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Abstract
Pt deposited on CdS nanorods (Pt/CdS) have been prepared via the UV light photoreduction method. The Pt/CdS nanocompos-
ites possess highly significant peroxidase-like activity with the assistance of the colorless substrate 3,3,5,5-tetramethylbenzidine
(TMB). In the presence of peroxidase mimic Pt/CdS, TMB is quickly oxidized into a typical blue product (oxTMB, which has an
obvious absorption at 652 nm) by H2O2 only in 3 min, which is easily detected visually. The catalytic activity of Pt/CdS
originates from the accelerated electron transfer between the reactants. Combining the peroxidase-like activity of Pt/CdS with
the blue change of TMB, a fast colorimetric sensing platform for detection of H2O2 has been constructed with a linear range 0.10–
1.00 mM and a detection limit of 45.5 μM. The platform developed is further used to detect hydroquinone (HQ) in the range1.0–
10 μM with a lower detection limit of 0.165 μM. The colorimetric platform has a potential to detect HQ residue in real water
samples with recoveries ranging from 83.56 to 91.76%.

Keywords Pt/CdS . Peroxidase . H2O2
. Colorimetric detection . Hydroquinone

Introduction

Hydroquinone (HQ), as an important chemical intermediate
and raw material, has been widely used in industrial produc-
tion. Moreover, the isomer of HQ, catechol (CC), is also an
important chemical raw material. HQ and its isomer often
coexist in industrial sewage [1, 2]. According to the report,

when the human body is exposed to acute high level of hy-
droquinone that will affect the central nervous system,
resulting in tremor, convulsions, and death [3]. Therefore, it
is of great practical significance to achieve the rapid and sen-
sitive detection of HQ in water. Currently, the detection
methods of HQ have been developed, including chromatogra-
phy [4], colorimetry [5], and spectrophotometry [6]. Among
them, the colorimetric method has been focused, because the
detection results can be easily distinguished visually without
expensive or sophisticated instruments.

As is well known, the challenge of colorimetric sensing is
appropriate nanoenzymes to catalyze the oxidation of some
organic substrates accompanied by a color change. In the past
decades, scientists have developed various nanoperoxidase
mimics, including noble metals [7], ferrite [8], and oxides
[9]. As we know, nanocomposites usually exhibit developed
performance, due to the synergetic effect from different com-
ponents [10–14]. Therefore, scientists have focused on nano-
composites with the enhanced peroxidase-like activity, such
as Co3O4-MMT NCs [9], and Au/Co3O4-CeOx NCs [7], due
to the synergistic effect from different components in
nanocomposites.

Pt, as one of precious metals, similar to Ru, Au, and Pd, has
lower Fermi level and higher work function that can induce
electrons to transfer from the surface of catalysts to
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precious metals, facilitating the separation of charge car-
rier [15]. Nevertheless, the practical application of Pt
nanoparticles is restricted, due to its disadvantages, such
as easy aggregation, expensiveness, and easy poisoning.
Thus, it is necessary to employ some good supports to
disperse Pt nanoparticles to develop its catalytic activity,
such as Pt@mSiO2-NH2 NPs [16] and Pt/Pt-Fe2O3NPs
[15]. Notably, cadmium sulfide (CdS) nanomaterials
have a potential application in biomedicine and biosen-
sors, owing to their good photoluminescence properties,
tunable band gap, and chemical stabil i ty [17].
Especially, CdS semiconductor nanoparticles have
attracted intense interest in recent years in the treatment
of the dye-polluted wastewater under visible light [18].
CdS has been often used for photocatalysis because its
electronic structures match well with the redox potential
of splitting water into hydrogen and oxygen molecules
[19]. These studies suggest that the semiconductivity of
CdS nanostructures plays an important role in catalytic
reactions. Thus, if we combine CdS nanorods with no-
ble Pt, the obtained Pt/CdS will benefit the electron
transfer between substrates and reactants and then devel-
op the catalytic activity of Pt/CdS nanocomposites.

Herein, platinum nanoparticles were deposited on CdS
nanorods with the aid of irradiation of UV light, accord-
ing to the previous publication [20]. In the preparation
process, alcohol as an important electron donor was added
in reaction system. Compared with pure CdS nanorods,
Pt/CdS nanorods as excellent peroxidase mimics exhibited
the superior catalytic activity. Base on the wonderful cat-
alytic activity of Pt/CdS peroxidase mimics, a colorimet-
ric method is constructed to detect H2O2 and HQ. The
electrochemical results together with fluorescent data ver-
ified that the catalytic mechanism is from rapid transfer of
electrons between the substrate TMB and H2O2 with the
assistance of Pt/CdS nanorods.

Experimental sections

Materials

Cd(NO3)2
•4H2O, CS(NH2)2, 1,2-ethylenediamine (en),

K2PtCl4, ethanol, hydroquinone, H2O2 (30 wt%), hydro-
quinone, fructose, sucrose, and various metal salts were
purchased from Sinopharm Chemical Reagent Co.
(Shanghai, China). DL-ISOLeucine (ISO), L-cysteine, D-
histidine (His), urio acid (UA), L-arginine (Arg), DL-
tryptophan (Try), and D-serine (Ser) were obtained from
Sigma-Aldrich Co. LLC. 3,3,5,5-Tetramethylbenzidine
(TMB) was purchased f rom Shanghai Mackl in
Biochemical Technology Co., Ltd.

Characterization

The as-prepared Pt/CdS nanorods are characterized by X-ray
diffraction (D/Max 2500 PC, Rigaku) and transmission elec-
tron microscopy (TEM, JEOL, Japan) equipped with energy
dispersive X-ray spectroscopy (EDX). The composition of Pt/
CdS nanocomposites is detected by inductively coupled plas-
ma atomic emission spectroscopy (ICP-AES, IRIS Intrepid II
XRP, Shanghai) and X-ray photoelectron spectroscopy (XPS,
Thermo, USA), respectively. The UV-1810 spectrophotome-
ter (Shanghai, China) is used to measure the UV-vis absorp-
tion spectra, and the fluorescent spectra are recorded on F-
4600 FLSPECTROPHOTOMET spectrofluorophotometer
(Tokyo, Japan).

Preparation of CdS and Pt/CdS

The detailed preparation of CdS and Pt/CdS nanocomposites
is presented in supporting information.

Assay of the peroxidase-like activity and steady-state
kinetic of Pt/CdS

In the presence of H2O2, Pt/CdS as a peroxidase mimic can
catalyze to oxidize TMB into ox-TMB. What is more, the
color change could detect by UV-vis spectrophotometer
through the absorbance signal change.

Similarly, the steady-state kinetic assays were implemented
on foregoing reaction systems, which monitored the absor-
bance variation at 652 nm by a time-scan mode under the
optimal condition (T = 45 °C, pH = 4.0). In the process of
reactions, one substrate concentration was kept constant and
varied another. The kinetics data were calculated according to
the typical the Michaelis-Menten equation and double-
reciprocal Lineweaver-Burk plot: 1/v =Km/Vmax(1/[S] + 1/
Km) [21], where v is the original velocity, Km is the
Michaelis-Menten constant, Vmax is the maximal velocity of
reaction, and [S] is the concentration of the substrate.

Colorimetric detection of hydroquinone

A series of experiments were carried out as follows: The
mixed solution containing 1.2 mL HAc-NaAc buffer,
200 μL of H2O2, 200 μL of Pt/CdS nanorods (2 mg dissolved
in 10 mL DI water), and 200 μL of TMB (0.3 mM) was
incubated for 5 min at optimal temperature and was tested
the absorbance (A1). Immediately, 200 μL HQ with different
concentration was added into the above mixture, and the ab-
sorbance was assigned as A2. Thus, it is obtained the relation-
ship of △A (△A=A1 −A2) and the concentration of HQ.
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Active species capturing

The hydroxyl radicals (•OH), superoxide radicals (•O2
−), and

holes (h+) were captured by sacrificial agents, including IPA
(2-propanol), PBQ (p-benzoquinone), and EDTA (disodium
ethylene diamine tetraacetic acid).Similar to the experiment of
detect hydrogen peroxide, above-mentioned sacrificial agents
were added to the reaction systems before to add H2O2. The
mixed solution containing 1.2 mL HAc-NaAc buffer, 200 μL
of Pt/CdS nanorods (2 mg dissolved in 10 mL DI water),
200 μL of sacrificial agents, 200 μL of H2O2, and 200 μL
of TMB (0.1 mM) was incubated for 5 min at optimal tem-
perature and tested the absorbance A. While A0 measured by
using 200 μL HAc-NaAc buffer instead of sacrificial agents
and set the value of A0 as 100%, in order to facilitate the
comparison with the measured A adding different sacrificial
agents.

Detection of HQ in real sample

The real samples of lake water and river water were diluted
using ultrapure water. HQ with different contents was spiked
into these real water samples, guaranteeing that the final con-
centration of HQ was in the linear range. The mixture of
1.2 mL of acetate buffer, TMB (0.3 mM), H2O2 (25 mM),
and Pt/CdS (0.2 mg/mL) was incubated for 5 min.
Immediately, HQ solutions with different concentrations were
added into the above mixture. The result was then analyzed
using the rule of standard additions method [5], and the cor-
responding recoveries were inferred.

Results and discussion

Characterization of the nanocomposites

As shown in Fig. S1 (Supporting information), the diffraction
peaks (2θ) at 28.182°, 24.807°, 26.502°, 36.602°, 43.681°,
47.839°, 51.824°, 58.278°, 66.772°, and 83.252° are in good
agreement with the crystal planes (101), (100), (002), (102),
(110), (103), (112), (202), (203), and (213) of hexagonal
phase of CdS (JCPDS 41-1049). Obviously, the XRD data
of CdS (A) are similar to that of Pt/CdS (B), suggesting that
the crystal form of CdS in Pt/CdS is not changed.
Unfortunately, the XRD diffraction peaks of Pt are not found
in that of Pt/CdS, indicating that Pt nanoparticles are too small
to be detected. It is further indicated that there is no change in
crystallinity before and after platinum deposition.

Figure 1a and b show the SEM and TEM images of Pt/CdS,
respectively. It is found that the rod-like morphology of Pt/
CdS with the width range from 20 to 70 nm. From HRTEM
image of Pt/CdS nanorods shown in Fig. 1c, it can be calcu-
lated that the distance of lattice planes is 0.320 nm,

corresponding to the (101) plane of Pt/CdS nanorods. From
EDX mapping images, Cd, S, and Pt elements are detected in
the Pt/CdS nanorods (Fig. 1d).

ICP-MS is used to determine the elemental compositions of
Pt/CdS nanorods. The result shows that the content of Pt and
Cd in Pt/CdS nanorods is 1.245% and 97.941%, respectively.
It is suggested that the content of Pt in the composites is very
little. As we know, noble Pt is an expensive metal. In order to
reduce the cost and save sources, the small amount of Pt in the
nanocomposites should be controlled.

XPS is a powerful tool to examine the elements and chem-
ical states. Figure S2 (Supporting information) shows the
high-resolution core level spectra of Cd, S, and Pt elements.
From Fig. S2A and S2B, the binding energy of Cd-3d5/2, Cd-
3d3/2, S-2p3/2, and S-2p1/2 in the pure CdS is observed at
404.8, 411.6 and 161.34, and 162.4 eV, respectively, suggest-
ing that Cd element is in + 2 state and S is in S2− state. This is
slightly different from the binding energy of Cd and S report-
ed in the literature [22]. These results indicate that the transfer
of electrons from CdS to Pt happens after platinum ions were
reduced. The high-resolution spectrum of Pt 4f peak can be
disassembled into three pair of peaks (Fig. S2C). Among
which, the weak peak at around 67.8 eV is corresponding to
Pt0 4f7/2. The other two strong peaks located at 72.4 eV and
75.7 eV are attributed to Pt2+ 4f7/2 and Pt

2+ 4f5/2, respectively,
revealing the existence of Pt2+ [23].

Influences of pH and temperatures

The following parameters were optimized: (a) Sample pH
value is 4.0 and (b) temperature is 45 °C. Respective text
and figures on optimizations are given in the Electronic
Supporting Material.

Peroxidase-like activity of Pt/CdS

To investigate the peroxidase-like activity of Pt/CdS, six dif-
ferent reaction systems are designed. Figure 2 displays the
absorbance and the corresponding photographs of different
systems reacted for 3 min. From Fig. 2A, compared with that
of the blank (sample a), the weak absorbance of system b with
the negligible color change is found, indicating that H2O2 can
slowly oxidize TMB into oxTMB. The curve c is the absor-
bance of CdS nanorods, corresponding to the pale yellow
color shown in the inset. From the curve d together with the
corresponding photograph, it can be found that Pt/CdS ex-
hibits a weak oxidase-like activity. As displayed in curves e
and f, the absorption intensity of sample f is much stronger
than that of sample e, suggesting that Pt/CdS possesses a
higher peroxidase-like activity than that of CdS, due to the
introduction of Pt. This is further seen by the corresponding
color change in the inset of photograph.
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Catalytic kinetics of Pt/CdS as peroxidase mimics

From the data shown in Fig. 3, it is well demonstrated that the
peroxidase catalytic behaviors conform to the Michaelis-
Menten model. Briefly, a higher Km value means a poorer

affinity between the substrate and peroxidase mimics. In com-
parison with some reported peroxidase-like performance, the
related data have been summarized (Table S1). Compared
with that of HRP [24], and artificial peroxidases, including
AuNPs/PVP–GNs [25] and Fe3O4@Pt [26], the Km of Pt/

Fig. 1 SEM images of Pt/CdS
(a), SEM images of Pt/CdS (b),
the high-resolution TEM
(HRTEM) image of Pt/CdS (c),
and EDX mapping images of Cd,
S, and Pt elements (d),
respectively
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Fig. 2 The absorbance change with wavelength from 500 nm to 800 nm
of different reaction systems (response time 5 min). The inset of
photograph is corresponding to the different experimental system’s
color variation. The panel labels shows all the things contained in the

reaction system, where “√” represents existence, “-” represents non-
existence. All these systems were incubated in optimal reaction
conditions (pH 4 and temperature 45 C)
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CdS nanorods using TMB as the substrate is much lower,
indicating that the affinity between TMB and Pt/CdS nano-
rods is stronger. In other words, the maximum activity of Pt/
CdS nanorods is realized at a lower TMB concentration.

Determination of hydrogen peroxide

Figure 4a shows the response curve related the absorbance at
652 nm to the concentration of H2O2 from 1 to 10 mM. From
Fig. 4a, it can be obtained the linear calibration plot of H2O2

from 100 to 1000 μΜwith the determination limit of 45.5 μM
(S/N = 3). Compared with the previous studies listed in
Table 1, it can be concluded that our fabricated sensing plat-
form has a broader range than that based on PtCNPs [30],
MoS2-PtAg [31], and MOF(Co/2Fe) [32].

Determination platform of hydroquinone

Base on the peroxidase-like performance of Pt/CdS nano-
rods, a convenient colorimetric platform is constructed for
determination of HQ. From Fig. 4b, it can be found that
there is a linear relationship of ΔA (ΔA = A1 − A2) and
concentration of HQ. The correction equation is ΔAbs =
0.02545[HQ] + 0.10164 (R2 = 0.99024), displayed in
Fig. 4b. Consequently, HQ is detected as low as
0.165 μM with a linear range from 1 to 10 μM. In order
to compare the sensitivity of different methods for deter-
mination of HQ, we summarize the linear range and LOD

of HQ obtained from the different method based on differ-
ent peroxidase mimics, listed in Table S2. Clearly, the col-
orimetric platform based on Pt/CdS has a lower determina-
tion limit than that of AuNPs (1.6 μM) [27]. Notably, the
determination limit of HQ is even lower than that electro-
chemistry based on Ni/N-MWCNT (11 nM) [28], which is
famous for high sensitivity with the low determination lim-
it. It is indicated that our colorimetric method exhibits a
much high sensitivity. However, compared with most other
electrochemistry methods [28, 29], the sensitivity of the
colorimetric method is certain limitations.

Selectivity of the colorimetric sensor for detecting HQ

To verify the selectivity of the colorimetric determination for
HQ, a series of control experiments are implemented using
HQ; other phenols (e.g., phenol, resorcinol) and organic com-
pounds containing phenolic groups (e.g., p-nitrophenol) have
to be used for selectivity control and other potential
interferents, such as HQ, Res, p-Nit, phOH, UA, Ser, His,
Try, Arg, Iso, Cu2+, Fe3+, Suc, and Fru. The concentration
of HQ is 5 μΜ, while that of other interferents is 50 μΜ. As
shown in Fig. 4c, it can be obviously seen that the absorbance
intensity of HQ is much stronger than that of interferents, even
if the concentration of HQ is only one-tenth of interferents. It
indicated the good selectivity of the colorimetric sensor for
detecting HQ in the absence of the interfering reducing
regents.

Fig. 3 Steady-state kinetic assay
of Pt/CdS nanorods. a The con-
centration of H2O2 is 0.25 M, and
the TMB concentration is varied.
b The concentration of TMB is
1 mM, and the H2O2 concentra-
tion is varied. c, d Double recip-
rocal plots of the Michaelis-
Menten equation from the activity
date of the concentration of TMB
and H2O2
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Reusability of Pt/CdS nanorobs

As displayed in Fig. 4d, the relative activity of Pt/CdS remains
more than 70% after being reacted for 7 cycles. A slight de-
crease of the peroxidase activity may be attributed to the loss
during each centrifugation, indicating the pretty good reus-
ability of Pt/CdS.

Catalytic mechanism of Pt/CdS

The peroxidase-like catalytic activity of the Pt/CdS is whether
the electron transfer between TMB and H2O2 occurs. In order
to verify the hypothesis, we explore the electrocatalytic be-
haviors of Pt/CdS toward the electrochemical reduction of

H2O2 by using amperometric responses and cyclic voltamm-
etry in standard conditions. As can be seen for Fig. 5, there is
no obvious current in the absence of H2O2, while an obvious
current occurs in the presence of H2O2. Compared with the
electrocatalytic behavior of bare GCE with Pt/CdS modified
GCE, as shown in Fig. 5B, there is no obvious current for bare
GCE, while an obvious reduction current increases steeply to
reach a steady-state value with addition of an aliquot of H2O2

for Pt/CdS modified GCE. It is suggested that Pt/CdS pos-
sesses an electrocatalytic activity of reduction of H2O2 by
accelerating electron transfer between H2O2 (electron accep-
tor) and GCE (electron donor). Similarly, it is concluded that
Pt/CdS can also accelerate the electron transfer between H2O2

and TMB. In this process, TMB as an electron contributor is

Fig. 4 a A dose-response curve depending of the absorbance at 652 nm
on the concentration of H2O2 from 1 to 10 mM. Insert is the correspond-
ing linear calibration plot of H2O2. bA dose-response curve depending of
the absorbance at 652 nm on the concentration of HQ from 1 to 30 μM,

and insert is the corresponding linear calibration plot of HQ, c the selec-
tivity of determination of HQ, and d the reusability of catalytic CdS/Pt
nanorods, respectively

Table 1 Comparison of the linear
range and the limit of
determination of HQ by different
determination methods

Materials Detected substance Analytical methods Linear range LOD References

Pt/CdS

AuNPs

Ni/N-MWCNT

HMCCSs

Hydroquinone

Hydroquinone

Hydroquinone

Hydroquinone

Colorimetry

Colorimetry

Electrochemistry

Electrochemistry

1–10 μM

2.7–19 μM

0.3–300 μM

0.3~1000 μM

0.165 μM

1.6 μM

11 nM

0.12 μM

This work

[27]

[28]

[29]
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donated lone-pair electrons from the amino groups to the Pt/
CdS [33], resulting in increasing of electron density and mo-
bility in the surface of Pt/CdS. This would accelerate the elec-
tron transfer from the Pt/CdS to H2O2 [34]. Thus, the oxida-
tion of TMB by H2O2 is dramatically developed after the

addition of Pt/CdS. With CdS excited by visible light,
photo-induced electrons in the conduction band of CdS
nanorobs can transfer easily into Pt through the Schottky bar-
rier, because the Fermi level of CdS is higher than that of the
deposited Pt [35]. The introduction of Pt hindered the

Fig. 5 (A) Cyclic voltammograms of the Pt/CdS nanorods modified GCE
electrode in the absence (a) and in the presence of 100 mM H2O2 (b).
Scan rate, 50 mV s−1. (B) Amperometric response of bare GCE (a) and
the Pt/CdS nanorods modified GCE (b) at applied potential of 0.6 V upon
successive additions of 1 mMH2O2 50μL. All systems were incubated in
100 mM phosphate buffer saline (PBS) plus 100 mM KCl (pH 5.7). (C)

The effect of the concentration of NiS/MMT/GO on electron transfer with
terephthalic acid as fluorescent probe. Experimental conditions: TA
(0.5 mM), H2O2 (25 mM), and the Pt/CdS nanorods with different con-
centration (a–c: 0.015, 0.045, 0.06 mg·mL−1) were cultivated in acetate
buffer (pH = 4.0) at 45 °C for 30min. (D) Capture assays of active species
during the catalysis of TMB over CdS/Pt nanorods

Scheme 1 Schematic illustration
of the colorimetric determination
of HQ
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electron-hole recombination of CdS. It accelerates the electron
transfer from the Pt/CdS to H2O2.

According to the previous reports, the catalytic mecha-
nisms of artificial peroxidases are classified into two kinds.
One is the electron transfer between substrates and H2O2. The
other is active species in catalytic systems. To investigate the
possible mechanism of catalytic behaviors of Pt/CdS, two
methods including fluorescence probe and electrochemistry
are used in the work. Firstly, terephthalic acid/H2O2 system
is chosen to examine whether the peroxidase-like activity of
Pt/CdS is related to the generation of OH. Thus, the
terephthalic acid, as a fluorescence probe, can yield a highly
fluorescent product (2-hydroxy terephthalic acid) after
reacting with OH. As shown in Fig. 5C, the intensity of fluo-
rescence is gradually decreased with increasing of Pt/CdS,
which is similar to that of Co3O4 nanoparticles while different
from that of the H2TCPP-NiO, indicating that the catalytic
mechanism of Pt/CdS is not contribute to OH.

To explore active species in the Pt/CdS system, three rad-
ical scavengers containing IPA (2-propanol), PBQ (p-benzo-
quinone), and EDTA (disodium ethylene diamine tetraacetic
acid) were used to capture •OH, •O2

−, and h+, respectively.
From Fig. 5D, we can observe a distinct decrease of the rela-
tive activity of Pt/CdS when adding the EDTA and PBQ; it
suggests that h+ and •O2

− play a crucial role during the cata-
lytic process. While along with the addition of IPA, the rela-
tive activity dropped slightly, meaning that bits of •OH work-
ing in the reaction.

The main reactions involved in the catalytic process were
followed:

O2 þ eCB
−→•O2

− ð1Þ
H2O2 þ hVB

þ→2•OH ð2Þ
•O2

−; hVB
þ; •OHþ TMB→ox TMB ð3Þ

The catalytic mechanism of Pt/CdS as a peroxidase mimic
is manifest in Scheme 1.

Determination of HQ in real samples

The applicable feasibility of the colorimetric method is ap-
plied in the determination of HQ in the lake and river water
samples. A series of samples with different concentration of

HQ are spiked into lake water and river water. The percentage
recovery values are listed in Table 2. The recoveries for HQ
determined for these spiked samples range from 83.56 to
91.76%. Each sample undergoes three parallels determination,
and the RSD is below 1.390%, suggesting that the results
obtained by this sensor are acceptable. The recoveries are
calculated based on the equation of recovery (%) = found/
added × 100.

Conclusions

In this work, Pt loaded on CdS nanorods are prepared by the
photoreduction deposition method. Although the content of Pt
in nanorods is very little, Pt/CdS exhibit the superior
peroxidase-like performance, which follows the typical
Michaelis-Menten theory. The catalytic mechanism of Pt/
CdS is attributed to not only the fast electron transfer but also
the produced active species (•O2

−, hVB
+, and •OH) in the cat-

alytic system. Base on the superior peroxidase-like perfor-
mance of Pt/CdS, a colorimetric sensing platform with high
sensitivity and selectivity for H2O2 and HQ has been con-
structed and used to detect HQ in top water, lake water, and
river water samples. The economic and environmental-
friendly colorimetric platform has a great potential application
in determination of environmental pollutants.
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