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Accurate detection of hydrogen sulfide (H2S) is of great significance for environmental monitoring and
protection. We propose a colorimetric method for the detection of H2S by the use of mixed-node Cu-Fe
metal organic frameworks (Cu-Fe MOFs) as highly efficient mimic enzymes for target-induced
deactivation. The Cu-FeMOFs were synthesized by a simple solvothermalmethod and could catalyze the
H2O2 mediated oxidation of 3,30,5,50-tetramethylbenzidine (TMB) to oxTMB with a blue color. The
presence of dissolvedH2Swould deactivate themimic enzymes, and then the blue color disappeared. The
mechanism of the sensor was discussed by steady-state kinetic analysis. The designed assay was highly
sensitive for H2S detection with a linear range of 0�80mmol/L and a detection limit of 1.6mmol/L.
Moreover, some potential substances in the water samples had no interference. This method with the
advantages of low cost, high sensitivity, selectivity, and visual readout with the naked eye was
successfully applied to the determination of H2S in industrial wastewater samples.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Metal-organic frameworks (MOFs) as a class of highly porous
crystalline materials play as crucial role in sensing of target
analytes due to their superior frameworks and structural
attributes, such as extremely high surface area, and large
functional sites and porosity [1,2]. For the MOF materials, plenty
of coordination nodes and organic linkers can produce essentially
infinite number of possible combinations. Their pore sizes are from
several angstroms to several nanometers and their structures for
different target molecules could be tuned by the selection of metal
ions and organic linkers. Thus, beyond the accessible porosity, the
versatile functionalities including catalysis, electricity, fluores-
cence, and luminescence make them an excellent platform for
highly selective and sensitive detection of various analytes [3–7].

The monitoring and control of dissolved hydrogen sulfide (H2S)
in natural and waster waters have been in demand for a long time
because its level is an important environmental index [8,9]. With
the aim of real-time, miniaturized, and highly selective detection
of H2S, nanomaterials (e.g., carbon-based nanomaterials, metal
nanoparticles, metal oxide nanoparticles, and quantum dots) have
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been utilized [10–15]. In recent years, the MOF-based detection of
H2S have been widely researched in terms of fluorescent,
cataluminescent, and electrochemical properties [16]. The MOF-
based sensors mainly rely on host-guest interactions between the
metal ions of MOFs and S2�. For the fluorescent and catalumi-
nescent detection of H2S [17–30], pre- and post-synthetic
modification methods of MOFs like incorporating functional
groups of azide, nitro, or vinyl have been illustrated as effective
strategy to improve the sensing performance. However, the critical
challenges associatedwith this techniquewere themaintenance of
long-term photostability and the complex synthesis routes of
MOFs. On the account of the electrocatalytic activity of MOFs, the
MOF composites were modified on the electrode surfaces for the
electrochemical sensing of H2S [31,32]. Interestingly, the synergis-
tic combination of MOFs and active components could provide the
outstanding characteristics. The MOFs as excellent host matrics
were not only served as nanocarriers for electroactive materials
but also worked as catalysts for H2S oxidation. Nevertheless, the
low signal transduction capacity was still a problem for its high
sensitive detection. Hence, it is desirable to explore an efficient
MOF-based method for sensitive and selective analysis of H2S.

Very recently, MOF-based colorimetric assays have been
reported based on the catalytic activity of the mimic enzymes
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. ([17_TD$DIFF]A) Synthesis of Cu-Fe MOFs and color change after reaction with TMB.
( [18_TD$DIFF]B) Colorimetric detection of H2S by using Cu-Fe MOFs as peroxidase mimics.
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Fig.1. Low-magnification SEM image (a), high-magnification SEM image (inset of a)
of Cu-Fe MOFs. (b) XRD pattern of Cu-Fe MOFs before (1) and after (2) binding with
H2S. Elemental mapping of Cu-Fe MOFs: C (c), O (d), Cu (e) and Fe (f).
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Fig. 2. (a) Typical absorption spectra and photographic image (inset) of TMB (1),
TMB + H2O2 (2), TMB +MOF (3), TMB + H2O2 +MOF (4) and TMB +H2O2 +MOF + H2S
(5). UV–vis spectra (b), trend chart of absorption peak and concentration
dependence (c), and photographic image (d) of the colorimetric assay with the
increasing concentrations of H2S: (1) 0, (2) 10, (3) 20, (4) 30, (5) 40, (6) 50, (7) 60, (8)
70, (9) 80, (10) 90, (11) 100, (12) 110 and (13) [19_TD$DIFF]120mmol/L. Conditions: TMB,
1.4mmol/L; H2O2, 0.56mmol/L; Cu-Fe MOFs, 0.30mg/mL; the buffer solution was
0.1mol/L NaAc-HAc solution (pH 3.5).
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[33]. They have demonstrated obvious advantages over natural
enzymes in terms of good stability, high efficiency, low cost, and
easy storage. Furthermore, the unique physicochemical character-
istics of MOFs endow MOF-based mimic enzymes with multiple
functionalities via the rational design. The studies on colorimetric
sensing havemanifestedMOFs as useful peroxidasemimics for the
detection of hydrogen peroxide (H2O2), glucose, and some
reducing agents like ascorbic acid [34–37]. By contrast, the
potential of MOFs as mimic enzymes has rarely been exploited
for the evaluation of levels of H2S [38,39]. The unsatisfactory
catalytic activity of single component MOFs might limit their
application in colorimetric sensors.

In this contribution, we presented a mixed-node Cu-Fe MOF as
the mimic enzyme for the colorimetric detection of H2S based on
the target-induced deactivation effect. In Scheme 1A, the mixed
and high-density openmetal sites of Cu-FeMOFswere synthesized
by a simple one-pot approach under the control of reacting
temperature and reactant ratio [40]. The mixed Cu-Fe MOFs were
constructed from a well-known paddle-wheel-like [Cu2(COO)4]
dimer and a [Fe3(m3-O)(COO)6] trimeric cluster. The morphology
and structure of Cu-Fe MOFs were identified by scanning electron
microscope (SEM) and X-ray diffraction (XRD). In Fig. 1a, Cu-Fe
MOFs formed petal ellipsoid aggregates which was composed of
cross-linked sheets with 5–10 micrometers (mm) in size. The XRD
patterns of Cu-Fe MOFs (Fig. 1b) showed that the as-obtained
samples were crystalline and its diffraction peaks were consistent
with the simulated samples which previously reported [40]. The
elemental mapping in Figs. 1c–f demonstrated the even distribu-
tion of Cu and Fe element, which signified the location of both Cu
and Fe species in the crystal lattices of Cu-Fe MOFs. The energy
dispersive spectrometer (EDS) analysis (Fig. S1 in Supporting
information) revealed that the atomic ratio of Cu/Fe in the Cu-Fe
MOFs was 2/1.

The peroxidase-like activity of Cu-Fe MOFs was evaluated by
the catalytic oxidation of 3,30,5,50-tetramethylbenzidine (TMB) in
the presence of H2O2. Typical absorption spectra of TMB in
different reaction systems were illustrated in Fig. 2a. The solution
of TMB in NaAc-HAc buffer just had a background absorption, and
its color was colorless. When only H2O2 was added, the absorption
curve was nearly unchanged and the solution color was light blue
(near colorless) due to the partial oxidation of TMB. Meanwhile,
when just MOF was added, the background absorption of Cu-Fe
3156
MOFs was observed and the solution appeared light green color of
Cu-Fe MOFs, indicating that TMB did not react with Cu-Fe MOFs
directly. On this basis, the Cu-Fe MOFs catalyzed the oxidation of
TMB to oxTMBwith a blue color in the presence of H2O2, and there
was a strong absorbance peak at 652 nm. Obviously, the Cu-Fe
MOFs behaved like peroxidase toward typical TMB substrate.
Interestingly, after the induction of H2S into this system, the
absorption peak disappeared rapidly and the color was expected to
change from blue to light green. The addition of H2S caused the
deactivation of the peroxidase mimic, which might be ascribed to
the occupation by H2S on the active sites of Cu-Fe MOFs. Thus,
oxidation-induced blue color generation could be efficiently
inhibited by H2S. In addition, after the above catalytic oxidation
and combination, the XRD data (Fig. 1b) still remained the same
patterns with the Cu-FeMOFs, proving the high stability of the Cu-
Fe MOFs. In view of this, a simple colorimetric method for H2S
detection was proposed in Scheme 1B.

Similar to horseradish peroxidase (HRP) enzyme, the catalytic
activity of Cu-Fe MOFs as enzyme mimics is also dependent on pH
and substrate concentration. Therefore, to obtain the best sensing
performance of Cu-Fe MOFs for H2S detection, key parameters
including buffer pH, quantity of Cu-FeMOFs, concentration of H2O2

or TMBwere systematically varied and optimized in this study. The
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Fig. 3. UV–vis response and photographic image (inset) of the colorimetric assay
upon the addition of 80mmol/L substances including: (1) H2S, (2) NO3

�, (3) NO2
�,

(4) Al3+, (5) I�, (6) Mn2+, (7) H2PO4
�, (8) HPO4

2-, (9) SO4
2-, (10) Cl�, (11) K+, (12) Br�,

(13) Ca2+, (14) Mg2+, (15) Zn2+, (16) Pb2+, (17) Cr3+, (18) HCO3
� and (19) Cd2+,

respectively.
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absorption difference (DA) after and before the addition of H2Swas
utilized as the parameter of colorimetric assay. Firstly, catalytic
activity of Cu-FeMOFs in a series of NaAc-HAc buffer solutionwith
different pH values was evaluated from pH 3–6 in Fig. S2a
(Supporting information). It was found that there was strong
absorption response in the acidic solution, which might be due to
the fact that acidic solution could provide more H+ and promote
the catalytic oxidation of TMB in the presence of H2O2 [41,42].
Thus, 0.1mol/L NaAc-HAc buffer solution (pH 3.5) was selected as
the optimal reaction medium. The Cu-Fe MOFs were further
controlled to find out the suitable quantity for effective response to
H2S (Fig. S2b in Supporting information). As the quantity of Cu-Fe
MOFs was less than 0.30mg/mL, the performance of the
colorimetric assay gradually increased. The response reached a
maximum value when its quantity was 0.30mg/mL and then
decreased. Therefore, 0.30mg/mL of Cu-Fe MOFs was fixed as the
optimal quantity for the following studies. By analogy, other
optimum conditions were obtained: 1.4mmol/L TMB and
0.56mmol/L H2O2 (Figs. S2c and S2d in Supporting information).
These results were close to the values obtained with other mimics
and HRP [41,42].

To further analyze the catalytic mechanism, a comparison of
detection of H2S using the colorimetric system was investigat-
ed by use of the Cu-Fe MOFs and monometallic Cu-MOFs and
Fe-MOFs (Fig. S3 in Supporting information). For the Cu-MOFs,
low catalytic activity for the oxidation of TMB was observed.
After the addition of H2S, the absorption peak could decrease
rapidly and the solution changed to nearly colorless, indicating
that the Cu-MOFs had strong binding with H2S. Clearly, the
Fe-MOFs showed high catalytic activity for the oxidation of
TMB, whereas the absorption peak and the solution color had
unnoticeable changes for detection of H2S. Compared with the
monometallic Cu-MOFs and Fe-MOFs, the biggest DA and the
obvious color change by the use of Cu-Fe MOFs could be obtained
for detection of H2S, which was attributed to the combined
properties of strong binding ability from Cu and catalytic activity
from Fe. The catalytic activity of Cu-Fe MOFs was also studied by
enzyme kinetics theory with H2O2 and TMB as substrates. The
steady-state kinetic parameters including Michaelis-Menten
constant (Km) and maximum initial velocity (Vmax) were investi-
gated by changing the concentrations of TMB or H2O2 in this
system while other variables remained unchanged. Three typical
Michaelis-Menten curves was obtained (Figs. S4a, S4c, S5a and S5c
in Supporting information) in a certain range of substrate
concentration. The results demonstrated that the oxidation
reaction catalyzed by Cu-Fe MOFs and HRP agreed with the
typical Michaelis-Menten behavior towards substrate TMB. The Km

and Vmax were obtained by showing the slope and intercept of the
double reciprocal line graph from Michaelis-Menten equation
[25,37]. Smaller Km values indicate stronger affinity between the
enzyme and the substrate. In Table S1 (Supporting information),
the apparent Km of MOF with H2O2 and TMB as substrate was
much lower than that of HRP, which suggested that MOF had
relatively high affinity for substrate than HRP. This could be
attributed to the combined catalytic activity from bimetallic Cu-Fe
MOFs. The double-reciprocal plots V0 and [S] revealed that a series
of lines intersected at the negative half axis of the reciprocal of
concentration (Figs. S4b, S4d, S5b and S5d in Supporting
information). The Km value remained constant, but Vmax value
decreased with the increase of H2O2 concentration. Therefore, this
inhibition mode was speculated to be noncompetitive inhibition
[43]. H2O2 as an inhibitor and Cu-Fe MOFs as enzymes could
combine with the inactive sites to form H2O2-MOF complex, and
then the complex combined with the substrate TMB. In other
words, inhibitors had no effect on the binding of enzyme and
substrate.
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Under optimized conditions, the performance of this method
was investigated in terms of linearity and limit of detection. The
increasing amount of sodium sulfidewas added to the colorimetric
system. As shown in Fig. 2b, the corresponding UV–vis spectra
were monitored and the absorbance peak at 652 nm gradually
decreased and disappeared finally. With the increase of H2S
concentration, the absorbance difference tended to be stable
(Fig. 2c). A strong linear relationship was observed between DA
and H2S concentration ranging from 0 to 80mmol/L (DA = 0.0062c
+ 0.0088, R2 = 0.997), which was accompanied by a distinct color
change from green blue to final light green (Fig. 2d). The limit of
detection with naked-eyes and UV–vis spectrophotometer was 10
and 1.6mmol/L, respectively, which were close to or lower than
relevant MOF-based sensors, as shown in Table S2 (Supporting
information). Our results also met the requirement of the World
Health Organization for the detection of the maximum allowable
level of H2S in drinking water [11]. The obtained high sensitivity
could be ascribed to the high affinity of Cu-FeMOFs to the substrate
and the subsequent occupation on the active sites of Cu-Fe MOFs
by H2S. Moreover, this method could be visual for end result with
short assay time.

To evaluate the selectivity of bimetallic MOF sensor for
detecting H2S, several interfering substances (Cl�, HCO3

�, NO3
�,

NO2
�, SO4

2-, HPO4
2-, H2PO4

�, Br�, I�, K+, Al3+, Ca2+, Mg2+, Zn2+, Cr3+,
Cd2+, Pb2+ andMn2+) that might exist in actual water samples were
selected and added to the colorimetric sensing system respectively.
The concentration of above solutions was 80mmol/L, which was
consistent with that of H2S. As shown in Fig. 3, it was clear that
upon addition of above substances, only H2S could produce a
significant decrease in absorbance at 652 nm, whereas the other
interference caused no noticeable change of the absorption value
after subtracting the baseline value. Our assay was specific for H2S
by direct visualization of the color change from green blue to final
light green, while the solution color unchanged for the other
interference. The high selectivity could be ascribed to the specific
occupation on the active sites of Cu-Fe MOFs by H2S. In contrast,
other important components of wastewater were not absorbed on
the surface of Cu-Fe MOFs. Thus, the outstanding advantages of
this assay with characteristics of high sensitivity and selectivity
could be applied in the detection of H2S in real samples.

In order to verify the feasibility of the sensor in practical
application, we applied it to the determination of H2S in industrial
wastewater and the samples were collectedwithout pretreatment.
No H2S was found at detectable levels in the real samples and the
same results were also confirmed by national standard method
(GB/T 16489-1996). Hence, the recovery test was carried out by
adding sodium sulfide standard solutions with different concen-
trations (40, 50 and 60mmol/L), and the results were shown in
Table S3 (Supporting information). The recoveries of H2S in
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wastewater samples ranged from 99.5% to 102%, and RSD ranged
from 0.3% to 3.2%. The results show that the sensor had high
accuracy and could be used for the rapid detection of H2S in real
samples.

In conclusion, we propose a colorimetric method for the
detection of H2S using the strategy of target-induced inactivation
based on Cu-Fe MOFs as mimic enzymes. The results showed that
the prepared MOFs had inherent peroxidase like activity and
kinetic analysis showed that the catalyst was in accordance with
the typical Michaelis-Menten kinetics. Compared with the
reported MOF-based methods for detection of H2S, the proposed
sensor provides important advantages as follows: (i) Simplicity of
the use of mixed-node Cu-FeMOFs as the mimic enzymes without
any modification, design, and complex synthesis; (ii) high
sensitivity owing to the high affinity of Cu-Fe MOFs to the
substrate; (iii) excellent selectivity due to the specific occupation
on the active sites of Cu-Fe MOFs by H2S; and (iv) easy and direct
visualization of end result with color change. Our work will
promote the application of MOFs in water quality analysis and
environmental protection.
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