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A B S T R A C T   

Series Z-scheme NH2-UiO-66/PTCDA (NU100PX) composites constructed from NH2-UiO-66 and PTCDA 
(3,4,9,10-perylenetetracarboxylic dianhydride) were obtained by simple ball-milling method. The photocatalytic 
Cr(VI) reduction activities of the NU100PX composites were conducted upon the irradiation of low power LED 
visible light. The results revealed that the introduction of a small amount of PTCDA on the surface of NH2-UiO-66 
could broaden the light absorption range and boost the separation of photo-induced charge carriers to promote 
the photocatalysis efficiency. The influence factors toward photocatalytic Cr(VI) cleanup performances of 
NU100P10 like pH, initial Cr(VI) concentrations, the impacts of small organic acids as hole capture agents along 
with various co-existing foreign matters were clarified. After 5 runs’ adsorption-photoreduction towards Cr(VI), 
the NU100P10 still exhibited superior reduction activity and reusability. The Z-scheme mechanism of photo
catalytic Cr(VI) removal over NU100P10 was put forward and certificated by electrochemical experiment, ESR 
(electron spin resonance) test, XPS determination, photo-deposition and DFT (density functional theory) 
calculation.   

1. Introduction 

Heavy metals and pharmaceuticals and personal care products 
(PPCPs) are two common pollutants in water (Palansooriya et al., 2020; 
Chen et al., 2021). Hexavalent chromium (Cr(VI)) is a potentially toxic 
pollutant from natural processes like soil and groundwater as well as 
human activities like the steel, electroplating, and leather industries (Li 
et al., 2020a; Xia et al., 2020). Due to the ecological risk and biological 
carcinogenicity, the elimination of Cr(VI) pollution is getting increasing 
attention. Recently, the photocatalytic reduction is a relatively new 
technique for the removal of dissolved Cr(VI) (Wang et al., 2015, 2016a; 
Wei et al., 2017; Zhao et al., 2020). Comparing with ion exchange and 
chemical adsorption, photocatalysis is highly efficient and green (Galán 
et al., 2005; Jiang et al., 2014). 

As one of the functional materials consisting of inorganic metal-oxo 
clusters connected by organic linkers, metal organic frameworks (MOFs) 
have attracted increasing attentions owing to their merits like abundant 
active sites, various functional groups and facile post-synthetic modifi
cation (Dhakshinamoorthy et al., 2018; Yu et al., 2019). UiO-66 and 
NH2-UiO-66 with considerable surface area and excellent chemical 

stability were widely studied in the field of adsorption (Wang et al., 
2017b; Xu et al., 2018a; Daradmare et al., 2021), catalysis (photo
catalysis) (Du et al., 2019a), gas adsorption/separation (Weirsum et al., 
2011), medical (Zhang et al., 2020b). Especially, UiO-66 and 
NH2-UiO-66 along with their composites displayed outstanding photo
catalysis activities toward elimination of Cr(VI) (Yi et al., 2019a; Zhou 
et al., 2019) and organic pollutants (Li et al., 2020b; Zhou et al., 2020). 
To further enhance the stability of MOFs and simultaneously boost the 
separation of photo-induced electron-hole, some conducting polymers 
like polyaniline (PANI) were adopted to modify MIL-100(Fe) (Chen 
et al., 2020c) and MIL-88A(Fe) (Chen et al., 2020a) for improving the 
photocatalysis activity. As a metal-free semiconductor photocatalyst, 3, 
4,9,10-perylenetetracarboxylic dianhydride (PTCDA) with 
narrow-bandgap (E ≈ 2.0 eV), has been demonstrated to accomplish 
photocatalytic O2 generation and H2 evolution (Wang et al., 2016b; Ye 
et al., 2018; Sukhanova et al., 2020). In addition, PTCDA was selected to 
fabricate direct Z-scheme PTCDA/g-C3N4 photocatalyst based on inter
facial strong interaction (Yuan et al., 2020). As well, PTCDA-ZnO 
(Radhika and Thomas, 2017) and PI (perylene imide)-modified 
NH2-UiO-66(Zr) composite (Wang et al., 2020b) were fabricated to 
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accomplish enhanced photocatalytic performances. Especially, Ma and 
coworkers synthesized PI-modified NH2-UiO-66 via the amidation re
action between PTCDA and the amino groups attached on NH2-UiO-66. 
The PI-modified NH2-UiO-66 demonstrated boosting photocatalytic 
tetracycline decomposition activity under visible-light provided by 300 
W Xe lamp. However, the fabrication procedure of PI-modified 
NH2-UiO-66 was too complicated. 

Our research group proposed that ball-milling process is a facile and 
effective method to construct MOF-related composites like g-C3N4/BUC- 
21 (Yi et al., 2019b), g-C3N4/UiO-66 (Yi et al., 2019a), g-C3N4/MIL-100 
(Fe) (Du et al., 2019b), PANI/MIL-100(Fe) (Chen et al., 2020c), 
Bi12O17Cl2/MIL-100(Fe) (Zhao et al., 2020), WO3/MIL-100(Fe) (Wang 
et al., 2020a), N–K2Ti4O9/BUC-21 (Wang et al., 2021), and 
S–TiO2/UiO-66-NH2 (Li et al., 2020b), in which the ball-milling treat
ment can even create new interfaces between MOFs and the secondary 
component (Chen et al., 2020b). Within this paper, series 
NH2-UiO-66/PTCDA composites were prepared by simple ball-milling 
(Scheme 1). Then the excellent Cr(VI) reduction under low-power LED 
visible light could be achieved over NU100PX composites. As well, the 
possible mechanism of Cr(VI) removal was given and proved by both 
DFT calculation and the corresponding tests. 

2. Experimental 

2.1. Preparation of NH2-UiO-66/PTCDA composites 

The NH2-UiO-66 was hydrothermally synthesized according to the 
method reported in previous report with minor modification (Zhou 
et al., 2019). The detailed operation steps were given in the Supple
mentary Information (SI). The PTCDA was obtained by commercial 
purchase. 

The NH2-UiO-66/PTCDA composites were prepared using ball- 
milling treatment (30 Hz, 20 min). The composites were named as 
NU100PX (the letters “NU” and “P” are abbreviated for NH2-UiO-66 and 
PTCDA. The “100” and “X” are the mass ratios of NH2-UiO-66 and 
PTCDA in the composites, respectively). 

2.2. Photocatalytic tests 

The photocatalytic performances of composites were evaluated by 
reduction of Cr(VI) with C0 being 10.0 mg L− 1 under a low 25 W LED 
light. And the light spectrum was shown in Fig. S1. The photocatalyst 
(375.0 mg L− 1) was dispersed into K2Cr2O7 aqueous solution (80 mL). 
The equilibrium of adsorption-desorption was achieved with magnetic 
stirring for 1 h in the dark environment, and then irradiated by the 
visible light. The method of diphenylcarbazide (DPC) (Auto Analyzer 3) 

was used to determine the concentration of the residual Cr(VI). The 
picture of Auto Analyzer 3 was given in Fig. S2. 

3. Results and discussion 

3.1. Characterizations 

The powder X-ray diffraction (PXRD) patterns of NH2-UiO-66, 
PTCDA, and series NH2-UiO-66/PTCDA (NU100PX) composites were 
displayed in Fig. 1a. Obviously, the PXRD patterns of NH2-UiO-66 were 
the same as the simulated patterns from the CIF file (CCDC 1405751) 
and the related references (Li et al., 2020b). As well, the PXRD patterns 
of commercialized PTCDA were well matched with the previous litera
ture (Wang et al., 2018). In the PXRD patterns of NH2-UiO-66/PTCDA 
(NU100PX), the characteristic PXRD peaks of NH2-UiO-66 could be 
discovered obviously. The characteristic PXRD peaks of PTCDA could 
not be seen due to the small dosage in the obtained composites. In FTIR 
spectra (Fig. 1b), for the pure NH2-UiO-66, the absorption peaks at 
1578.28 cm− 1 and 1385.76 cm− 1 belonged to the carboxylic functional 
groups in the BDC–NH2 ligands, and the peaks between 600 and 800 
cm− 1 were ascribed to Zr–O2 as vertical and horizontal mode scaling 
(Xu et al., 2018b). The spectrum of single NH2-UiO-66 was shown in 
Fig. S3. For the single PTCDA, the peaks at 1592.54 cm− 1 and 1300.80 
cm− 1 attributed to the aromatic rings in the PTCDA molecules, and the 
other broad absorption band at 1758.84 cm− 1 corresponded to the 
carbonyl (C––O) (Yuan et al., 2020). The NU100PX samples exhibited 
the characteristic FTIR absorption peaks of both NH2-UiO-66 and 
PTCDA, and the characteristic adsorption peaks of NH2-UiO-66 at 
600–800 cm− 1 decreased due to the addition of PTCDA (Li et al., 2020b). 
As well, with the increase of PTCDA contents, the characteristic peaks of 
PTCDA at 809 cm− 1 increased obviously. In our work, no characteristic 
peaks corresponding to the imine ring were observed in the composites, 
indicating that the composites obtained from ball milling treatment are 
formed by PTCDA and NH2-UiO-66 rather than surface modification. 

The UV–vis diffuse reflectance spectra (UV–vis DRS) of NH2-UiO-66, 
PTCDA and NU100PX were displayed in Fig. 1c. The Eg value (band gap 
energy) was calculated according to Eq. (1) (Butler, 1977; Zhang et al., 
2017; Jia et al., 2020). 

αhν = A
(
hν − Eg

)n/2 (1)  

where α, h and ν are the diffuse absorption coefficient, the light constant, 
and the frequency, respectively. n is judged by the optical transition type 
of the semiconductor (indirect (n = 4) or direct (n = 1)). In this study, n 
is assigned as 4 (Li et al., 2015; Yi et al., 2019a). NH2-UiO-66 and PTCDA 
showed absorption edges at 418 nm with Eg being ca. 2.97 eV and 602 

Scheme 1. Preparation diagram of the NH2-UiO-66/PTCDA composites.  
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nm with Eg being 2.06 eV (Fig. 1d) (Wang et al., 2016b; Hu et al., 2019), 
respectively. Compared with single NH2-UiO-66, the absorption range of 
NU100PX exhibited apparent red shift, implying that NU100PX com
posites could be excited by a wider range of visible light. 

The results of solid high-resolution NMR (13C NMR) spectra are well 
consistent with the FTIR results. After compounding with PTCDA, the 
chemical shifts values (δ value) of the C atoms on benzene ring belongs 
to NH2-UiO-66 shift to low field (Zhu et al., 2019). As shown in Fig. 1e 
and f, the 157 ppm band of PTCDA corresponds to the carbon atoms of 
carbonyl double bonds in anhydride groups (#1 position in Fig. 1f), and 
the 131 ppm peak can be ascribed to the carbon atoms of the #2 position 

in Fig. 1f. In the NMR spectra of NU100P10, the 132 ppm band corre
sponding to the carbon atoms at the #2 position of PTCDA can be 
observed, indicating that the PTCDA framework remains intact (Wu 
et al., 2013). 

The XPS determination was used to explore the chemical states of the 
NH2-UiO-66/PTCDA system. As shown in Fig. 2a, according to the sur
vey spectrum, C, N, O and Zr peaks mainly existed in the hybridized 
samples. As shown in Fig. 2b, the N 1s XPS spectrum of NU100P10 
locating at 400.2 eV ascribed to the –NH2 group due to amine func
tionalization. Compared with the pristine NH2-UiO-66 (N 1s 399.8 eV), 
the N 1s peaks of NU100P10 only had a positive shift ascribing to the 

Fig. 1. (a) The XRD patterns, (b) the FTIR spectra, (c) the UV–vis DRS and (d) Eg plots of the NH2-UiO-66, PTCDA and NU100PX composites. (e) The 13C NMR spectra 
of NH2-UiO-66, PTCDA and NU100P10 and (f) Chemical structure of PTCDA. 
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strong electronic pull of the PTCDA that results in the deceased electron 
density of amino groups on NU100P10. It also indicates that the 
–O––C–N–C––O− bonds from imide ring of PI does not exist in 
NU100P10 (Wang et al., 2020b). The C 1s peak of NU100P10 in Fig. 2c 
appeared at 284.9 eV, which is in accordance with the form of sp2 hy
bridized carbon, and another peak belonging to some oxygen-containing 
groups was present at 288.8 eV corresponding to the O–C––O bonds. The 
O 1s spectrum was shown in Fig. 2d. The peaks of NU100P10 centered at 
531.8 and 533.4 eV assigned to the O–C and O––C bonds (Wang et al., 
2017a; Zhang et al., 2019), respectively. After the combination of 
PTCDA and NH2-UiO-66, the binding energy of O 1s corresponding to 
O–C was shifted from 531.4 eV to 531.8 eV. The above-stated shifts 
towards the high binding energy of O 1s in PTCDA were due to the 
change of electrons distribution in NU100P10 system, which confirmed 
the electrons transferred from PTCDA to NH2-UiO-66 after their com
bination (Yi et al., 2019a). 

The pristine PTCDA (Fig. 2e), individual NH2-UiO-66 (Fig. 2f and 
NU100P10 (Fig. 2g and h) composite can be observed via SEM. The 
particle size of NH2-UiO-66 ranged from 200 to 500 nm. After ball- 
milling, the PTCDA were coated onto the surface of NH2-UiO-66. In 
order to understand the microscopic structure of the composites, more 
detailed investigations were conducted using HRTEM (Fig. 2i and j) and 
EDS elemental mapping (Fig. S4). Obviously, the observation revealed 
that the PTCDA are wrapped onto NH2-UiO-66. The EDS element map
ping images of NU100P10 composite in Fig. S4 demonstrated the rela
tively uniform distribution of C, N, O, and Zr. 

3.2. Photocatalytic Cr(VI) reduction activities 

3.2.1. Photocatalytic Cr(VI) reduction 
The feasibility of photocatalytic reduction of Cr(VI) by all the 

photocatalysts were studied under visible light. All NU100PX com
posites showed higher reduction capacity toward Cr(VI) than the pure 
PTCDA and NH2-UiO-66. The Cr(VI) in solution was completely 
removed by NU100P10 within 100 min (Fig. 3a). In addition, the 
pseudo-first order model was used to fit the kinetic plots of photo
catalytic Cr(VI) reduction over NU100PX composites (Wang et al., 
2016a). It can be observed that the photocatalyticreduction rates (k 
values) followed the order of NU100P10 > NU100P15 > NU100P5 >
NU100P20 > NU100P3 > PTCDA > NH2-UiO-66 (Fig. 3b). Based on the 
above-stated findings, the NU100P10 was selected as the optimal 
photocatalyst for further investigations. 

To further evaluate the photocatalytic activities of NU100P10 under 
different monochromatic lights, the apparent quantum efficiencies 
(AQEs) towards the Cr(VI) reduction were tested. As displayed in 
Fig. S5, the AQEs of NU100P10 were 0.067%, 0.059%, 0.063%, 0.044% 
and 0.038% at 330 nm, 380 nm, 400 nm, 420 nm and 520 nm, respec
tively. The AQEs at different monochromatic lights were well consistent 
with the wavelength distribution of UV–vis DRS spectra, indicating that 
the Cr(VI) reduction over NU100P10 was a photocatalytic process (Li 
et al., 2020b). 

3.2.2. Influence of initial pH 
The adsorption and photocatalytic reduction performance of the 

photocatalysts for Cr(VI) were heavily influenced by different pH, as pH 

Fig. 2. (a) XPS survey spectrum of NH2-UiO-66, PTCDA and NU100P10. (b) N 1s spectrum, (c) C 1s spectrum and (d) O 1s spectrum. The SEM images of (e) pristine 
PTCDA, (f) pristine NH2-UiO-66, (g, h) NU100P10 composite and the HRTEM images of (i, j) NU100P10 composite. 
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can exert effect to the zeta potential of photocatalyst (Li et al., 2020a; 
Zhao et al., 2020) and the existence form of Cr(VI) (Guo et al., 2019). As 
shown in Fig. 3c and d, the zeta potential of NU100P10 was positive at 
pH = 2.0, while the adsorption towards Cr(VI) was lower than other pH 
values, indicating that the adsorption performances toward Cr(VI) could 
be contributed to electrostatic interactions and the amine groups on the 
surface of NU100P10 (Ahmadijokani et al., 2021). Nevertheless, the 

excessive Cr(VI) adsorption might mask the photoactive sites to inhibit 
the further Cr(VI) reduction. As illustrated in Fig. 3c, the photocatalytic 
Cr(VI) reduction efficiencies over NU100P10 increased obviously with 
the decreasing pH (100.0%, 82.1%, 80.6%, 77.2%, 77.0%, 69.9% and 
71.8% at pH = 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0, respectively). In acidic 
environment, the transformation from Cr(VI) to Cr(III) over NU100P10 
can be achieved by equation (2). The abundant H+ was beneficial to the 

Fig. 3. (a) The photocatalytic Cr(VI) reduction over the samples under white light irradiation; (b) The photocatalytic Cr(VI) reduction rates (k values) over the 
different photocatalysts; (c) The effect of initial pH on Cr(VI) reduction and (d) Zeta potentials of NU100P10 under different pHs. The effect of different (e) initial Cr 
(VI) concentrations, (f) photocatalyst dosages, (g) water quality (lake/tap/simulated sea water), (h) hole scavengers on the photocatalytic Cr(VI) removal and (i) the 
k values over the different hole scavengers. (j) Photocatalytic Cr(VI) removal and (k) the photocatalytic Cr(VI) removal rates (k values) under different light sources. 
Conditions: NU100P10 = 30 mg, Cr(VI) = 10 mg L− 1, 80 mL, pH = 2.0. (Note: in Fig. 3g, the labels of “high purity water”, “lake water” and “tap water” imply the Cr 
(VI) containing simulated wastewater samples formulated from ultrahigh water, lake water and tap water.). 
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transformation from Cr(VI) to Cr(III) in the form of Cr2O7
2− . However, 

under alkaline environment, CrO4
2− is the main form of Cr(VI), and the 

photocatalytic reduction of Cr(VI) followed Eq. (3). In addition, the Cr 
(OH)3 precipitate formed in an alkaline environment will cover the 
active sites of NU100P10, leading to poor photocatalytic Cr(VI) reduc
tion performance.  

Cr2O7
2− + 14H+ + 6e− → 2Cr3+ + 7H2O                                          (2)  

CrO4
2− + 4H2O + 3e− → Cr(OH)3 + 5OH− (3)  

3.2.3. Influence of different initial Cr(VI) concentrations 
The influence of initial Cr(VI) concentration was evaluated with C0 

being 5, 10, 15 and 20 mg L− 1 respectively (Fig. 3e), in which it can be 
observed that the Cr(VI) reduction efficiency reduced as its initial con
centration increases. The Cr(VI) removal efficiencies decreased from 
100% at C0 being 5 mg L− 1 to 84.6% at C0 being 10 mg L− 1, 62.5% at 15 
mg L− 1 and 53.4% at 20 mg L− 1 within 60 min. It was deemed that the 
high concentration of pollutants leads to decreased catalytic efficiencies 
of the photocatalyst due to that the concentrated Cr(VI) might exerted 
mask over the active surface of the catalyst (Freudenhammer et al., 
1997). 

3.2.4. Influence of different photocatalyst dosages 
As shown in Fig. 3f, the influences of photocatalyst dosages on Cr(VI) 

reduction were investigated by varying the dosages of NU100P10 as 10 
mg, 20 mg, 25 mg, 30 mg and 35 mg. With increasing NU100P10 
dosage, the removal efficiency of Cr(VI) increased from 62% to 100% 
due to more active sites for photocatalytic reactions (Zhang et al., 2017). 
When the dosage increased from 30 mg to 35 mg, the Cr(VI) reduction 
efficiency was not significantly improved. It is likely because the 
excessive particles might consequently hinder the light penetration 
(Meichtry et al., 2007). 

3.2.5. Influence of various co-existing matters 
The practicality of prepared photocatalysts were tested over 

NU100P10 under visible light. Different Cr(VI) aqueous solutions were 
prepared with tap water, lake water and simulated seawater. The con
centration of the common cations and anions in the selected water 
samples can be found in Table S1. As shown in Fig. 3g, the Cr(VI) 
removal performances were hardly affected in simulated wastewater, 
indicating that the foreign co-existing ions did not exert noticeable in
hibition towards the Cr(VI) reduction over NU100P10 photocatalyst. 

3.2.6. Influence of various hole scavengers 
To test the effect of consuming holes toward Cr(VI) removal, various 

small organic acids named oxalic acid, citric acid and tartaric acid were 
chosen as hole scavengers at pH being 2.0. As displayed in Fig. 3h, i, the 
photocatalytic Cr(VI) reduction performance was enhanced due to the 
existence of hole scavengers, following the order of tartaric acid (two 
α-hydroxyl groups) > citric acid (one α-hydroxyl groups) > oxalic acid 
(zero α-hydroxyl groups). The results were in consistent with the pre
vious literatures (Rivero-Huguet and Marshall, 2009; Barrera-Díaz et al., 
2012). The organic acids could be oxidized by photo-induced holes, 
resulting in the improved separation efficiency of photo-induced elec
tron-hole pairs. 

3.2.7. Photocatalytic performance under actual sunlight 
As a green and sustainable light source, actual sunlight can be used 

for photocatalytic removal of Cr(VI). For photoactivity measurements of 
NU100P10 in a field experiment irradiated by real sunlight, photo
catalytic removal of Cr(VI) was carried out at Daxing campus of BUCEA 
(39◦44′ N, 116◦17′E) in the winter season (November 29th, 2020, 
labeled as real sunlight, 3 ◦C) with the same experimental conditions as 
before. The spectrum of real sunlight and experimental details were 

illustrated in Figs. S6 and S7. In Fig. 3j, only 16.6% and 6.4% of Cr(VI) 
ions were removed by adsorption and without NU100P10 after 180 min 
under sunlight. The photocatalytic efficiency under real sunlight drop
ped to 67% due to the lower sunlight intensity. The average intensity of 
actual sunlight was 22.33 mW/cm2, while the visible light intensity 
under experimental condition was just 28.66 mW/cm2. As shown in 
Fig. 3k, the k values were 0.0006 min− 1, 0.0121 min− 1 and 0.0359 
min− 1, respectively, which were comparable to the previous reports 
(Zhao et al., 2019; Ren et al., 2020b). 

3.2.8. Reusability and stability of NU100P10 
In Fig. 4a, compared with the pure NH2-UiO-66, after five cycles, the 

photocatalytic reduction of Cr(VI) performance of NU100P10 was still 
close to 100%, indicating that NU100P10 photocatalyst has excellent 
stability and efficiency. The PXRD patterns (Fig. 4b), FTIR (Fig. S8) and 
SEM (Fig. 4(c, d)) before and after five cycles proved the stability of 
NU100P10. As depicted in Fig. 4b, the material crystallinity was 
reduced, but the major XRD peaks still existed, indicating that the 
structure of the composite was not influenced (Wei et al., 2020). SEM 
images showed that NU100P10 remained the original morphologies 
(Chang, 2014). Additionally, FTIR analysis revealed no structural 
changes in NU100P10 after five cycles of photocatalytic operation (Su 
et al., 2019; Fakhri and Bagheri, 2020). It was well known that the MOFs 
like UiO-66 and NH2-UiO-66 constructed from carboxylate ligands are 
stable under acidic conditions (Tambat et al., 2018), and the introduc
tion of PTCDA can further strengthen the stability of NH2-UiO-66. 

3.2.9. The mechanism of photocatalytic Cr(VI) reduction 
The photoluminescence (PL) and electrochemical impedance spec

troscopy (EIS) measurements were applied to investigate the separation 
efficiency of photoinduced electron-hole pairs. NH2-UiO-66, PTCDA and 
NU100P10 were excited at 350 nm (Zhou et al., 2019). The comparison 
for photoluminescence of NH2-UiO-66, PTCDA and NU100P10 was 
displayed in Fig. 5a. The peak of NH2-UiO-66 at 450 nm corresponds to 
the inter-band emission. The strong π-π stacking in PTCDA limits the low 
energy excitonic transition, which results in weak fluorescence of 
PTCDA. Compared with the pristine NH2-UiO-66, the NU100P10 had a 
lower emission peak at 450 nm due to the effective charge transfer be
tween NH2-UiO-66 and PTCDA, which is in consistent with the peak of 
pristine PTCDA. In addition, time-resolved transient PL decay spec
troscopy was a reasonable measurement for evaluating the separation 
efficiency of photo-induced e− and h+. As displayed in Fig. S9, the 
average PL lifetime (τaverage) of the NU100P10 was 0.30 ns, while the 
τaverage of pure NH2-UiO-66 and PTCDA were 0.28 ns and 0.26 ns. It is 
documented that the longer lifetime means the better separation effi
ciency of the photogenerated charge carriers in NU100P10 (Pan et al., 
2012; Zhang et al., 2020a), which leads to the improved photocatalytic 
performance. To further investigate the photogenerated charge 
efficiency of NU100PX composites, the EIS measurements were con
ducted as illustrated in Fig. 5b. The arc radii followed the sequence of 
NH2-UiO-66 > PTCDA > NU100P10, indicating that PTCDA/N
H2-UiO-66 (NU100PX) composites show better photo–generated holes 
and electrons separation than the single NH2-UiO-66 and PTCDA (Yuan 
et al., 2020). The photocurrent-time curves for the NH2-UiO-66, PTCDA 
and NU100P10 were illustrated in Fig. S10. The photocurrent value of 
the NU100P10 was higher compared with those of pristine NH2-UiO-66 
and PTCDA, indicating more remarkable separation efficiency and 
prolonged lifetime of photo-generated carriers in NU100PX composites 
(Dai et al., 2015). 

The formed active species over the NU100P10 were investigated 
according to the ESR tests (Fig. 5(c, d)). The notable ESR signals of both 
⋅O2

− and ⋅OH are detected over NU100P10 at 5 min and 10 min’ visible 
light irradiation. It proves the exist of both ⋅O2

− and ⋅OH in the system. In 
Fig. 5(e, f), the Mott-Schottky plots show that the flat band potentials of 
PTCDA and NH2-UiO-66 are − 0.37 eV and − 1.05 eV versus AgCl/Ag 
electrode, respectively. In Fig. S11, the flat band potential of NU100P10 
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(- 1.05 eV) is similar to the LUMO potential of NH2-UiO-66 (− 1.05 eV) in 
the NU100P10 system (Wang et al., 2020b), which further indicates that 
the photogenerated electrons transfer from PTCDA to NH2-UiO-66 after 
their combination. To further illustrate the direction of electron transfer, 
the cyclic voltammetry tests were conducted. As displayed in Fig. 5g, the 
oxidation potentials of PTCDA and NU100P10 were − 0.25 V and − 0.80 
V, suggesting that PTCDA might be inclined to donate electrons to 
NH2-UiO-66 in the NU100P10 composite (Wei and Zhu, 2019). Due to 
the potentials of PTCDA (VB, 1.89 eV vs NHE) and NH2-UiO-66 (HOMO, 
2.12 eV vs NHE) do not reach the standard potential (2.40 eV vs NHE) of 
the OH− /⋅OH pairs, the photoinduced h+ on the surface of PTCDA and 
NH2-UiO-66 cannot react with H2O to produce ⋅OH. Besides, the po
tential of LUMO (− 0.85 eV vs NHE) of NH2-UiO-66 is higher than that of 
O2/⋅O2

− pairs (− 0.33 eV vs NHE). The electrons on LUMO can generate 
⋅O2

− with the dissolved O2 under acidic conditions. 
It was generally to conduct DFT calculation to determine the electron 

mobility between two components in the composite (Ren et al., 2020a). 
According to the Bader charge analysis based on DFT calculation, the 
direction of electrons transfers between NH2-UiO-66 and PTCDA within 
NU100P10 was clarified. As shown in Fig. 6a and b, the carbon, 
hydrogen, and oxygen atoms of PTCDA are represented by three colors 
of brown, white and red. The red and blue numbers respectively stand 
for positive and negative differential Bader charge values between 
PTCDA complexed with NH2-UiO-66 and single PTCDA. It was found 
that the positive charge on the surface of PTCDA increased significantly, 
indicating that the electrons transferred from PTCDA to NH2-UiO-66 
within NU100P10 (Yi et al., 2019a). It is different from the model of 
perylene imide-modified NH2-UiO-66 (PIU) (Wang et al., 2020b), in 
which partial electrons on the phenyl of H2ATA move to perylene imide 
(PI) after modified by PTCDA. 

To further certificate the electron transfer route, the photo- 
deposition of Pt nanoparticles were conducted for NU100P10. In most 
cases, Pt nanoparticles obtained from H2PtCl6 by accepting the electron 
can be used to confirm the direction of photo-generated electrons flow. 

As shown in Figs. S12a–c, no obvious lattice fringes could be observed in 
single PTCDA, while in the single NH2-UiO-66 and NU100P10, the facet 
with lattice fringe spacing of 0.337 nm can be detected. In Fig. S12d, it 
was observed that Pt nanoparticles were deposited over NH2-UiO-66 
rather than PTCDA in NU100P10, which can be evidenced by the find
ings of lattice fringe spacing of 0.337 nm (NH2-UiO-66) and 0.225 nm 
((111) facet of Pt nanoparticle) (Jiang et al., 2018). The EDS elemental 
mapping of Pt nanoparticles on the NU100P10 in Fig. S13 further 
indicated that most of the Pt particles are deposited on the surface of 
NH2-UiO-66. These results illustrated that the photo-generated electrons 
were transferred from PTCDA to NH2-UiO-66, which was further 
affirmed both by the DFT calculation and cyclic voltammetry 
determination. 

The radical quenching tests were conducted to study the contribution 
of various active species. EDTA-2Na and KBrO3 were used as quenchers 
to trap holes and electrons. In Fig. 6c, the performances of Cr(VI) 
removal decreased obviously with the existence of KBrO3, indicating 
that the electrons play a significant role towards the reduction of Cr(VI). 
The introduction of EDTA-2Na led to the improvement of Cr(VI) 
reduction ascribed to the better separation of photo-induced electrons. 
In addition, isopropyl alcohol (IPA) was introduced to the Cr(VI) 
reduction system. When ⋅OH has been captured by IPA, the Cr(VI) 
reduction performance decreased obviously, which was attributed to the 
shift of equilibrium in Eq. (8). The ⋅OH formation according to Eqs. (6) 
and (7) could exert influence on the reaction from Cr(V) back to Cr(VI) 
as displayed in Eq. (9). According to Eq. (4) and Eq. (5), ⋅O2

− as a 
mediator can transform Cr(VI) to Cr(V). As a result, nitrogen gas is 
introduced in the test to prevent the formation of ⋅O2

− . In this work, the 
reduction of Cr(VI) over NU100P10 was significantly inhibited when 
there is N2, which further shows that ⋅O2

− is also responsible for reducing 
Cr(VI).  

O2 + e− → ⋅O2
− (4)  

⋅O2
− + Cr(VI) → Cr(V) + O2                                                            (5) 

Fig. 4. (a) The cyclic tests for photocatalytic Cr(VI) removal over the pristine NH2-UiO-66 and NU100P10; (b) PXRD patterns and (c, d) SEM images of NU100P10 
before and after 5th cyclic experiments. Reaction conditions: NU100P10 dosage = 30 mg, Cr(VI) = 10.0 mg L− 1, pH = 2.0. 
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Fig. 5. (a) PL spectra of NH2-UiO-66, PTCDA and NU100P10. (b) EIS of NU100PX composites. ESR spectra of different radicals trapped by DMPO for •O2
− (c) and 

•OH (d) over NU100P10. The Mott–Schottky curves of (e) PTCDA and (f) NH2-UiO-66 at various frequencies. (g) Cyclic voltammetry curves of PTCDA and NU100P10 
in 0.2 M sodium sulfate solution with scanning rate of 10 mV s− 1 from − 1.5 V to 1.5 V. 
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O2 + 2H+ + 2e− → H2O2                                                                (6)  

H2O2 + e− → ⋅OH + HO− (7)  

H2O2 + Cr(III) + H+ → Cr(VI) + H2O + ⋅OH                                    (8)  

Cr(V) + h+/⋅OH → Cr(VI) + OH− (9) 

According to the experimental results obtained, the Z-scheme 
mechanism over PTCDA/NH2-UiO-66 is given in Fig. 6d, in which both 
pure PTCDA and NH2-UiO-66 can be excited by visible light to produce 
photo-induced electrons and holes. The photo-generated holes prefer to 
retain in the VB of PTCDA, at the same time, the photo-induced e− can 
migrate from the PTCDA’s CB to the NH2-UiO-66’s HOMO, thereby 
improving the separation of photo-generated electrons and holes. 

4. Conclusions 

The NH2-UiO-66/PTCDA (NU100PX) composite materials were 
prepared by simple mechanical ball-milling, in which the NU100P10 
photocatalyst presented superior Cr(VI) sequestration efficiency to those 
of pristine PTCDA, NH2-UiO-66 and other NU100PX under the irradia
tion of visible light. The PL analysis (including the time-resolved pho
toluminescence) and electrochemistry measurement indicated that the 
improved photocatalytic performances were mainly due to the enhanced 
photo-induced electrons motion over the interface of Z-scheme hetero
structure. In addition, the effects of pH, initial Cr(VI) concentrations, 
real sunlight light, foreign ions and hole quenchers on photocatalytic Cr 

(VI) reduction were tested. According to the ESR and capture experi
ments, the main active substances to convert Cr(VI) into Cr(III) include 
e− and ⋅O2

− . Eventually, the cyclic experiments displayed that the 
NU100P10 composite had excellent stability and practicability. The Z- 
scheme mechanism was affirmed by the XPS determination, photo- 
deposition of Pt nanoparticles on NU100P10 and DFT calculation. This 
work further identified that the combination of MOFs and metal-free 
semiconductor PTCDA was a potential strategy for accomplishing 
enhanced photocatalytic performance. 
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