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Abstract: In order to address the issue that the photocatalytic reduction of hexavalent chromium (Cr(VI)) is often 
limited by the inefficient utilization of electrons in photocatalysts, a quasi-MOF photocatalyst using thiocyanate     
(—SCN) was developed as a modulator to enhance the charge transfer properties of ZIF-L-based photocatalysts. The 
incorporation of —SCN introduced structural defects, which improved visible light absorption and the reduction ability 
of photogenerated electrons. —SCN significantly adjusted the electronic properties and established a stable electron 
release pathway, serving as active sites for reduction. The optimized quasi-MOF demonstrated a Cr(VI) reduction rate 
of 94.8% in neutral potassium thiocyanate solution under visible light without a hole scavenger. The reaction rate 
constant is 2.8 times that of the photocatalyst without defect modulation. This study offers a promising strategy for 
developing highly efficient photocatalysts for environmental remediation. 
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1 Introduction 
 

Photocatalytic reduction of Cr(VI) represents 
an effective approach for mitigating Cr(VI) 
pollution in water [1,2]. In industrial settings, 
chromium-containing wastewater often presents 
neutral to weakly alkaline conditions, as observed 
in the tanning industry [3]. However, most 
photocatalysts for Cr(VI) reduction are currently 
developed under acidic conditions favorable for the 

catalytic process, exhibiting reduced activity under 
non-acidic conditions. As the pH increases, the 
thermodynamic driving force for Cr(VI) reduction 
theoretically decreases by 79 mV/pH unit [4].    
In addition, the utilization of photogenerated 
electrons by Cr(VI) through various pathways 
directly determines the reduction activity of the 
photocatalyst [5,6]. Therefore, the development in 
Cr(VI) reduction photocatalysis with improved 
electronic utilization in non-acidic conditions is of 
paramount significance. 
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Besides the heterojunction strategy, the defect 

engineering in MOF photocatalysts has a huge 
impact on the material morphology, electronic 
structure, and photocatalytic performance [7−9]. 
Defects in the photocatalysts are advantageous for 
enhancing the visible-light response [10]. The 
introduction of modulators has been reported as an 
effective strategy to enhance photocatalytic activity 
by constructing quasi-MOFs with a substantial 
number of structural defects [7,11]. For example, 
ZHANG et al [12] improved the photocatalytic 
performance of ZIF-67 by replacing some original 
ligands through competitive coordination with 
vanillin. However, the majority of currently 
employed modulators primarily contribute to 
structural regulation and have little impact on the 
charge migration process of the quasi-MOFs. 

Thiocyano- (—SCN), as a polar functional 
group, exhibits a strong affinity for metal sites and a 
robust electron drawing ability. This property 
allows it to construct a stable transmission channel 
for photogenerated electrons of the MOFs and serve 
as an active reaction site, promoting the reduction 
process [13]. Due to its strong nucleophilicity, the 
sulfur atom in thiocyanate can be regarded as an 
active catalytic site at the interface, enhancing the 
transfer rate of photogenerated electrons at the 
interface [14]. Therefore, it is advantageous for 
promoting the reduction of Cr(VI) under non-acidic 
conditions from a kinetic perspective. Currently, 
there are reports only on utilizing the electron- 
withdrawing properties of —SCN to modulate the 
charge transfer behavior of TiO2 and metal 
nanoparticles [14−16]. This approach has not    
yet been applied in MOF-based photocatalytic 
materials. Considering the facile modifiability of 
MOF structures, —SCN holds promising potential 
as an effective group for constructing and 
regulating quasi-MOFs photocatalysts [17]. 

To enhance the non-acidic photocatalytic 
activity of ZIFs-based photocatalysts, this work 
employed KSCN as a modulator to introduce    
—SCN into the previously reported Fe—O clusters- 
sensitized ZIF-L, leading to the construction of a 
quasi-MOF structure. XPS, FT-IR, Raman, and 
other analyses confirmed the introduction of     
— SCN and the formation of the quasi-MOFs 
structure. Photo/electrochemical experiments were 
conducted to elucidate the charge transfer properties 
of samples, demonstrating the notable influence of 

—SCN introduction on the migration of photo- 
generated carriers during the photocatalytic process. 
This study provides a new way for the synthesis of 
quasi-MOF photocatalysts via thiocyanate 
modulation, which subsequently achieved efficient 
non-acidic reduction of Cr(VI). 
 
2 Experimental  
 
2.1 Materials 

Iron nitrate nonahydrate (Fe(NO3)3·9H2O, AR), 
mannitol (C6H14O6, AR), potassium dichromate 
(K2Cr2O7, AR), potassium thiocyanate (KSCN,  
AR), methanol (MeOH, CH3OH, AR), potassium 
hydroxide (KOH, AR), isopropanol (IPA, C3H8O), 
glycol (C2H6O2, AR), acetone (C3H6O, AR), and 
sulfuric acid (H2SO4, GR) were supplied by 
Sinopharm Chemical Reagent Co., Ltd. 2-methyl- 
imidazole (C4H6N2, 98%) and 1,5-diphenylcarbazide 
(C13H14N4O, AR) were supplied by Aladdin 
Reagent Co., Ltd. Zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O, AR), sodium sulfate (Na2SO4, 
AR), and phosphoric acid (H3PO4, GR) were 
supplied by Xilong Scientific Co., Ltd. The above 
reagents were not further purified. 
 
2.2 Characterizations 

Scanning electron microscope (SEM) images, 
X-ray diffraction patterns (XRD), Fourier transform 
infrared spectroscopy (FT-IR) and Raman spectra 
were obtained via Helios Nanolab G3 UC electron 
microscope, Bruker D8 Advance diffractometer, 
Nicolet iS20 spectrometer, and LabRAM Aramis 
spectrometer, respectively. Transmission electron 
microscope (TEM) images and energy spectrum 
data were obtained on JEM-F200. The PerkinElmer 
STA 8000 simultaneous thermal analyzer was  
used to test the structure of MOFs via differential 
scanning calorimetry and thermogravimetric 
analysis (DSC−TGA). The electron paramagnetic 
resonance (EPR) spectra were obtained by Bruker 
EMXplus-6/1 spectrometer to determine the 
structural defects of the materials. The water 
contact angle obtained by Kruss DSA100 contact 
angle measuring instrument was used to determine 
the change of hydrophilicity and surface energy of 
the MOFs. The X-ray photoelectron spectroscopy 
(XPS) results were recorded on ESCALAB Xi+ 
spectrometer. Diffuse reflectance spectra (DRS) of 
the as-synthesized MOFs were measured on Evolution 
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220 spectrophotometer. The photoluminescence  
(PL) experiments were performed at an F97Pro 
fluorospectro photometer. Transient photoluminescence 
(TR-PL) experiments were performed at an 
Edinburgh FLS1000 fluorospectro photometer.  
The Mott−Schottky measurements, transient 
photocurrent response, electrochemical impedance 
spectroscopy (EIS), circulation voltammetry (CV) 
and linear sweep voltammetry (LSV) curves   
were conducted on the CHI660E electrochemical 
workstation. 
 
2.3 Synthesis of FZ sample 

This preparation method is slightly modified 
from the previously reported procedure (as shown 
in Scheme 1(a)) [18]. 2 mmol Zn(NO3)2⋅6H2O and 
0.5 mmol Fe(NO3)3⋅9H2O were added into a beaker 
filled with 40 mL deionized water and stirred until 
fully dissolved. Subsequently, 5 mmol of mannitol 
was added to the solution and stirred for 30 min. 
Then, 20 mL of 2-methylimidazole aqueous 
solution (0.8 mol/L) was added dropwise to     
the beaker. The mixture was stirred at room 
temperature for 24 h. The obtained suspension was 
centrifuged to collect the precipitate, washed 
several times by alternating centrifugation with 
deionized water and ethanol, and finally dried in a 
vacuum oven at 60 °C overnight. This sample was 

labeled as FZ in subsequent experiments. 
 
2.4 Synthesis of xS-FZ sample 

The synthesis process is shown in Scheme 1(b). 
2 mmol Zn(NO3)2⋅6H2O and 0.5 mmol Fe(NO3)3⋅ 
9H2O were added into a beaker filled with 40 mL 
deionized water and stirred until fully dissolved. 
Following that, 5 mmol of mannitol and a   
specific quantity of KSCN were introduced into the 
beaker, and the mixture was stirred for 30 min. 
20 mL of 2-methylimidazole aqueous solution 
(0.8 mol/L) was added dropwise to the beaker. The 
mixture was stirred at room temperature for 24 h. 
The resultant mixture was stirred at room 
temperature for 24 h. The resulting suspension was 
subjected to centrifugation to gather the precipitate, 
which underwent several wash cycles through 
alternating centrifugation with deionized water and 
ethanol. Subsequently, the collected material was 
dried in a vacuum oven at 60 °C overnight. Each 
resulting sample was denoted as xS-FZ (where x 
means the amount of KSCN, i.e., x=0.2, 0.5, 
1 mmol) for subsequent experiments. 

 
2.5 Photocatalytic experiments 

The photocatalytic properties of the as- 
synthesized photocatalysts were characterized by 
Cr(VI) reduction experiments using a Microsolar  

 

 
Scheme 1 One-step synthesis diagram of FZ (a) and xS-FZ (b) samples 
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300 Xenon lamp (light intensity 100 mW/cm2, 
device rated power 300 W, 420 nm cutoff filter 
installed) positioned 10 cm away from the liquid 
surface. In a typical procedure, 100 mL of K2Cr2O7 
solution (30 mg/L, adjusted to a pH of 7) was 
ultrasonicated with 50 mg of the photocatalyst.  
For 30 min in the dark, the mixture was stirred   
to attain adsorption−desorption equilibrium. After 
equilibrium, the photocatalytic reaction was 
performed under illumination, and samples were 
taken at 15 min interval. The Cr(VI) contents of 
samples were determined by the 1,5-diphenyl- 
carbazide (DPC) colorimetric method with an 
Evolution 220 spectrophotometer at 540 nm. 

In this test, the apparent rate constant (k) was 
applied to describing the reduction kinetics of 
Cr(VI):  

0ln( / )tC Ck
t

=                            (1) 
 
where C0 and Ct represent the Cr(VI) concentrations 
before and after the photocatalytic reaction, 
correspondingly. t is the total time of photocatalytic 

Cr(VI) reduction. 
 
3 Result and discussion 
 
3.1 Characterizations of MOFs 

The XRD patterns of as-synthesized samples 
were depicted in Fig. 1(a). According to previous 
reports, the composition of Fe—O clusters into 
ZIF-L in the form of mannitol−Fe complex does not 
damage the phase and crystallinity of ZIF-L [18]. 
Each diffraction peak of the xS-FZ samples was 
corresponded well to the XRD pattern simulated by 
the CIF file (CCDC-1509273) of ZIF-L, indicating 
that the addition of KSCN during the synthesis 
process did not completely disrupt the framework 
structure of ZIF-L. Theoretically, the substitution of 
—SCN for ligands in ZIF-L results in an increase in 
the number of structural defects. The progressive 
decline in the intensity of characteristic peaks   
was associated with the gradual increase in the 
number of —SCN ligand replacements in ZIF-L, 
corresponding to the reduction in the crystallinity of 
the materials [19]. 

 

 
Fig. 1 XRD patterns (a), FT-IR spectra (b), Raman spectra (c), and EPR spectra (d) of as-synthesized samples 
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To confirm the introduction of —SCN in the 
samples, the chemical structure was characterized 
through FT-IR and Raman spectroscopy. The 
results were presented in Figs. 1(b, c). Both FZ and 
1S-FZ sample exhibit good correspondence with 
the chemical structure of ZIF-L [20]. In the FT-IR 
spectrum of 1S-FZ, the characteristic peaks 
corresponding to stretching vibrations of S—C 
(866 cm−1) and C≡N (2104 cm−1) were observed, 
indicating the existence of — SCN [21]. In  
addition, the stretching vibration peak of Zn—S 
was observed at 479 cm−1 [22]. The Raman 
spectrum of 1S-FZ clearly showed the retention of 
Zn—N (179 and 275 cm−1) and Fe—O (538 cm−1) 
stretching vibrations in the Fe—O clusters@ZIF-L 
structure [23,24]. The characteristic peak of the  
Zn—S (382 cm−1), and C≡N (2095 cm−1) could 
also be observed [25]. These results confirm that 
—SCN primarily coordinated with Zn sites in   
the composite material without disrupting the 
composite structure of the Fe—O clusters@ZIF-L. 
Moreover, a notable reduction in the intensity of 
hydrogen bonding stretching vibrations (around 
3420 cm−1) in the FT-IR spectrum of 1S-FZ was 

observed, attributed to the substitution of partial 
monodentate 2-methylimidazole ligand of ZIF-L by 
—SCN, resulting in a decrease in the strength of 
hydrogen bonding [26]. In the EPR spectra, it can 
be seen that the original structural defect signal 
from the removal of solvent molecules was 
enhanced (Fig. 1(d)). As —SCN coordinates with 
Zn, replacing the original bidentate 2-methyl- 
imidazole ligand, it inevitably introduces more 
structural defects [12]. 

As shown in Fig. 2, SEM was employed to 
characterize the morphological changes of the 
photocatalytic material before and after 
modification. The FZ sample exhibited growth  
with multiple crystal plane orientations while 
maintaining the elliptical nanosheet morphology, 
resulting in a cross-shaped appearance. This 
phenomenon is primarily attributed to the 
constraints imposed by the surface energy of  
ZIF-L [27,28]. With an increasing amount of added 
KSCN, the particle size of 0.2S-FZ sample became 
smaller, and the shape became more irregular   
and fragmented. The 0.5S-FZ and 1S-FZ samples 
were transformed into needle-like particles and self-  

 

 
Fig. 2 SEM images of FZ (a), 0.2S-FZ (b), 0.5S-FZ (c) and 1S-FZ (d) samples 
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assembled into micron-sized balls. In Fig. 3(a), the 
TEM image of the 1S-FZ sample was presented. It 
was revealed that the 1S-FZ sample was assembled 
from numerous nanorods with a width of 50 nm 
approximately. This altered morphology was more 
conducive to the degradation process of Cr(VI) on 
the surface of the photocatalyst. Through EDS 
mapping scanning analysis in Figs. 3(b−h), it was 
evident that S, N, O, Fe, Zn, and C were uniformly 
distributed, underscoring successful introduction of 
—SCN. 

Figure 4 presents XPS spectra of FZ and 
1S-FZ samples. In the 1S-FZ sample, the 
characteristic peaks of sulfur appeared, and the   
— SCN peak could be identified at 399.1 eV, 
providing evidence of introduction of —SCN [16]. 

With the introduction of —SCN, characteristic 
peaks of Zn shifted towards higher binding energy, 
indicating the decrease in the electron cloud density 
of Zn [29]. This is primarily attributed to the 
electron-withdrawing effect of — SCN, which 
promotes the generation of an intrinsic electric  
field [30−32]. In comparison to Zn 2p, the shift in 
the characteristic peaks of Fe 2p was relatively 
minimal, indicating the effective protection of Fe 
sites by the strong chelating action of mannitol. In 
addition, Thiocyanate ion is an asymmetric ion with 
interfacial dipole moment on the surface of the 
material. Controlling the surface potential by 
introducing a dipole effect can improve the electron 
transfer dynamics [15]. With the addition of  
KSCN, zeta potential of MOFs changed from −8.0 to 

 

 
Fig. 3 TEM image (a), STEM-HADDF image (b) and corresponding element mapping images of S (c), N (d), O (e),  
Fe (f), Zn (g) and C (h) of 1S-FZ sample 
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Fig. 4 XPS spectra of S 1s (a), N 1s (b), Zn 2p (c), Fe 2p (d) of FZ and 1S-FZ samples 
 
−27.1 mV. This is mainly because —SCN is a 
functional group with higher polarity and can 
become an electron acceptor structure resulting in 
the formation of an internal electric field [15]. 

The incorporation of —SCN leads directly to 
a decrease in the crystallinity of the material. To 
gain further structure information, the DSC−TGA 
analysis was conducted. As depicted in Figs. 5(a, b), 
there was a mass loss during the initial heating 
stage (below 300 °C), primarily attributed to the 
removal of structural water in ZIF-L, indicating the 
reduction of solvent molecules in 1S-FZ [33]. This 
observation aligned with the FT-IR and EPR results. 
In comparison to FZ, 1S-FZ displayed a broader 
endothermic peak in the temperature range of 
200−260 °C, associated with the structural 
transformation of low-density phase amorphous 
ZIF-L [34,35]. Figures 5(c, d) illustrated that the 
hydrophilicity of 1S-FZ was moderately enhanced 
compared to the FZ sample. This improvement was 
attributed to the introduction of certain defects 
through —SCN grafting [36]. The results indicated 
that the enhanced hydrophilicity of the material is 

primarily a consequence of the heightened surface 
energy of the photocatalyst induced by the 
increased structural defect density. The increase in 
hydrophilicity is advantageous for the liquid-phase 
photocatalytic process. 
 
3.2 Photocatalytic performance of MOFs 

Visible light constitutes 46% of natural 
sunlight energy. The efficiency of photocatalyst   
in utilizing visible light directly influences the 
practical viability [37]. In Fig. 6(a), the visible- 
light-driven photocatalytic Cr(VI) reduction 
performance curve without the addition of the  
hole scavenger is presented. For all samples, the 
adsorption−desorption equilibrium was ensured 
prior to the photocatalytic tests. The effect of 
photocatalyst modification on Cr(VI) adsorption 
was relatively minor (Table 1). The photocatalytic 
process of each sample conforms well to the 
pseudo-first-order kinetic equation, as depicted in 
Fig. 6(b). The fitted apparent rate constants are: 
1S-FZ (0.0319 min−1) > 0.5S-FZ (0.0219 min−1) > 
FZ (0.0110 min−1) > 0.2S-FZ (0.0080 min−1). 
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Fig. 5 DSC−TGA cruves (a, b) and water contact angle (CA) (c, d) of FZ (a, c) and 1S-FZ (b, d) samples 
 

 
Fig. 6 Photocatalytic Cr(VI) conversion curves (a) and pseudo-first-order kinetic fitting results (b) for different samples; 
photocatalytic Cr(VI) conversion curves of 1S-FZ sample at different pH (c) and with different additives (d) 
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Specific fitting results were provided in Table 1. 
With the increase in KSCN addition, the 
performance of 0.2S-FZ slightly decreases. This is 
primarily attributed to the introduction of —SCN, 
which further enhances the negative charge on the 
material surface [38]. — SCN increases the 
repulsive force between CrO4

2− ions and the MOF 
surface, thereby impeding the catalytic reaction. 
However, as the amount of —SCN replacing the 
original ligand continues to increase, its influence 
on the material’s structure and charge transfer 
behavior becomes increasingly significant, thereby 
making the adverse effects on the photocatalytic 
activity. Both 0.5S-FZ and 1S-FZ samples exhibit 
improved photocatalytic performance, with the 
1S-FZ sample demonstrating the highest reaction 
rate constant, approximately 2.8 times that of FZ. 
Compared with recent visible-light-driven MOFs- 
based photocatalytic materials, the synthesized 
1S-FZ sample has relatively good activity. 
 
Table 1 Adsorption ratio, k, and R2 of different samples 

Sample Adsorption ratio/% k/min−1 R2 

FZ 16.4 0.0110 0.98961 

0.2S-FZ 16.9 0.0080 0.99033 

0.5S-FZ 19.1 0.0219 0.99863 

1S-FZ 20.5 0.0307 0.99882 

 
pH is an important factor influencing the 

photocatalytic reduction process of Cr(VI) [39]. By 
taking the optimal sample 1S-FZ as the subject of 
study, when pH was set to be 5, the performance  
of the sample was improved, with a degradation 
rate reaching 92.7% within 75 min. When pH is 
adjusted to be 9, the material’s performance 
experiences some decline but still maintains a 
degradation rate of 76.0%. Compared with recent 
MOF photocatalysts (Table 2), 1S-FZ sample 
demonstrates excellent broad pH photocatalytic 
applicability, exhibiting good photocatalytic activity 
under conditions of weak acidity, neutrality, and 
weak alkalinity. 

To identify the main active species during the 
photocatalyst degradation process, active species  
of •OH, •O2

−, and h+ were captured using IPA, N2, 
and methanol, respectively [46]. After adding 
methanol, the catalytic activity of the material  
was significantly enhanced. Within 60 min, the 
degradation rate of 1S-FZ can reach 97.4%. It can 
be observed that photogenerated electrons are still 
the main active species in the process. The impact 
of •OH on the catalytic process remains minimal 
since the mannitol in the hybrid MOF inhibited  
the generation of •OH [47]. After introducing N2, 
there is a slight decrease in the photocatalytic 
performance of 1S-FZ, indicating that •O2

− also 
 
Table 2 Recent overview of visible-light-driven MOF-based photocatalysts for Cr(VI) reduction activity 

Material 
Cr(VI) 

solution 
volume/mL 

Concentration/ 
(mg·L−1) 

Photocatalyst 
amount/mg Illuminant Time/ 

min 
Hole 

scavenger pH 
Reduction 
efficiency/ 

% 
Resource 

UiO-66- 
NH2(Zr) 40 5 20 300 W Xe lamp 

(λ>400 nm) 120 − 2 98 Ref. [40] 

Fe(II)- 
2MI 100 11.8 10 300 W Xe lamp 

(λ≥420 nm) 75 EDTA-2Na 4.64 ~80 Ref. [41] 

MIL101-(Fe)/ 
g-C3N4 

40 20 20 150 W halogen 
lamp (λ≥420 nm) 60 Ammonium 

oxalate 6 67.2 Ref. [42] 

Fe-BDC/ 
Fe-2MI 100 11.8 10 300 W Xe lamp 

(λ≥420 nm) 60 EDTA-2Na 4.5 100 Ref. [4] 

Ru-UiO- 
dmbpy 40 50 10 300 W Xe lamp 

(λ≥420 nm) 120 Benzyl 
alcohol 4 65.7 Ref. [43] 

Amine- 
functionalized 

ZIF-8 
40 6 20 450 W Xe lamp 

(λ>400 nm) 180 − 8 >85 Ref. [44] 

4%PDI/MIL- 
125(Ti)-NH2 

40 20 20 300 W Xe lamp 
(λ≥420 nm) 50 − 6 62 Ref. [45] 

1S-FZ 100 30 50 300 W Xe lamp 
(λ≥420 nm) 90 − 7 94.8 This 

work 
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participates in the partial reduction process of 
Cr(VI). 
 
3.3 Photocatalytic mechanism 

The molecular orbital structure of MOFs 
directly determines the photocatalytic performance 
of the material. Fe — O clusters give ZIF-L 
significant light absorption activity in the visible 
region, which determines the basic photocatalytic 
ability. Compared to the FZ, the samples modified 
with —SCN exhibit an overall enhancement in 
visible light absorption intensity (Fig. 7(a)). The 
bandgap energy (Eg) can be calculated through Tauc 
formula: (αhv)2=A(hv−Eg) [48,49]. The introduction 
of —SCN led to the narrower Eg, primarily due  
to the decrease in crystallinity. The flat-band 
potentials of FZ and 1S-FZ were determined to be 
−0.53 and −0.76 V from Mott−Schottky testing 
(Fig. 7(c)). Considering the n-type semiconductor 
properties of ZIF-L, the LUMO levels of FZ and 
1S-FZ were calculated to be −0.63 and −0.86 eV. 
Combined with the results above, schematic 
diagrams of the molecular orbital structures for FZ 
and 1S-FZ samples are depicted in Fig. 7(d). A 

narrower bandgap of 1S-FZ results in improved 
visible light responsiveness, while higher LUMO 
levels imply that the photogenerated electrons 
possess enhanced reduction activity. The HOMO 
energy level is higher than the water oxidation 
potential, so that the photogenic hole also has the 
ability to oxidize water molecules [50]. In addition, 
the XPS characteristic peaks of the Fe sites shifted 
significantly towards lower binding energies after 
the reaction, indicating an increased proportion of 
Fe(II) (as shown in Fig. 8). This suggests that the Fe 
sites in 1S-FZ, similar to those previously reported, 
participate in the photocatalytic process through the 
Fe(II)/Fe(III) redox cycle as a variable valence 
metal [18,51]. 

The photocatalytic process is caused by light- 
induced electron transfer, and light/electrochemical 
tests can be utilized to evaluate the photogenerated 
carrier properties of the catalysts [52,53]. As 
depicted in Fig. 9(a), 1S-FZ exhibited a smaller  
EIS radius, indicating a reduced interface charge 
transfer resistance [54,55]. As illustrated in 
Fig. 9(b), 1S-FZ demonstrated a stronger visible- 
light-driven transient photocurrent response, with a 

 

 
Fig. 7 DRS spectra (a), (αhν)2 vs hν curves (b), Mott−Schottky plots (c) of FZ, 0.2S-FZ, 0.5S-FZ and 1S-FZ samples; 
Illustration of Eg and LUMO/HOMO levels of FZ and 1S-FZ samples (d) 
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Fig. 8 Fe 2p XPS signals of 1S-FZ sample before and 
after Cr(VI) reduction 
 
current density of 0.27 μA/cm2, which is 1.7 times 
that of the FZ sample. CV and LSV tests of the FZ 
and 1S-FZ samples were conducted in 0.2 mol/L 
neutral potassium dichromate solution, as shown in 
Figs. 9(c, d). Both samples exhibited prominent 
reduction peaks, representing the reduction process 

of CrO4
2−/Cr3+ [56]. The reduction peak current of 

1S-FZ is 0.240 mA/cm² at 0.125 V, which is higher 
than that of FZ. 1S-FZ also showed more positive 
potential. Furthermore, 1S-FZ demonstrated higher 
current density compared to FZ after illumination, 
consistent with the results of transient photocurrent 
testing [57]. In the LSV test, 1S-FZ exhibited a 
smaller overpotential than FZ, indicating that the 
introduction of —SCN facilitated rapid electron 
transfer to the active sites [58]. As a result, 1S-FZ 
exhibited a rapid charge transfer pathway with less 
resistance and a higher photocatalytic current 
density for Cr(VI) reduction under visible light. 

To demonstrate the influence of —SCN on the 
charge carrier migration behavior, the Cdl values  
of 1S-FZ and FZ were tested, as shown in Fig. 10. 
The experimental results indicated a decrease in 
capacitance for the 1S-FZ sample compared to   
FZ, suggesting that —SCN effectively released 
electrons stored in the MOF, facilitating their 
participation in the photocatalytic reduction  
process [13,59]. The electron-withdrawing effect of  

 

 
Fig. 9 EIS spectra (a), visible-light-driven current density vs time curve (b), CV curve (c) and LSV curve (d) of FZ and 
1S-FZ samples 



Yi ZHANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3677−3692 3688 

 

 
Fig. 10 CV test results at different scan rates (10, 20, 50, 
70, 100 mV/s) in non-Faradaic potential range (a); Cdl 
values of FZ and 1S-FZ samples (b) 
 
—SCN played a significant role in regulating the 
charge transfer pathway [60]. Figure 11 illustrated 
the fluorescence performance of the samples. With 
the increase of —SCN content, the fluorescence 
intensity of the photocatalyst at 465 nm gradually 
decreases, indicating the restraint in the carrier 
recombination [61]. Additionally, due to the 
introduction of more structural defects and the 
electron-donating effect of —SCN, fluorescence 
lifetime of the material showed a certain 
enhancement (the fitting result shown in Table 3), 
further confirming the phenomenon of slow 
photocarrier recombination in the material [62]. 

Based on the above results, the effects of    
—SCN on the structure and charge transfer process 
of 1S-FZ sample were shown in Fig. 12. —SCN, 
serving as a monodentate ligand, partially replaces 
2-methylimidazole. This directly led to the 
generation of structural defects in ZIF-L, which   
is the primary reason for the decrease in material  

 

 
Fig. 11 PL spectra of different samples (a) and TR-PL 
decay curve of FZ and 1S-FZ samples (b) 
 
Table 3 Fitting result of TR-PL decay curve of FZ and 
1S-FZ at 465 nm 

Sample τ1/ns B1 τ2/ns B2 τav/ns 

FZ 0.60 1.02 2.60 0.17 1.44 

1S-FZ 0.84 0.71 2.63 0.31 1.87 
The average lifetime (τav) is obtained by the equation: τav=(B1τ12 + 
B2τ22)/(B1τ1+B2τ2) 

 
crystallinity. The reduction in crystallinity lowered 
the bandgap energy of MOF, further enhancing the 
absorption of visible light. The constructed 
quasi-MOF structure reduced the recombination of 
photogenerated electron−hole pairs. The structural 
defects also enhance the hydrophilicity of the 
material by enhancing its surface energy, which is 
conducive to the liquid-phase catalytic process. The 
grafted polar functional group —SCN, due to its 
strong electron-withdrawing effect, facilitated 
charge transfer within the MOF, serving as a site  
for photogenerated electron release and enhancing 
the efficiency of charge carrier separation. The 
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synergistic effect of —SCN and the photosensitive 
component Fe—O clusters promoted visible light 
absorption and facilitated photogenerated electron 
transfer, leading to a significant enhancement in the 
photocatalytic activity of ZIF-L. 
 

 
Fig. 12 Photocatalytic mechanism diagram of 1S-FZ 
sample 
 
4 Conclusions 
 

(1) A sample synthesis method of —SCN 
induced quasi-MOFs photocatalyst was developed. 
The constructed quasi-MOFs had favorable effects 
on the visible light response and photogenerated 
carrier migration. 

(2) Compared to the photosensitized ZIF-L 
without —SCN modulation, the degradation rate 
and apparent rate constants for Cr(VI) of 1S-FZ 
sample increased from 62.1% and 0.0110 min−1 to 
94.8% and 0.0307 min−1, respectively. 

(3) The introduction of — SCN partially 
substituted 2-methylimidazole within ZIF-L, 
leading to the formation of structural defects and 
augmenting the material’s light absorption capacity. 
Owing to the robust electron-withdrawing 
capability of —SCN, an efficient electron release 
pathway emerged within ZIF-L, facilitating the 
separation of electron−hole pairs and enhancing the 
utilization efficiency of photogenerated electrons. 

(4) Through the synergistic interplay of 
photosensitization and defect engineering, ZIF-L 
was transformed from a material lacking Cr(VI) 
reduction capability into a high-performance 
visible-light-driven photocatalyst. Considering  

strong affinity of —SCN with many metal sites, 
this approach holds promise for applying to other 
MOFs. 
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摘  要：为了解决六价铬的光催化还原常常受到光催化剂中电子利用效率不高的问题，开发了一种使用硫氰酸基

(—SCN)作为调节剂合成的准金属有机框架光催化剂，以增强光催化剂的电荷转移特性。—SCN 引入结构缺陷，

改善可见光吸收和光生电子的还原能力。—SCN 显著调整电子特性，并建立稳定的电子释放路径，充当还原的活

性位点。在中性硫氰酸钾溶液中，优化后的光催化剂在可见光下无需添加空穴捕获剂就能实现 94.8%的 Cr(VI)还

原率。反应速率常数是未经缺陷化处理的光催化剂的 2.8 倍。这项研究提供了一种用于开发环境修复的高效光催

化剂的有效策略。 

关键词：准 MOF；极性官能团；光催化；六价铬还原 
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