wall of the nanotube, thus 
increasing the optical path as well as the utilization of photons and 
leading to a better photoelectrochemical property than that of particles 
[57,58], as illustrated in Fig. 9(a) and 9(b). However, the excessive 
loading of GY over the TNT can lead to an attenuation of incidence due to 
the shielding effect [59–61], as depicted in Fig. 9(c). 

Fig. 5. XPS spectra of 0.39GY/TNT: full-scale XPS spectrum (a), Ti 2p (b), O 1s (c), and C 1s (d, the dash-dot line depicted in cyan shows the XPS spectrum of pristine 
GY) XPS spectra. 

Fig. 6. FT-IR spectra of pristine TNT and 0.39GY/TNT samples; Inset is the 
partial enlargement. 

Fig. 7. UV–vis absorption spectra of pristine TNT and 0.39GY/TNT sample.  
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The linear sweep voltammetry (LSV) for the as-prepared samples is 
shown in Fig. 8(c), where the dark current densities for all samples are 
negligible. The photo-current of the as-prepared 0.39GY/TNT hetero-
structure is higher than that of pristine TNT throughout the measured 
potential span. With UV–vis exposure, the onset potential is found to be 
0.41 V (vs. RHE) for both samples in 0.5 M Na2SO4 electrolyte. A photo- 

current density of 3.95 mA/cm2 is observed at an applied bias of 0.86 V 
(vs. RHE), which is 1.4 times larger than that of pristine TNT (2.82 mA/ 
cm2), evidencing a successful improvement of the photo-anodic property 
of 0.39GY/TNT electrode. 

As shown in Fig. 8(d), the photoconversion efficiency (PCE, light to 
chemical energy) is derived from the LSV using the following equation 

Fig. 8. Transient photo-current (a) and transient photo-potential (b) over time under UV–vis light irradiation with a light on/off cycles of 20 s and no applied bias 
potential; Photo-current density versus potential (c), photoconversion efficiencies as a function of applied potential (d), and corresponding Tafel plots (e) of pristine 
TNT and 0.39GY/TNT electrodes under UV–vis light irradiation; TPV responses of pristine TNT and 0.39GY/TNT with the excitation of 350 nm. 
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Fig. 9. Schematic illustration for light travel in pristine TNT (a), 0.39GY/TNT (b), and 1.95GY/TNT (c).  

Fig. 10. Photoelectrocatalytic degradation results (for rhodamine B (a) and levofloxacin (b)), corresponding pseudo-first-order kinetics (for rhodamine B (c) and 
levofloxacin (d)), and effects of different scavengers (for rhodamine B (e) and levofloxacin (f)) under UV–vis light irradiation. 
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[62,63]: 

= ×j(%) (E |E E |)
I

100%p
rev
0

meas aoc

0

Amongst, jpE°rev, jp|Emeas-Eaoc|, and I0 severally represent the total 
power output, the electrical power input, and the intensity of incident 
light. In detail, jp and E°rev are photo-current density and standard re-
versible potential (1.23 V vs. NHE), while Emeas and Eaoc are the potential 
(vs. RHE) under illumination and the open circuit potential (vs. RHE) of 
the working electrode, respectively. It should be noted that oxygen 
evolution reaction (OER) activity can be evaluated from the LSV plots in  
Fig. 8(c) and the derived plots in Fig. 8(d). Commonly, the standard 
reversible potential (E°rev = 1.23 V) indicates the theoretical potential 
for the half reaction in water-splitting reactions. Therefore, a higher 
anodic photo-current density and photoconversion efficiency is propor-
tional to a better OER ability [62]. A maximum photoconversion effi-
ciency of ∼3.15 % is obtained for 0.39GY/TNT electrode at a minimal 
applied potential of 0.93 V (vs. RHE) and a photo-current density of 4.36 
mA/cm2, which is 1.4 times higher than a maximum photoconversion 
efficiency of 2.28 % for the pristine TNT electrode. Moreover, the OER 
activity can be furtherly evaluated by Tafel plot. As illustrated in  
Fig. 8(e), the Tafel slope for pristine TNT electrode is calculated to be 292 
mV dec−1, while after the loading of GY, the 0.39GY/TNT electrode 
exhibits a lower Tafel slope of 210 mV dec−1, suggesting a superior OER 
activity. Hence, the results above verify a better PCE and OER activity for 
GY modified TNT than that of pristine TNT. 

The transient photovoltage (TPV) response were employed to trace 
the changes of surface potential as a function of time. The comparison 
of pristine TNT and 0.39GY/TNT allows further investigation on the 
underlying dynamic processes of the charge carriers within the photo-
anodes, as portrayed in Fig. 8(f). Specifically, for 0.39GY/TNT, a gen-
eral right-shift of the plot can be observed compared to that of pristine 
TNT. This observation confirms the prolongation of the carrier life-time 
(τv) with the loading of GY, which reasonably indicates the formation of 
heterostructure can lead to the suppression of carriers recombination in 
the bulk, and at the interfaces of GY/TNT. Besides, the magnitude of 
TPV response for 0.39GY/TNT (3.29 mV) shows a distinct increase, 
which was 1.13 mV greater than that of pristine TNT (2.16 mV). The 
results of TPV are accordance with the improved photo-current and 
photo-potential response above, which can assist to support the high 
photoelectrochemical performance of 0.39GY/TNT electrode. 

3.3. Photoelectrocatalytic performance 

The photoelectrocatalytic (PEC) performances of the obtained 
samples are firstly investigated by the removal efficiencies of organic 
dye (rhodamine B) and antibiotic (levofloxacin) under UV–vis light ir-
radiation. Fig. 10(a) presents the photoelectrocatalytic degradation of 
rhodamine B over pristine TNT and GY/TNT samples. As shown, all the 
GY/TNT heterostructures show an enhanced photoelectrocatalytic 
performance compared with that of pristine TNT. After irradiating for 
60 min, the pristine TNT can only decompose 33.2 % of rhodamine B, 
while the removal ratios of rhodamine B reach 64.2 %, 75.8 %, and 

70.6 % for 1.95GY/TNT, 0.39GY/TNT, and 0.18GY/TNT, respectively. 
In order to rule out the possible sensitizing effect of colored rhodamine 
B, colorless levofloxacin, known as one of refractory organic pollutions, 
is also selected to investigate the photoelectrocatalytic performance. 
The relevant results are shown in Fig. 10(b). The photoelectrocatalytic 
removal efficiency over pristine TNT is 75.1 % after irradiation for 60 
min, and the degradation ratios over 1.95GY/TNT, 0.39GY/TNT, and 
0.18GY/TNT are 66.1 %, 84.5 % and 75.3 %, respectively. 

A pseudo-first-order reaction model is used to further analyze the 
photoelectrocatalytic experiment results, as illustrated in Fig. 10(c) and 
10(d). The corresponding pseudo-first-order rate constants (kap) of PEC 
degradation and the standard errors are listed in Table 1, where the 
standard error is scaled with the square root of reduced Chi-Squared 
[64]. As displayed in Fig. 10(c), the PEC rate constant for rhodamine B 
degradation over 0.39GY/TNT is 2.442 × 10−2 min−1, which is 3.64, 
1.42 and 1.17 folds higher than that of pristine TNT (0.671 × 10−2 

min−1), 1.95GY/TNT (1.724 × 10−2 min−1), and 0.18GY/TNT (2.084 
× 10−2 min−1), respectively. Furthermore, as presented in Fig. 9(d), the 
PEC rate constant for levofloxacin degradation over 0.39GY/TNT is 3.21 
× 10−2 min−1, which is 1.35, 1.79, and 1.34 folds higher than that of 
pristine TNT (2.38 × 10−2 min−1), 1.95GY/TNT (1.79 × 10−2 min−1), 
and 0.18GY/TNT (2.40 × 10−2 min−1), respectively. It can be noted 
that PEC rate constant for the degradation shows a volcano-like trend as 
the increasement of GY coating amount. The maximum PEC rate constant 
kap is found over 0.39GY/TNT for both model pollutants, while excessive 
GY coating, e.g. 1.95GY/TNT, results in the decrease of photoelec-
trocatalytic degradation, which is consistent with the photoelec-
trochemical results. Moreover, active species in the photoelectrocatalytic 
degradation process were determined by trapping radicals and holes. As 
illustrated in Fig. 10(e) and 10(f), the active species for PEC degradation 
of RhB and LEVO were explored by the addition of tert-butyl alcohol 
(TBA), ammonium oxalate (AO), and benzoquinone (BQ) as quenching 
agents for hydroxyl radical (·OH), hole (h+), and superoxide (·O2

−), 
respectively. It can be clearly observed that the introduction of BQ leads 
to an obvious reduction in degradation efficiency for both RhB and 
LEVO. For comparison with that of BQ, the addition of TBA and AO cause 
a relatively lower decrease in the PEC degradation of both contamina-
tions. In this case, C-O-Ti linkage and highly ordered TNT arrays together 
facilitate the photo-induced electrons quickly migrating to Pt cathode 
under the external electric field. Moreover, the accumulated holes at the 
valence band (VB) of GY can degrade pollutant as well as produce ·OH, 
while the electrons on the Pt electrode can generate ·O2

− by reacting 
with dissolved oxygen (O2) [65–67]. 

+
+

+

+

+

e e
h OH /H O ·OH

e O ·O
h /·OH/·O pollutant degraded products

(photoanode) (cathode)

(photoanode) 2

(cathode) 2 2

(photoanode) 2

The result corroborates that the PEC degradations of RhB and LEVO 
are mainly attributed to ·O2

− radicals. It can be also found that the 
active species of ·OH, h+, and ·O2

− have various influences on the PEC 
degradation of RhB and LEVO, due to the particular decomposition 
potential of contaminations. 

The photoelectrocatalytic performances of pristine TNT and 0.39GY/ 
TNT were furtherly investigated by the nitrogen fixation experiments. All 
the experimental details have been listed in Table 2, and several varia-
tions of the experimental conditions were incorporated. Specially, the 
introduction of the methanol, a known sacrificial electron donor, pro-
vides excess protons to decrease the kinetic barrier for N2 reduction 
[12,68], which can significantly improve the PEC activities. As visualized 
in Fig. 11(a), an obvious increase of the absorbance can be seen after the 
introduction of methanol. According to the Beer–Lambert law, the rela-
tion between the absorbance and corresponding concentration can be 
deduced by the linear fit of calibration points (plotted by standard so-
lution of ammonium hydroxide). Thus, with 50 mL of solution, the final 

Table 1 
The PEC degradation fitted results of pristine TNT and GY/TNT samples as 
pseudo-first-order model.       

Catalysts Rhodamine B Levofloxacin 

kap (min−1)  
(×10-2) 

Standard Error  
(×10−3) 

kap (min−1)  
(×10-2) 

Standard Error  
(×10−3)  

Pristine TNT 0.671 0.58 2.38 0.72 
1.95GY/TNT 1.724 1.19 1.79 0.66 
0.39GY/TNT 2.442 1.24 3.21 1.39 
0.18GY/TNT 2.084 0.83 2.40 1.24 
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ammonia synthesis rate can be calculated based on the concentration, as 
shown in Fig. 11(b). After 1 h of irradiation, pristine TNT generates about 
0.059 and 0.798 μmol of NH4

+ in the absence and presence of methanol, 
respectively. In contrast, 0.39GY/TNT produces about 0.383 and 1.000 
μmol of NH4

+ in the absence and presence of methanol, respectively, 
which is severally 6.5-time and 1.3-time higher than that of pristine TNT. 
In order to further investigate the N source of synthesized ammonia, N2 

was replaced by, another inert gas, Ar. As depicted in the last column of  
Fig. 11(b), the controlled experiment shows that NH4

+ cannot be gen-
erated in the absence of the N2. Considering a lack of N source in the 
0.39GY/TNT sample, it can be reasonably concluded that the synthesized 
ammonia is generated by the adventitious nitrogen. In summary, the 
conclusion can be drawn that 0.39GY/TNT heterostructure possess the 
optimal coupling amount of GY for improving the photoelectrochemical 
and photoelectrocatalytic performance of TNT. 

The combination effect of photocatalysis and electrocatalysis are 
corroborated and analyzed by both photoelectrochemical and photo-
electrocatalytic experiments. As displayed in Fig. 12(a), a controlled 
experiment on transient photo-current of 0.39GY/TNT was conducted 
severally with and without 1 V (vs. SCE) applied bias. It can be noticed 
that, after introducing light irradiation, the upper curves for 0.39GY/ 
TNT electrode exhibit obvious different appearance. On the one hand, 
for the electrode without applied bias (Fig. 12(b)), the light irradiation 
excites a sudden separation for electron-hole pairs, and induces an 
anodic photo-current at beginning, which poses a spike-like pattern. 
Then, the recombination of carries leads to a subsequent attenuation, 
until the over-all photo-current reach a constant value gradually 
[69–72]. On the other hand, for the electrode with applied bias 
(Fig. 12(c)), a constant photo-current density is recorded in the pre-
sence of light irradiation, which means the applied bias accelerate the 
separation of electron-hole pairs, and thus prevent the subsequent 
decay of photo-current. Here, it is noteworthy that, even if with the 
applied bias, dark current is still neglectable in the absence of light 
irradiation, which is consistent with the finding in LSV analysis 
(Fig. 8(c)). The reason could be attribute to the inactivity of hetero-
junction (semiconductor) under dark ambient. To be specific, the initial 
carries separation occurred within heterojunction is triggered by 

photons from light irradiation, once the energy of photons matches the 
band gap of the material. This process is governed in term of photo-
catalysis, rather than electrocatalysis. In other words, the light irra-
diation is employed to induce the excitation within the heterostructure 
(semiconductor), while the applied bias, as an external driving force, is 
used to promote the continuous separation of electron-hole pairs. At the 
moment that irradiation is interrupted, the photocurrent rapidly de-
creases till nearly vanishes. The heterojunction itself, in effect, is used 
to improve the separation of electron-hole pair as well as the utilization 
of incoming light irradiation. 

The influence of external environment on the final degradation ef-
ficiency was examined with 0.39GY/TNT. The comparison among 
electrochemical process, photolysis (without catalyst), photocatalysis, 
and photoelectrocatalysis were carried out by degrading RhB, as shown 
in Fig. 13. After 60 min, only 1.4 % of RhB is removed in electro-
chemical process, which shows the lowest efficiency. While, limited by 
the small irradiated area of the electrode, 2.8 % and 4.8 % of RhB are 
removed during the photolysis and photocatalysis, respectively. In 
contrast, photoelectrocatalysis shows the highest removal efficiency 
toward RhB, which is 75.8 %. The resultant improvement could be 
attribute to that the external circuit promote the photogenerated car-
riers to spatially separate, and facilitate the degradation process to 
occur at both anode and cathode. 

3.4. Stability evaluation 

Stability is also a crucial evaluation criterion for the practical ap-
plications of materials. The crystalline structure and morphology of 
0.39GY/TNT sample after PEC degradation are characterized by XRD 
and FE-SEM with results depicted in Fig. 14(a) and 14(b). As shown in  
Fig. 14(a), the crystalline alterations are neglectable by comparison of 
the XRD patterns of 0.39GY/TNT sample before and after PEC de-
gradation. Moreover, the morphological differences of TNT are ignor-
able, while the slight aggregation propensity of GY on TNT can be 
observed after PEC degradation, as depicted in Fig. 14(b). In general, 
the crystalline structure and morphology are stable for 0.39GY/TNT 
sample. Additionally, the photoelectrochemical stability is evaluated by 
the j-t plot over 0.39GY/TNT electrode under 2400s continuous UV–vis 
light irradiation, as presented in Fig. 14(c). There is no significant at-
tenuation observed in photo-current density for 0.39GY/TNT electrode, 
which stays ∼86 % retention. For further investigation, the three re-
cycling tests for degradation of rhodamine B and levofloxacin over 
0.39GY/TNT electrode are performed, as depicted in Fig. 14(d). After 
three cycles, the degradation ratios for rhodamine B and levofloxacin 
stay 93.3 % and 96.0 % retentions, respectively. The above results 
imply that the as-obtained GY/TNT samples exhibit stability in not only 
crystal and morphological structure, but also photoelectrochemical and 
photoelectrocatalytic performance. 

Table 2 
The nitrogen fixation results of pristine TNT and 0.39GY/TNT samples under 
various conditions.       

Catalysts Condition Absorbance Concentration Synthesis rate   
(mg L−1) (μmol h−1)  

Pristine TNT N2 0.107 0.02004 0.05883 
0.39GY/TNT N2 0.188 0.13029 0.38252 
Pristine TNT N2 (methanol) 0.292 0.27186 0.79813 
0.39GY/TNT N2 (methanol) 0.343 0.34128 1.00193 
0.39GY/TNT Ar 0 / 0 

Fig. 11. The generated ammonia concentrations as a function of measured absorbance (a) and the corresponding ammonia synthesis rate (b) of pristine TNT and 
0.39GY/TNT sample under different conditions; The red line in (a) is the linear fit of the calibration points. 
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3.5. Plausible mechanism 

Electrochemical impedance spectroscopy (EIS) is employed to ana-
lyze the charge transfer process at the interface between semiconductor 
and electrolyte. Fig. 15(a) presents the Nyquist curves of pristine TNT 
and GY/TNT under UV–vis light irradiation. It should be noted that 
only the Nyquist plots at high-frequency inputs have been recorded, 
which appear as approximate semicircles. A depressed semicircle with a 
relatively smaller radius is observed for 0.39GY/TNT compared with 
that of pristine TNT, which implies a faster interfacial transfer of photo- 
induced carriers. The schematic diagram in Fig. 15(a) provides the 
equivalent circuit corresponding to impedance spectra. Amongst, Rs, 
Rct, and CPE severally signify electrolyte resistance, charge transfer 
resistance, and constant phase element which present the imperfect 
dielectrics behavior [73]. All the fitting results for the elements in 
equivalent circuit have been shown in Table 3. The Rct values for 
pristine TNT, 1.95GY/TNT, 0.39GY/TNT, and 0.18GY/TNT are 129.3, 
154.3, 86.28, and 121.2 Ω, respectively. A smaller Rct value suggests a 
lower interfacial charge transfer resistance, which is more favorable to 
transport electrons and holes. Thus, EIS results also confirm that elec-
trons can be transferred much easier and faster at the electrolyte/ 

electrode interface by modification with GY, owing to a decrease in 
resistance. 

Mott-Schottky curves are conducted to evaluate the electronic 
properties of pristine TNT and GY/TNT electrodes under the dark 
condition, which can be obtained by the equation [74]: 

= ×1/c 2 (E E kT/e)/N e2
FB D 0

Thereinto, ND, C, ε, e, ε0, EFB, E, k, and T severally stand for the electron 
carrier density, the space charge capacitance of the semiconductor, the re-
lative permittivity in the semiconductor, the elemental charge, the permit-
tivity of vacuum, the flat band potential, the applied potential, Boltzmann 
constant, and the temperature. As presented in Fig. 15(b), the positive slopes 
for the linear part of MS curves of pristine TNT and GY/TNT hetero-
structures reflect the intrinsic characteristic of a n-type semiconductor. 
Additionally, the EFB of the samples can be estimated by extrapolating the 
fitting lines to 1/C2 = 0. The values of EFB for pristine TNT, 1.95GY/TNT, 
0.39GY/TNT and 0.18GY/TNT are -0.389, -0.381, -0.458, and -0.436 V, 
respectively. A 0.069 V shift towards negative direction is found for 
0.39GY/TNT compared with that of pristine TNT. The EFB of n-type semi-
conductor also roughly equals to the bottom of conduction band (CB), and a 
more negative EFB suggests a stronger reductivity for redox reaction. 

Based on the above discussion, a plausible mechanism is schemati-
cally proposed for charge generation and migration on GY/TNT nano-
tube arrays, as displayed in Fig. 16. Firstly, the unique C-O-Ti linkage 
detected by both XPS and FT-IR analysis, as well as the close contact 
observed in the TEM images indicate a strong chemical interaction be-
tween GY and TNT in GY/TNT heterostructure, which facilitate carrier 
transport efficiency. Additionally, charge carriers can be transferred 
much more efficiently at the interface of electrolyte/electrodes with a 
lower interfacial charge transfer resistance (Rct). Secondly, the GY 
modified TNT sample shows an enhanced light absorption intensity 
throughout the ultraviolet and visible light region. Thirdly, the matched 
band gap structure furtherly facilitates the transfer of photo-generated 
carriers between TNT and GY. Particularly, the band gap and the valence 
band (VB) for γ-graphyne are reported to be 2.7 eV [44] and 1.85 V (vs. 
SCE, equals to 2.092 V vs. NHE) [47], respectively. Furthermore, the 
band gap and CB for pristine TNT are detected to be 2.9 eV and -0.39 V 
(vs. SCE, equals to -0.148 V vs. NHE) from the UV–vis light absorption 
spectrum and Mott-Schottky plot above, respectively. As a result, the CB 
of GY and the VB of TNT can be extrapolated to be -0.608 and 2.752 V 
(vs. NHE), respectively. Also, the obtained GY, as a semiconductor [46], 
shows a photo-generated current under UV–vis light illumination, as 

Fig. 12. Transient photo-current (a) of 0.39GY/TNT; The partial enlargement of electrode without applied bias (b) and with 1 V (vs. SCE) applied bias (c) under the 
light irradiation. 

Fig. 13. Contrastive graph of the degradation efficiency toward rhodamine B by 
electrochemical process, photolysis, photocatalysis, and photoelectrocatalysis. 
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presented in the inset of Fig. 14. Under UV–vis light activation, the 
photo-generated electrons from the CB of GY can migrate to the CB of 
TNT, while photo-induced holes can transfer from the VB of TNT to the 
VB of GY. On one hand, the sensitizing effect of GY can increase the 
amount of photo-generated electron and hole pairs. On the other hand, a 
highly efficient transfer path for charge carriers is achieved between the 
GY and TNT because of the potential difference between CB and VB in 
GY and TNT. In summary, the strong interaction and matched energy 
band structure of GY and TNT, as well as sensitizing effect of GY in GY/ 
TNT sample together contribute to an obvious improvement of photo-
electrochemical and photoelectrocatalytic properties of TNT. 

Fig. 14. XRD patterns (a) and SEM images (b) of 0.39GY/TNT sample after PEC degradation; Photoelectrochemical stability of 0.39GY/TNT electrode under UV–vis 
light irradiation (c); Recycling PEC degradation of rhodamine B and levofloxacin over 0.39GY/TNT electrode (d). 

Fig. 15. Nyquist plots under UV–vis light irradiation (a); Mott-Schottky plots (b, Inset is the partial enlargement around intercepts).  

Table 3 
The fitting results for the EIS Nyquist plots of pristine TNT and GY/TNT sam-
ples.      

Samples Rs CPE-P Rct 

(Ω cm−2) (Ω−1 cm-2 sn) (Ω cm−2)  

Pristine TNT 8.357 0.71164 129.3 
1.95GY/TNT 6.237 0.67473 154.3 
0.39GY/TNT 5.481 0.67461 86.28 
0.18GY/TNT 6.813 0.67056 121.2    
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4. Conclusions 

This study develops a novel γ-graphyne/TiO2 nanotube arrays het-
erostructure by a facile drop-coating method, and investigates its pho-
toelectrochemical and photoelectrocatalytic properties. The uniform and 
close coating of 2D GY sheets on 1D TNT is observed from FE-SEM and 
TEM images. Also, a newly appeared C-O-Ti linkage is demonstrated for 
GY/TNT heterostructure by both XPS and FT-IR analysis, which power-
fully confirms the strong chemical bonding between GY and TNT. 
Moreover, enhanced light response of GY/TNT heterostructures is de-
tected in UV–vis absorption spectra. The photo-current density and 
photo-potential for 0.39GY/TNT show a maximum enhancement of 2.2- 
fold photo-current and 1.3-fold photo-potential compared with that of 
pristine TNT, while the photoconversion efficiency presents a 1.4-fold 
improvement in photoconversion efficiency after the modification with 
0.39 mg of GY. Meanwhile, a better OER activity over pristine TNT is 
confirmed with 0.39GY/TNT electrode. In addition, the 0.39GY/TNT 
heterostructure shows 3.64-fold and 1.35-fold enhancements for photo-
electrocatalytic degradation of rhodamine B and levofloxacin compared 
to that of pristine TNT, and, furtherly, shows 6.5-time and 1.3-time 
higher ammonia synthesis rates with that of pristine TNT in the absence 
and presence of methanol. All the improvements can be explained by the 
strong interaction and matched energy band structure of GY and TNT as 
well as the sensitizing effect of GY in the heterostructures. The stability is 
demonstrated by XRD patterns and FE-SEM images of 0.39GY/TNT 
heterostructure after photoelectrocatalytic degradation as well as three 
cycling photoelectrocatalytic experiments and photo-current density 
under 2400s continuous illumination. This study demonstrates the po-
tential of γ-graphyne modified composites in photoelectrochemical and 
photoelectrocatalytic applications. 
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