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Abstract  

Electrical conductive metal-organic frameworks (EC-MOFs) are emerging as an 

appealing class of highly tailorable electrically conducting materials with potential 

applications in optoelectronics. Here, we in-situ grew nickel hexahydroxytriphenylene 

(Ni-CAT) on the surface of ZnO nanorods (NRs). The self-powered photodetectors 

(PDs) were fabricated with heterojunctions formed at the interface of ZnO NRs and Ni-

CAT. With this, the built-in electric field (BEF) can effectively separate the 

photogenerated electron-hole pairs and enhance the photoresponse. We observe that the 

PDs based on hybrid ZnO/Ni-CAT with 3 hours growth time (ZnO/Ni-CAT-3) show 

good photoresponse (137 μA/W) with the fast rise (3 ms) and decay time (50 ms) under 

450 nm light illumination without biased voltage. This work provides a facile and 

controllable method for the growth of ZnO/Ni-CAT heterojunction with effective BEF 

zone, which will benefit their optoelectronic applications.  

Introduction  

Metal-organic frameworks (MOFs) are a class of porous materials formed by 

coordination bonding between metal ions and organic ligands.1 Since their discovery, 

they have attracted increasing attention in various fields, such as gas adsorption and 

separation, catalysis, and protection or filtration film, due to their high porosity, high 

specific surface area, and tunable functionality.2-7 However, the majority of MOFs are 

insulators with low conductivity, which limits their application in the optoelectronic 

field because of their strong charge localization and low electron density.8 Electrically 

conductive MOFs (EC-MOFs) are a class of MOFs with the intrinsic ability of 

electronic conduction, which could be regarded as a potential material in the electronic 

or optoelectronic field because of their controllable conductivities and unique 

inorganic-organic structure.9-12  

EC-MOFs with diverse crystal structures and controllable conductivities have 

demonstrated promising performance in optical electronics.13, 14 Carrier mobility and 
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bandgaps are two key parameters that influence their optoelectronic performances. 

Two-dimensional (2D) layered EC-MOFs, where metal ions and organic ligands form 

extended π-conjugation, exhibit high charge-carrier mobility and conductivity.15 In 

addition, most 2D EC-MOFs exhibit narrow band gap, which benefits their applications 

in broadband optoelectronics. For example, Arora, et al.9 grew a semiconducting 

Fe3(THT)2(NH4)3 (THT: 2,3,6,7,10,11-triphenylenehexathiol) 2D MOF (Fe3(HTTP)2) 

via a liquid-liquid (ethyl acetate/water) interface growth method which would tune the 

interface bonding between the substrate and the sensing material. The Fe3(HTTP)2-

based PDs are capable of detecting a broad wavelength range from UV to NIR (400–

1575 nm) under -1 V bias voltage. Although significant improvements in the 

performance of the device are achieved, it exhibits the drawbacks of long rise time, low 

photo-responsibility, and high energy consumption. Similarly, Sun, et al.16 developed a 

single crystal Cu-BTC (where BTC is benzene-1,3,5-tricarboxylate) MOF material in 

an ethanol-water mixture solution, which showed a potential photo-sensing property 

under high bias voltage (10 V). However, these 2D EC-MOFs based PDs usually need 

high bias voltage to efficiently separate the charges.17  

Establishing the built-in electric field (BEF) of heterojunction can efficiently 

promote the separation of photogenerated charges and fabricate self-powered PDs by 

harvesting energy from light irradiation.18-20 Meanwhile, the in-situ growth of 

heterojunctions provides the possibility to enhance the interface interconnection and 

facilitate the transportation of carriers.21 Thus, n-type ZnO, as a widely used photo-

sensing material with a work function of 4.0 eV and a bandgap of 3.31 eV, is selected 

as a template for in-situ growth p-type nickel hexahydroxytriphenylene (Ni3(HHTP)2, 

Ni-CAT; work function, 5.0 eV; bandgap, 2.68 eV).22 Several works have been 

researched on metal oxides as the template for bottom-up self-assembly MOFs. For 

example, Zhan, et al.23 reported ZnO@ZIF-8 core-shell heterostructures by the self-

template method. However, because of the relatively low conductivity of ZIF-8, the 

PDs require external bias voltage (-5 V) and show a slow rise and decay time.  
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Herein, we select nickel hexahydroxytriphenylene (Ni-CAT) MOF material with 

higher electrical conductivity and in-situ grew it on the surface of ZnO nanorods (NRs) 

to establish a BEF and design a self-powered PDs. The thickness and coverage area of 

Ni-CAT on the ZnO surface is controlled by tuning the growth time. Benefiting from 

the formed BEF between ZnO NRs and Ni-CAT, the photo-sensing performance of 

ZnO/Ni-CAT heterojunction-based PDs exhibited significant improvement compared 

with ZnO-based PD at zero bias. Under 3 hours of growth time (ZnO/Ni-CAT-3), the 

device showed the highest photo response with a fast response time of 3 ms under 450 

nm light illumination without a bias voltage. The new design strategy enables us to 

develop fast, high-performance, self-powered broadband PDs.  

Experiment Section 

Materials and Synthesis of Composites 

Ethyl alcohol (AR), Acetone (AR), Zn(CH3COO)2 (AR), Al(NO)3 (AR), 

Zn(NO3)2·6H2O (AR) was purchased from Shanghai Hushi Laboratorial Equipment 

Co., Ltd; C6H12N4 (AR) and Ni(CH3COO)2 (AR) was purchased from Sigma Aldrich; 

2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) ligand was purchased from J&K 

Scientific. These reagents were used without any further purification.  

The ZnO/Ni-CAT hybrid heterojunctions were prepared via a synthetic process 

illustrated in Figure S1. Initially, the seed solution, 20 mM Zn(CH3COO)2 and 10 mM 

Al(NO)3 of the ethyl alcohol, was spin-coated (3000 rpm, 20 s) on the Si/SiO2 

substrates and annealed in air at 400℃ for 30 min to form ZnO seed layer. Then, the 

seed layer was immersed into 25 mM C6H12N4 and Zn(NO3)2·6H2O solution kept at 85℃ 

for 5h to obtain ZnO NRs. Later, the Ni-CAT was in-situ grown on the surface of ZnO 

NRs in the mixture solution of 80 µM 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) 

ligand and 160 µM Ni(CH3COO)2. The growth temperature was kept constant at 85℃ 

and the growth time varied between 1-5 hours (the corresponding products were defined 

as ZnO/Ni-CAT-1, ZnO/Ni-CAT-3, and ZnO/Ni-CAT-5 for 1 h, 3 h and 5 h 
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respectively). Finally, the synthesized ZnO/Ni-CAT composites were activated by 

washing with deionized water and acetone three times, followed by evacuating under a 

vacuum at 85℃ for 12 h to remove possible guest molecules.  

Sensor fabrication  

As shown in Figure.S2, the sensor contains three parts: a bottom electrode (Cr (15 

nm)/Au (100 nm)), ZnO/Ni-CAT heterojunctions, and a top electrode (Ag paste). 

Firstly, the Si/SiO2 substrate was cleaned by acetone, ethanol, and deionized water 

sequentially and dried with nitrogen gas. Afterward, the bottom electrodes (Cr/Au) 

were deposited on the Si/SiO2 substrate by traditional photolithography (MA6-1), 

sputtering (FHR), and the lift-off method. Then the substrate was used to grow ZnO 

NRs and Ni-CAT in situ by the hydrothermal method as previously explained. Finally, 

a solution of Ag paste was applied to the active areas, and the sample was subjected to 

curing on a hot plate at 60℃ for 2 h. 

Characterization of Composites and Microstructures 

The morphology of ZnO/Ni-CAT composites were analyzed by scanning electron 

microscopy (SEM, Hitachi-Regulus 8230) and transmission electron microscopy (TEM, 

Tecnai G2 F20 S-Twin). The chemical composition of materials was carried out by 

energy dispersive spectrometry (EDS, Hitachi- Regulus 8230), and the crystal structure 

was analyzed by X-ray Diffraction with Cu-Kα radiation (λ = 1.5405 Å) (XRD, Bruker 

AXS, D8 Advance). The surface composition and electronic states of the elements were 

investigated by X-ray photoelectron spectroscopy (XPS, Smartlab(3KW) Japan 

Rigaku).  

Measurements  

All measurements were carried out under ambient conditions, and the dark 

currents were measured in a dark box to eliminate the influence of ambient light. The 
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LED light source (UVEC-4, Shenzhen LAMPLIC TECH Co., Ltd) with adjustable light 

power density was used to illuminate the sample. Electrical and Photoelectrical 

measurements were performed with Agilent B1500A.  

Results and Discussion 

 Characterization  

The SEM images of the morphology of synthesized ZnO NRs and ZnO/Ni-CAT 

composites are shown in Figure 1 and Figure S2. The hexagonal ZnO NRs are 

uniformly grown on the silicon substrate with an average height of around 2.5 μm 

(Figure 1a, Figure S3). To enhance the interface interconnection between ZnO NRs and 

Ni-CAT and facilitate the transportation of carriers, Ni-CAT was in situ grown on the 

surface of the ZnO NRs. Figure 1b demonstrates that the ZnO NRs template was fully 

covered with Ni-CAT-3. We observe that the size and density of Ni-CAT gradually 

increased by comparing the SEM images of ZnO/Ni-CAT-1 and ZnO/Ni-CAT-5 

composites (shown in Figure S4a, b), which can increase the number of effective carrier 

transport channels. When the growth time is 1h, most of the Ni-CAT-1 was grown on 

the top of ZnO NRs (Figure S4a). When the growth time extends to 5 h, the Ni-CAT 

not only densely grew on the surface of ZnO NRs but also filled in the spaces between 

ZnO NRs (Figure S4b). Moreover, cracks started to generate on the ZnO/Ni-CAT-5 

film due to the increased crystal size and amount of Ni-CAT. The low magnification 

TEM image of ZnO/Ni-CAT-3 (as shown in Figure 1c) clearly demonstrates that the 

Ni-CAT was grown on the surface of ZnO. The high-resolution TEM (HRTEM) image 

(Figure 1d) of the Ni-CAT shows a characteristic lattice fringe pattern of 1.83 nm, 

which belongs to the (100) lattice plane of the Ni-CAT hexagonal crystal system. The 

selected area electron diffraction pattern (SAED) (bottom inset of Figure 1f) also 

confirms the high degree crystallinity of Ni-CAT. The EDS spectra (Figure 1e) and 

mapping images (Figure 1f) clearly show that the ZnO/Ni-CAT-3 composites contain 

C, O, Zn, Ni, and Al elements. The atomic ratio of Ni/Zn increases from 0.24 to 0.83 
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by increasing the growth time from 1 h to 5 h (Figure 1e and Figure S4c, d), indicating 

more Ni-CAT was produced which agrees with the morphology results of ZnO/Ni-CAT 

composites in SEM images.  

 

Figure 1. SEM image of (a) ZnO/Ni-CAT-0 and (b) ZnO/Ni-CAT-3; (c) Low magnification TEM 

image of ZnO/Ni-CAT nanostructure; (d) HRTEM image of ZnO/Ni-CAT nanostructure (top inset: 

corresponding lattice fringe pattern; bottom inset: selected area electron diffraction pattern); (e) 

Qualitative EDS spectrum of ZnO/Ni-CAT-3; (f) Elemental mapping of ZnO/Ni-CAT-3 with the 

different atom.  

 

Next, we focus on the crystal structure of the ZnO/Ni-CAT composites. As shown 

in Figure 2a, the XRD pattern characterization reveals that the ZnO/Ni-CAT 

composites are successfully synthesized. The Al2O3 peaks were generated from the seed 

layer and Si/SiO2 peaks were generated from the substrate (Figure S5). The diffraction 

peaks at 2θ = 31.88°, 34.54°, 36.38°, and 47.64° can be indexed to the (100), (002), 

(101), and (102) planes of hexagonal phase ZnO (JCPDS NO. 36-1451). The other 

diffraction peaks at 2θ = 4.7° and 9.3° correspond to the (100) and (200) planes of the 

simulated Ni-CAT crystal structure (Figure S5) and demonstrate hexagonal packing of 

Ni-CAT within the ab planes. The intensities of these Ni-CAT peaks increased with the 

increase of growth time and reached the maximum for ZnO/Ni-CAT-5 sample, as 
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shown in Figure 2a. It is noted that diffraction peaks of ZnO shift to a higher degree 

(0.22°) with increasing Ni-CAT due to the introduction of defects during the growth.  

XPS is a powerful tool to provide the chemical and bonding information of the 

sample surfaces. The XPS spectra of ZnO/Ni-CAT composites are displayed in Figure 

2b-e. The XPS survey spectrum shows that the ZnO/Ni-CAT heterojunctions contain 

only C, O, Ni and Zn without any other elements, indicating the high purity of as-grown 

ZnO/Ni-CAT composites (Figure S6, Figure S7, and Figure S8). Regarding the high-

resolution C 1s spectrum, it can be fitted into four curves with peaks at 284.8, 286.5, 

288.3, and 290.7 eV, which can be ascribed to the C-O, C=O, C=C bonds and π−π* 

satellite peaks that originate from the triphenylene ring of the HHTP ligand, 

respectively (Figure 2b).24 The O 1s XPS spectrum can also be deconvoluted into five 

peaks at 531.0, 531.7, 532.0, 533.0, and 535.3 eV for lattice oxygen (ZnO), C=O, Ni-

O, C-O and H2O, respectively (Figure 2c). The characteristic peaks of Zn 2p3/2 and Zn 

2p1/2 are located at 1022.09 and 1045.19 eV, respectively (Figure 2d). Moreover, the 

Ni 2p3/2 and Ni 2p1/2 peaks are located at 856.3 and 874.1 eV, respectively, as well as 

two shake-up satellite peaks (denoted as “Sat.”) at 861.5 and 880.5 eV (Figure 2e). The 

binding energy of difference between Ni 2p1/2 and 2p3/2 peaks is 17.9 eV, and between 

Zn 2p1/2 and 2p3/2 peaks is 23.1 eV, which reveals that both the Ni and Zn ions were 

present in the divalent state in ZnO/Ni-CAT heterojunctions.25-27  

 



 

9 

 

Figure 2. (a) XRD patterns of pristine ZnO and ZnO/Ni-CAT heterojunctions; (b-e) XPS spectra of C 

1s, O 1s, Zn 2p and Ni 2p of the ZnO/Ni-CAT heterojunction samples, respectively.  

Photodetector performance  

The photo-sensing performance of the ZnO/Ni-CAT heterojunction based PDs 

was evaluated by measuring the current-time curves under different illumination 

conditions. The photoresponse is calculated as below: 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =  
𝐼𝑃 − 𝐼𝐷

𝑃𝑆
 (1) 

 

where IP, ID, P, and S stand for photocurrent, dark current, light power density, 

and effective contact area (except the electrodes blocking area), respectively.28 Figure 

4a shows the photoresponse of three PDs at zero bias voltage under different light 

illumination conditions ( P = 5 mW cm−2,λ = 365, 420, 450, 500, 600, and 800 nm). We 

observe that the pure ZnO NRs (ZnO/Ni-CAT-0) based PD shows a moderate 

photoresponse towards light illumination. This is because a BEF would form between 

the fabricated two asymmetric electrodes (Ag and Au electrode, respectively), and 

photogenerated carriers can separate and transport by this, leading to a noteworthy 

photoresponse. Regarding ZnO/Ni-CAT based PDs with different growth times, we 

found out that the photoresponse of the ZnO/Ni-CAT-3 based PD increases from 98.4 

to 132.5 µA W-1 with increasing wavelengths from 365 to 450 nm, while it drops to 

71.4 µA W-1 when the light wavelength further increases to 800 nm. The PD fabricated 

with ZnO/Ni-CAT-3 shows the highest photoresponse (132.5 µA W-1) under 450nm 

light illumination, which is 27.6 times larger than that of ZnO/Ni-CAT-0 based PD 

(4.8 µA W-1), and 104 times larger than that of ZnO/Ni-CAT-1 and ZnO/Ni-CAT-5 

based PDs (0.012 µA W-1). This is because, for ZnO/Ni-CAT-1 based PDs, the Ni-CAT 

nanoneedles do not fully cover the surface of ZnO NRs and a discontinuous p-n 

heterojunction was formed between ZnO and Ni-CAT (Figure S2). Therefore, the 

photogenerated carriers cannot efficiently separate and transport to the two asymmetric 
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electrodes (Figure 3a). When the growth time further increases to 5h, the thickness of 

the Ni-CAT layer increases and the spaces between ZnO NRs are filled with Ni-CAT 

nanoneedles and cracks start to produce. Therefore, the photoresponse of ZnO/Ni-CAT-

5 based PDs reduces as fewer photos can reach the interface of ZnO/Ni-CAT owing to 

the thick Ni-CAT layer. 

Figure 3b shows the current-voltage (I-V) curves of the ZnO/Ni-CAT-3 based PDs 

in the dark and different illumination conditions (with illumination light wavelength 

from 365nm to 800nm, P = 5.7 mW cm−2). It demonstrates that the ZnO/Ni-CAT-3 

based PDs have a typical rectification characteristic, suggesting a well-behaved diode 

structure owing to the formed p-n heterojunction. Upon light exposure (λ = 450 nm), 

the current of the device dramatically increases from the OFF state to the steady ON 

state within 3 ms at zero bias (Figure 3c) and it takes 50 ms for the device to return to 

the OFF state, which is faster than the rise and decay time of ZnO/Ni-CAT-0, ZnO/Ni-

CAT-0 and ZnO/Ni-CAT-0 based PDs (Figure S10). The rise time (decay time) is 

defined as the time interval between the response rising (descending) from 10% (90%) 

to 90% (10%) of the peak current density. The fast response time of PDs at zero bias 

originated from the rapid separation and the transport speed of the photogenerated 

charge carriers due to the established BEF within the heterojunctions.29, 30 The ON/OFF 

ratios of the device are around 102 with 5.69 mW cm−2 power density. The periodic 

illuminations testing of the ZnO/Ni-CAT-3 based PDs is demonstrated by a series of 

stable and repeatable photoresponse under the irradiation of 450 nm light at zero bias 

(P = 5.7 mW cm−2, Figure 3d).  
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Figure 3. (a) Wavelength-dependent photoresponse of ZnO/Ni-CAT-3 heterojunction based self-

powered PDs; (b) I–V curves of the ZnO/Ni-CAT-3 based PDs in dark and under various wavelengths 

(from 365 to 800 nm) of visible light; (c) Rise-fall time curve for ZnO/Ni-CAT-3 illuminated with 

450 nm visible light at zero bias voltage; (d) Photoresponse of ZnO/Ni-CAT-3 under 450 nm periodic 

illuminations zero bias voltage. 

 

The dynamic photoresponse of ZnO/Ni-CAT-3 based PD under zero bias was also 

tested (Figure 4a). When the light power density changes from 5.7 to 51.0 mW cm-2, 

the photoresponse of the PD linearly increases and achieves the highest photocurrent of 

278.9 µA W-1 at 51.0 mW cm-2. This is because the power density of light is 

proportional to the number of photons when the wavelength of the light is a constant 

according to Equation (2),28  

𝑃𝑆 =
𝑁ℎ𝑐

𝜆
 (2) 
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where N is the number of incident photons, h is the Planck's constant, c is the speed 

of light, and 𝜆 is the wavelength of the incident light. An increase in power density 

would increase the number of photogenerated charge carriers, resulting in an 

enhancement of the photocurrent.28 Figure 4b illustrates the photoresponse of the 

ZnO/Ni-CAT-3 based PD as a function of illumination intensity at zero bias. It 

indicated that the photoresponse drastically decreases with the increase of power 

density due to the increased recombination rate of the photoexcited carriers.29, 31-33  

For a clear comparison, Table 1 summarizes the relevant parameters of recently 

published MOF-based PDs compared to our work. It shows that our work reveals the 

superiority of a fast response and recovery speed at zero bias with high photoresponse 

of ZnO/Ni-CAT-3 based PDs.  

 

Figure 4. (a) Photoswitching characteristics of the ZnO/Ni-CAT-3 devices under various light 

intensities at zero bias voltage. (b) Light-intensity dependence of the photocurrent and photoresponse 

under 450 nm illumination of the ZnO/Ni-CAT-3 devices.  

 

Table 1. Performance comparison of recently developed MOF based PDs.  

Devices 

Rise/decay 

time (s) 

Bias 

(V) 

Response 

(μA W–1) 

Wavelength 

(nm) Ref.  

Fe3HTTP2 MOF 2.3/2.15 -1V - 785 [9] 

Co-

CoOx/NC/Mo2CTx  0.4/0.4 0.3V 13.13 

Simulated 

solar light [34] 

AlaNDI-Ca 150/163 100V 0.65  365 [35] 

AlaNDI-Zn 369/505 - 400 785 [36] 
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2Tpy-Zn 

CONASH 0.06/0.063 40 13×103 450 [37] 

P3HT/ZnO 0.09/0.098 0V 125 365 [38] 

ZnO/Ni-CAT-3 0.003/0.05 0V 137 450 This work  

Note: AlaNDI stands for N, N'-Bis[(S)-1-carboxyethyl]naphthalene-1,8:4,5-bisdicarbimide; 2Tpy stands 

for bisterpyridine, CONASH stands for coordination nanosheets and P3HT stands for poly(3-

hexylthiophene).  

 

The supreme performance of ZnO/Ni-CAT based PD can be further explained by 

the energy band diagrams, which are illustrated in Figure 5. The work functions (WF, 

𝜙) of n-type ZnO, p-type Ni-CAT, Au electrode and Ag electrode are 4.0 eV, 5.0 eV, 

5.1 eV and 4.26 eV, respectively.22, 39 The band gap of n-type ZnO and p-type Ni-CAT 

are 3.31eV and 2.68 eV, respectively.22, 39 (Figure 5a, c). For ZnO/Ni-CAT-0 based 

PDs, the ZnO can absorb photogenerated holes due to the BEF (Vbi) generated at the 

Schottky junction of Au/ZnO and Ag/ZnO interface. The Au electrode acted as a hole-

trap site, which created free electrons in the conduction band of ZnO during 

illumination and contributed to the external current. For ZnO/Ni-CAT based PDs, the 

electrons will transfer from ZnO to Ni-CAT at its hetero-interface due to their different 

work functions until an equilibrium is reached. When their electronic state reaches 

equilibrium, the band structure bends upward for ZnO and downward for Ni-CAT at 

the interface, which forms a heterojunction and a BEF would form because of the 

bending bandgaps. The differences of WF between ZnO and Ni-CAT generate a BEF 

of Vbi = 0.78 and will facilitate the separation of photogenerated carriers. Under 

illumination, the photogenerated electrons migrated from the conduction band (EC) of 

Ni-CAT to ZnO and the photogenerated holes migrated from the valence band of ZnO 

to Ni-CAT, which produced a photocurrent (Figure 5d). Because of the narrow energy 

bandgap of Ni-CAT, it can absorb a wide spectrum of illumination, which further 

promotes its application as broadband PDs.  
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Figure 5. Schematic energy band diagram of pure ZnO and ZnO/Ni-CAT based PDs before (a, c) and 

after contact (b, d), respectively.  

Conclusions  

In conclusion, we in situ grew the EC-MOF (p-type Ni-CAT) on the surface of n-

type ZnO NRs and fabricated a self-powered photodetector formed with their 

heterojunction nanostructures. Upon 450 nm light illumination and zero bias voltage, 

the as-fabricated photodetector showed relatively high photoresponse with fast rise and 

decay times, which can be ascribed to the formed BEF within the established 

heterojunction. This study not only promotes the development of ZnO/Ni-CAT-3 

heterojunction photodetectors but also provides great inspiration for the preparation of 

other new photovoltaic devices and systems based on MOF materials.  

Supporting Information 

Synthesis and fabrication process of ZnO/Ni-CAT based PDs, Characterization 

data of ZnO/Ni-CAT, and results of photoresponse to ZnO/Ni-CAT based PDs.  
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