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MnO2 nanoparticles for thermally regulated
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Richard Hoogenboom *b

We report the synthesis of thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) coated manganese

dioxide nanoparticles (PNIPAM@MnO2 NPs) for the catalytic decomposition of hydrogen peroxide (H2O2),

with the goal of developing a temperature-controlled catalytic system. For this purpose, we have devel-

oped MnO2 NPs and further modified them with thermoresponsive PNIPAM containing nitrodopamine

end groups. The modification of the MnO2 NPs was confirmed using SEM, TEM, XPS, and TGA. Upon

varying the temperature above and below the lower critical solution temperature (LCST) of the polymer

coating, the NPs undergo spontaneous cyclic swelling–deswelling changes, as confirmed by DLS

measurements. Photoluminescence (PL) experiments were performed to explore the catalytic decompo-

sition of H2O2 by PNIPAM@MnO2 NPs, indicating thermal control over the catalytic activity of the MnO2

NPs. The proposed proof-of-concept of these smart PNIPAM@MnO2 NPs for the decomposition of H2O2

may serve as a basis for the development of smart catalytic self-regulating systems in future work.

Introduction

Hydrogen peroxide (H2O2) catalysis plays a crucial role in bio-
logical processes as well as various chemical processes includ-
ing the production of detergents, bleaching agents, and rocket
propellants.1,2 H2O2 naturally decomposes into water (H2O)
and oxygen (O2) over time, but this process can be expedited
and controlled by introducing a catalyst. The catalytic
decomposition of H2O2 holds immense importance in labora-
tory chemical reactions due to its ability to serve as a con-
trolled source of oxygen.3,4 Common catalysts for this purpose
include transition metal ions, such as manganese (Mn), iron
(Fe), and palladium (Pd).5–8 The controlled release of oxygen
in chemical reactions is valuable for enhancing reaction rates
and promoting specific pathways, making catalytic decompo-

sition a key aspect of numerous chemical and biochemical
processes such as oxidation reactions and the synthesis of
organic compounds.9 Understanding the importance of H2O2

catalysis in biological systems provides insights into the deli-
cate balance of cellular processes and may hold implications
for therapeutic interventions in diseases associated with
oxidative stress.10 Enzymes such as peroxidases and catalases
catalyze the decomposition of H2O2 in the biological
domain.11–13 The controlled acceleration of this decompo-
sition is crucial for maintaining cellular homeostasis. This
process is vital in preventing the accumulation of toxic levels
of H2O2 within cells, as high concentrations can lead to oxi-
dative stress and cellular damage.14 Beyond detoxification,
H2O2 is also involved in signalling pathways, serving as a sec-
ondary messenger that regulates cellular functions. In particu-
lar, it is involved in the modulation of gene expression,
immune response, and cell proliferation.14–16 Additionally,
certain metabolic pathways, such as fatty acid metabolism,
utilize H2O2 as a signalling molecule, emphasizing its multi-
faceted role in various biological activities.17

Typically, the primary determinant of catalytic efficiency in
heterogeneous catalysis is sufficient crystallinity and expansive
surface area, which are achievable through the utilization of
either nanoparticles or granular particles exhibiting porous
characteristics.18 Hermanek et al.19 conducted an extensive
study on the effect of surface area and crystallinity of iron(III)
oxides on the catalytic decomposition of H2O2. In a recent
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study, iron phosphide was loaded onto alumina to create
4–6 mm spheres that can activate H2O2 and facilitate the
decomposition of contaminants in wastewater.20 Manganese
dioxide nanoparticles (MnO2 NPs) have an attractive combi-
nation of stability, high catalytic efficiency, and cost-effective-
ness that sets them apart from all other metal-based catalysts
for H2O2 decomposition.21,22 Their importance lies not only in
their catalytic activity but also in their biocompatibility and
ability to operate under mild conditions. The unique structural
features of MnO2 NPs, such as their high surface area and reac-
tive sites, make them well-suited for interacting with H2O2

efficiently.23 Owing to the high reactivity of manganese dioxide
(MnO2) towards hydrogen peroxide, it is used in fuel cells in
space programs for the exothermic catalytic decomposition of
H2O2 for the sustained production of O2.

24

The decomposition of H2O2 in chemical reactions is highly
temperature-dependent, following the Arrhenius equation,
which plays a crucial role in determining the reaction rate
and pathway.25 Understanding the complicated relationship
between temperature and hydrogen peroxide decomposition
can be vital for designing efficient and controlled reactions in
diverse industrial and laboratory settings. Furthermore, the
temperature-sensitive catalytic decomposition of H2O2 pro-
vides a means to precisely control the levels of H2O2 in biologi-
cal environments. The temperature sensitivity ensures that the
decomposition rates align with the dynamic nature of cellular
processes, allowing for real-time adjustments in response to
varying conditions. This temperature-dependent control is par-
ticularly relevant in disease states where fluctuations in temp-
erature often accompany physiological changes. Conditions
such as inflammation or infections, which are associated with
altered temperatures, can benefit from tailored approaches
that consider both the catalytic activity and temperature
responsiveness of the decomposition process. This under-
standing opens avenues for developing targeted therapies that
leverage temperature-sensitive catalysts to regulate hydrogen
peroxide levels in a spatially and temporally controlled
manner, which has not been explored much by researchers. A
recent study from our group explained the efficient surface
modification of MnO2 nanosheets by a nitrodopamine moiety
for extracellular and intracellular glutathione detection.26 This
work inspired the utilization of a thermoresponsive polymer
having a nitrodopamine end group for the surface modifi-
cation of MnO2 NPs. Polymeric materials, especially thermo-
responsive polymers [e.g. poly(N-isopropyl acrylamide)
(PNIPAM)] that undergo a temperature-driven reversible phase
transition [LCST] in aqueous solution, have been studied for
the development of thermoresponsive smart materials.27

Different metal/metal oxide nanoparticle (NP) cores with
thermoresponsive PNIPAM have been investigated for the
preparation of smart materials for diverse applications, such
as sensors and actuators.28,29

These smart NPs have been prepared either via ‘grafting to’
or ‘grafting from’ approaches.30 Polymers synthesized via con-
trolled radical polymerization ‘CRP’ methods (atom transfer
radical polymerization (ATRP),31–34 nitroxide mediated

polymerization (NMP),35–37 and reversible addition–fragmenta-
tion chain transfer (RAFT) polymerization) are extensively used
for the modification of inorganic NPs as these methods
provide ease of synthesis of polymers with precise molar
masses, diverse compositions, and a high degree of chain-end
functionality.38–44 Among the CRP methods, RAFT polymeriz-
ation is very appealing because of its compatibility with a vast
array of monomers, mild reaction conditions and because it
avoids the use of metal catalysts.43,45 Thermoresponsive LCST
polymers show a phase transition due to the change in entropy
of solvation of the polymeric chain in aqueous solution as
temperature alters.46 PNIPAM is the most widely used thermo-
responsive polymer having a sharp phase transition at around
32 °C.47–50 Unlike existing studies that primarily focus on drug
delivery or environmental applications by coating polymers on
the surface of MnO2 NPs, this study highlights the thermo-
responsive catalytic activity. Therefore, inorganic (metal/metal
oxide) nanoparticles (NPs) with a temperature-regulating
thermoresponsive polymer layer was hypothesized to enable
temperature-responsive catalytic decomposition of H2O2.

By coating manganese dioxide nanoparticles with a temp-
erature-responsive PNIPAM (PNIPAM@MnO2 NPs), the
decomposition of H2O2 might be controlled. The decompo-
sition of H2O2 takes place when the polymer is hydrated,
which is at a temperature below the lower critical solution
temperature (LCST) of PNIPAM, allowing H2O2 to reach the
manganese oxide catalytic nanoparticles, leading to its
decomposition into water and oxygen. Thus, H2O2 is no longer
available for the dimerization of the non-fluorescent homo-
vanillic acid as a model substrate into a fluorescent dimer.
When the solution temperature rises over the polymer LCST,
the polymer dehydrates and collapses onto the MnO2 NPs as a
hydrophobic coating. Since in this state, H2O2 cannot reach
the catalytic surface due to the presence of the dehydrated
polymer layer around the nanoparticles, H2O2 is available for
catalyzing the dimerization reaction, forming a fluorescent
product, as shown in Fig. 1.

In this study, we will discuss the synthesis of thermo-
responsive PNIPAM-coated MnO2 NPs and their use in the
temperature controlled catalytic decomposition of H2O2,
which may in the future be used as a basis for the design of
smart catalytic self-regulating systems.

Fig. 1 Temperature-driven catalytic decomposition of H2O2.
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Experimental
Materials

N-Isopropylacrylamide (NIPAM) was purchased from Scientific
Polymer Products, INC., and was recrystallized twice from
n-hexane before use. Potassium permanganate (KMnO4) and
sodium nitrite (NaNO2) were obtained from Acros Organics
Chemicals. Isoamyl alcohol was purchased from Ferak Berlin
GmbH. Azobisisobutyronitrile (AIBN), pentafluorophenol
(PFP), N,N′-dicyclohexylcarbodiimide (DCC), 4-dimethyl-
aminopyridine (DMAP), dopamine hydrochloride, and sodium
sulfate (Na2SO4) were obtained from Sigma Aldrich. AIBN was
recrystallized from MeOH (twice) and stored in a freezer. A 2-
(Butylthiocarbonothioylthio)propanoic acid (BTTCP) chain
transfer agent was synthesized as previously reported.46 HPLC
grade organic solvents dichloromethane (DCM), chloroform
(CHCl3), ethylacetate (EtOAc), dimethylformamide (DMF, anhy-
drous), N,N-dimethylacetamide (DMAc), and diethyl ether
(DEE) were obtained from Sigma Aldrich. N,N-
Dimethylformamide (DMF) was obtained from Biosolve and
n-hexane was from Fischer Scientific. Trimethylamine (TEA)
(dry) was purified and collected from the solvent purification
system (SPS). Unless specified otherwise, all reagents and sol-
vents were used exactly as purchased from the commercial
sources.

Instrumentation
1H NMR spectra were recorded on a Bruker Avance 300 and
400 MHz spectrometer at room temperature in chloroform-d
(CDCl3) purchased from Euriso-top. The conversion of pre-
pared PNIPAM was analyzed by gas chromatography per-
formed on an Agilent 7890A GC system from Agilent
Technologies. Size-exclusion chromatography (SEC) was per-
formed on an Agilent 1260-series HPLC system equipped with
a 1260 online degasser, a 1260 ISO-pump, a 1260 automatic
liquid sampler (ALS), a thermostatted column compartment
(TCC) at 50 °C equipped with two PLgel 5 μm mixed-D
columns and a mixed-D guard column in series, a 1260 diode
array detector (DAD) and a 1260 refractive index detector (RID).
The used eluent was DMA containing 50 mM LiCl at a flow
rate of 0.500 mL min−1. The spectra were analyzed using the
Agilent Chemstation software with the GPC add-on. The molar
mass and dispersity values were calculated against PMMA
standards from PSS. The morphologies of MnO2 and
PNIPAM@MnO2 nanoparticles were determined by using a
scanning electron microscope (FE-SEM, JEOL JSM-7100F) and
a high-resolution transmission electron microscope (JEOL
TEM 2100 Plus, Japan). Elemental analysis of samples was per-
formed by X-ray photoelectron spectroscopy carried out on a
PHI Versa Probe III scanning XPS microprobe (Physical
Electronics, USA). The thermal behaviors of samples were
measured with a Mettler Toledo TGA-DSC2/LF/1100 thermal
gravimetric analyzer. The particle size distributions of pro-
ducts were characterized by a dynamic light scattering (DLS)
instrument on a Malvern Zetasizer Nano Series operating a
4 mW He–Ne laser at 633 nm. The analysis was conducted over

a range of temperatures, from 10 to 50 °C, with a heating rate
of 1.0 °C per minute, at an angle of 173°. Additionally,
measurements were taken at a 90° scattering angle using a
Zetasizer Malvern/Nano ZS-90 over different temperature range
from 20 to 50 °C. UV–vis spectra were measured with a Cary
300 Bio UV-visible spectrophotometer. Temperature-responsive
static fluorescence measurements were carried out on a Varian
Cary Eclipse fluorescence spectrophotometer. A fluorescence
spectrometer Edinburgh FLS 1000 was used to monitor fluo-
rescence at various times in order to analyze the temperature-
driven process.

Methods
Synthesis of nitrodopamine hydrogensulfate

Nitrodopamine hydrogensulfate was synthesized based on an
established procedure.51 A solution of dopamine hydro-
chloride (5.0 g, 26.4 mmol) and sodium nitrite (6.37 g,
92.3 mmol) in 150 mL distilled water was cooled to 0 °C using
an ice bath. Aqueous sulphuric acid (50 mL, 20 v/v%) was
slowly added to the reaction mixture. After the addition, the
ice bath was removed and the solution was stirred overnight at
room temperature. The resulting yellow dispersion was filtered
using a sintered funnel and the collected solid was washed
with ice-cold water several times and finally dried in a vacuum
oven at 50 °C for 2 days to give nitrodopamine hydrogensul-
fate. 1H NMR spectroscopy was used to confirm the nitrodopa-
mine hydrogen sulfate structure (3.8 g, yield: 49%). A 1H NMR
spectrum of the nitrodopamine hydrogen sulfate is shown in
Fig. S1.†

Synthesis of pentafluorophenol (PFP) containing CTA

BTTCP-PFP was synthesized as described by Stenzel et al.52

BTTCP (1.92 g, 8.1 mmol), PFP (1.60 g, 8.7 mmol) and DMAP
(106 mg, 0.87 mmol) were added to a round-bottom flask and
dissolved in anhydrous DCM (55 mL). The reaction mixture
was cooled to 0 °C in an ice bath and a solution of DCC
(1.80 g, 8.7 mmol) in DCM (15 mL) was added drop-wise with
fast stirring. The reaction was allowed to stir in an ice bath for
two hours and was continued at room temperature overnight.
The resulting solution was filtered, and the solvent was evapor-
ated under vacuum. The crude product was purified by
column chromatography on silica gel using chloroform as the
eluent. The solvent was removed under reduced pressure to
obtain dark yellow oil (2.2 g, yield 67%). 1H NMR spectroscopy
was used to confirm the BTTCP-PFP structure as shown in
Fig. S2.† 1H-NMR (300 MHz, CDCl3) δ (ppm): 5.10 (q, J = 7.4,
1H, –CHCH3), 3.38 (t, J = 7.4 Hz, 2H, –SCH2–), 1.76 (d, J =
7.4 Hz, 3H, –CHCH3), 1.69 (tt, J = 7.4 Hz, 2H, –SCH2CH2–),
1.44 (app. sext, J = 7.4 Hz, 2H, –CH2CH3), 0.93 (t, J = 7.4 Hz,
3H, –CH2CH3).

Synthesis of nitro DOPA-CTA

Nitro-dopamine (0.72 g, 3.58 mmol) was dispersed in DMF
(5 mL) taken in a dry high-pressure test tube kept under an
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argon atmosphere at room temperature. 1.1 mL of dry TEA was
slowly added to the reaction mixture, which was left to stir for
10 minutes. Then BTTCP-PFP (1.02 g, 2.47 mmol) dissolved in
DMF (5 mL) was added to the nitro-dopamine solution and
left to stir at room temperature overnight. The reaction
mixture was then dripped slowly into a phthalate buffer
(150 mL, pH 3.0) to obtain a dark yellow dispersion and
extracted with CHCl3. The organic layer was dried over Na2SO4

and filtered. Removal of the solvent under reduced pressure
gave a crude product as a yellow liquid. (NB: traces of DMF
were removed using heptane to make an azeotrope and con-
centrated at 50 °C under reduced pressure). The crude product
was purified by column chromatography on silica gel using
chloroform and ethyl acetate (3 : 1) as the eluent. After recrys-
tallization from a toluene : hexane (50 : 50) mixture, the
product was dried under vacuum to yield a solid yellow powder
(0.67 g, 65% yield) (LC-MS [M − H]− = 417.0). A 1H NMR spec-
trum of the nitro DOPA-CTA is shown in Fig. S3.†

Synthesis of PNIPAM-nitro DOPA

The RAFT polymerization of NIPAM was performed in a 25 mL
Schlenk tube under an argon atmosphere. NIPAM (1.0 g,
8.84 mmol), butyl(1-((4,5-dihydroxy-2-nitrophenethyl)amino)-1-
oxopropan-2-yl)carbonotrithioate (BDNAOCT) (37.0 mg,
0.09 mmol), 2,2′-azobisisobutyronitrile (AIBN) (7.3 mg,
0.044 mmol), and DMF (4.4 mL) were charged in the 25 mL
Schlenk tube at a molar ratio of 100 : 1 : 0.5. The solution was
deoxygenated by bubbling argon for 30 min. Then the reaction
mixture was placed in a preheated oil bath at 60 °C to initiate
the polymerization. After 145 min of polymerization, the
Schlenk tube was removed from the oil bath and opened to the
air and placed in ice to stop the polymerization. The resulting
polymer was precipitated by dropping the polymer solution
into 300 mL of cold diethyl ether. After decantation of some of
the solvent, the polymer suspended in diethyl ether was centri-
fuged to isolate it.

Later the polymer was dispersed again in fresh diethyl
ether and centrifuged again to isolate the polymer. The result-
ing powdery light-yellow polymer was dried for 2 days under
vacuum at 50 °C. The monomer conversion was determined by
GC whereas SEC was used to determine the molecular weight
and dispersity (Đ) (Fig. S4†) (conversion = 43%, MnGC =
5.3 kDa, DP = 43; MnSEC(DMA) = 10.9 kDa and Đ = 1.09).

Synthesis of MnO2 NPs

In a typical synthesis, a 20 mM solution of KMnO4 was pre-
pared by dissolving 0.158 g (1 mmol) of KMnO4 in 25 mL of
milliQ water, taken in a 250 mL conical flask. A second solu-
tion was prepared with 1.1 mL isoamyl alcohol dissolved in
25 mL of milliQ water. The isoamyl alcohol solution was
added to the permanganate solution and the resulting reaction
mixture was stirred at 700 rpm for 15 h at 25 °C. Then the
resulting brown dispersed MnO2 nanoparticles were separated
from the reaction mixture by centrifuging the mixture at 8000
rpm for 10 min and the residue was thoroughly washed with
milliQ water 2 times, and finally suspended in 8.5 mL of

milliQ water. Later suspended MnO2 was dried and used for
the next step. The obtained core–shell MnO2 NPs were charac-
terized using UV-Vis, DLS, SEM, TEM, XPS, and TGA.

Ligand-exchange with PNIPAM-nitro-DOPA

The MnO2 NPs (14.02 mg) were dispersed in 6 mL of dry DMF
and PNIPAM-nitro-DOPA (Mn = 5.3 kg mol−1) (173.0 mg) was
added in a 25 mL Schlenk tube. This solution was purged with
argon, put in an ultrasonic bath for 30 min, shaken at room
temperature for 44 h, ultrasonicated again for 40 min and pre-
cipitated in cold diethyl ether (180 mL). After centrifugation at
5000 rpm for 5 min, PNIPAM-modified MnO2 NPs were
washed with diethyl ether and centrifuged again. The excess of
diethyl ether was air dried and dispersed in milliQ water
(180 mL). Later PNIPAM modified MnO2 nanoparticles were
separated from the mixture by centrifugation at 8000 rpm for
10 min and the residue was thoroughly washed with milliQ
water 3 times, and finally suspended in 8.5 mL of milliQ water.
The obtained core–shell PNIPAM@MnO2 NPs were character-
ized using UV-Vis, DLS, SEM, TEM, XPS and TGA.

HRP induced degradation of H2O2

Homovanillic acid/3-methoxy-4-hydroxyphenylacetic acid (HVA)
is non-fluorescent; however, in combination with horse radish
peroxidase (HRP) and H2O2 a dimer is formed which is fluo-
rescent (Scheme 1). Thus, an addition of HRP and HVA to a
sample containing H2O2 can be used to detect the presence of
H2O2. A stock solution of HRP in PBS was made (3.41 mg
enzyme dissolved in 1 mL buffer = 611 U mL−1), which was
combined with a 10 mM stock solution of HVA and H2O2 in
PBS.

Effect of temperature on the degradation of H2O2 at 10 and
50 °C

For the investigation of temperature effect on the degradation
of H2O2 at 10 and 50 °C, 950 µL of PBS and 50 µL of H2O2 were
added to an Eppendorf cuvette and placed in the thermosha-
ker at 10 °C and 50 °C, respectively. Once the Eppendorf
reached those temperatures, 10 µL of the NP solution was
added and left to react for 10 min then the Eppendorf was
centrifuged at 4 °C (7500 rpm, 10 min) in order to precipitate
the NP. 750 µL of the supernatant was taken and added to a
cuvette together with 50 µL of HRP, 100 µL of HVA, and
1600 µL of PBS and investigated using a fluorometric method.
The same experiment was done in parallel but without the
addition of the NP solution, as the reference.

Scheme 1 Dimerization of HVA by the action of HRP and H2O2.
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Results and discussion

Poly(N-isopropyl acrylamide) (PNIPAM) is a frequently studied
thermoresponsive polymer due to its cloud point temperature
of about 32 °C, which is quite close to human body tempera-
ture. The synthesis of well-defined nitro-dopamine end-func-
tionalized PNIPAM was performed by reversible addition frag-
mentation chain-transfer (RAFT) polymerization. Therefore,
nitrodopamine hydrogensulfate was reacted with pentafluoro-
phenol (PFP) containing CTA to obtain butyl(1-((4,5-dihydroxy-
2-nitrophenethyl)amino)-1-oxopropan-2-yl)carbonotrithioate
(BDNAOCT) chain transfer agent (CTA). 1H-NMR spectroscopy
was used to confirm its structure (Fig. S3†). The polymer was
subsequently synthesized in DMF at 60 °C in the presence of
AIBN utilizing BDNAOCT as the RAFT chain transfer agent
(CTA) (Scheme 2). At around 43% conversion, the polymeriz-
ation was stopped and the formed polymer was isolated by pre-
cipitation in cold diethyl ether. Theoretical molecular weight
and the degree of polymerization (DP) were calculated and
found to be 5.3 kDa and 43, respectively. SEC results of the
synthesized polymer revealed that the polymer is well defined
with Mn and dispersity (Đ) at 10.9 kDa and 1.09, respectively
(Fig. S4†). MnO2 NPs were prepared by mixing KMnO4 with
isoamyl alcohol using the procedure reported in the litera-
ture.53 In this method KMnO4 acts as an oxidizing agent that
eventually oxidizes the alcohol to the corresponding acid,
which caps the spherical MnO2 particles. The purple colour of
the KMnO4 solution resulting from the charge transfer (CT)
transition turns into a yellowish-brown colour when it trans-
forms into MnO2 NPs (Fig. S5†). The optical properties of the
MnO2 NPs in water were investigated and compared with the
starting KMnO4. It was observed that the characteristic absorp-
tion bands of KMnO4 at λ = 508, 526, 546, and 565 nm result-
ing from the CT transition vanish and a new broad peak was
observed in the range of 300–450 nm, indicating the formation
of MnO2 NPs as evident from Fig. 2a. From the DLS measure-
ment of prepared MnO2 NPs, the average particle size was con-
firmed to be around 278.5 nm measured at 25 °C (Fig. 2b).

Next, PNIPAM@MnO2 NPs were prepared by ligand-
exchange, which was achieved by shaking the solution of
MnO2 NPs and PNIPAM in DMF for 2 days. The resulting

PNIPAM@MnO2 NPs was isolated by precipitation in cold DEE
followed by centrifugation leading to a solid sample that could
be redispersed in water for future investigations (Fig. S6†). The
mechanism of surface modification of MnO2 by nitrodopa-
mine is elaborately discussed by Sivakumar et al.,26 as men-
tioned earlier. Both theoretical and experimental proofs are
given to prove the attachment of catechol hydroxyl groups
present in nitrodopamine to the MnO2 surface. The strong
electron withdrawing nitro group in nitrodopamine makes the
catechol hydroxyl more acidic and thus favours the effective
binding on the surface of NPs. DLS analysis of the
PNIPAM@MnO2 NPs revealed an increase of the size to
472 nm, confirming the presence of the polymer coating,
while the PDI was at 0.502 (Fig. 2b). SEM images of the MnO2

NPs and the PNIPAM@MnO2 NPs are shown in Fig. 3. Fig. 3a
shows well-dispersed MnO2 NPs with a particle size around
the 200–300 nm range as given in Fig. S7a.† The size of the
PNIPAM@MnO2 NPs clearly shows an increase in the particle
size after polymer modification as shown in Fig. 3b, albeit the

Scheme 2 Schematic representation of the synthesis of dopamine-
functionalized PNIPAM.

Fig. 2 (a) UV-vis spectra of KMnO4 and MnO2 NPs and (b) size distri-
bution obtained from DLS of MnO2 NPs and PNIPAM@MnO2 NPs. It
should be noted that the x-axis is on the logarithmic scale.

Fig. 3 (a) SEM image of MnO2 NPs (scale bar is 500 nm; right: scale bar
is 1 μm), (b) SEM image of PNIPAM@MnO2 NPs (scale bar is 500 nm;
right: scale bar is 1 μm).
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image becomes more blurry in the presence of the polymer
coating and the resolution of the SEM analysis is insufficient
to visualize the polymer coating. Furthermore, it is evident
that the MnO2 NPs are coated by the polymer individually
or in the agglomerated stage, which is mostly likely due to the
dehydration of the polymer during the sample preparation
process as DLS confirmed the presence of defined individual
particles. In Fig. 3b (right) the particle size was determined to
be around 400–600 nm given in Fig. S7b.† Therefore, it is clear
that PNIPAM is coated on to the NP surfaces. By using energy-
dispersive X-ray (EDX) analysis, we have determined the
elemental composition (Fig. 4a). The presence of Mn and
oxygen peaks corroborates well with the elemental compo-
sition, as shown in Table S1.† Furthermore, the EDX analysis
of the PNIPAM@MNO2 NPs shows an enhancement in carbon
percentage and the presence of other elements, such as nitro-
gen and sulphur, in agreement with the polymer coating
(Fig. 4b and Table S2†). As the surface of the NPs is modified
with the polymer, the Mn composition on the surface is
declined, confirming successful polymer coating of the MnO2

NPs.
TEM images of the synthesized MnO2 NPs showed the flaky

structure with microfibrillar morphology. It is evident from a
comparison of the images of unmodified and modified nano-
particles (Fig. 5a and b, respectively) that the modified NPs
have a visible polymer coating layer.

X-ray photoelectron spectroscopy was used to perform a
basic investigation to identify the corresponding valence states
of the materials. Overall the XPS spectra of the MnO2 NPs
showed peaks corresponding to all the elements with charac-
teristic valence states as expected in the sample (Fig. 6a).
Giving further attention to each element, Mn 2p and O 1s XPS
spectra are shown in Fig. 6b and c, respectively. In the decon-
voluted Mn 2p peak, the two peaks observed at 654.10 and
642.34 eV with an energy separation of 11.76 eV correspond to
the Mn 2p3/2 and Mn 2p1/2 orbitals (Fig. 6b). Similarly, the
O 1s peak of MnO2 was curve-fitted as shown in Fig. 6c, and
includes three characteristic oxygen bonds, which are associ-
ated to the Mn–O–Mn bond, Mn–O–H bond and H–O–H bond
with binding energies (BEs) of 529.73 eV, 530.97 eV and 533.08
eV, respectively. Previously reported values of the XPS spectra
for the oxidation state of Mn and O in the MnO2 NPs agree
well with these findings.54,55

For the PNIPAM@MnO2 NPs, the overall XPS spectrum
showed (Fig. S8a†) an increase in the elemental composition
of carbon and nitrogen, whereas a drastic decrease in the Mn
composition confirms the successful coating of PNIPAM onto
the nanoparticles. Fig. S8b and S8c† corresponding to the Mn
2p and O 1s orbitals provide similar deconvoluted peaks as
that of the unmodified NPs, but with a lower count of
elements due to the enhancement of carbon and nitrogen
composition from the polymer.

Nonetheless, the presence of Mn and O is evident from the
spectra. Carbon (C 1s) high resolution spectra from PNIPAM
were resolved by curve-fitting into five component peaks
(Fig. S8d†). The peak with a BE of 284.24 eV corresponds to

Fig. 4 (a) EDX graph of MnO2 NPs and (b) EDX graph of
PNIPAM@MnO2 nanoparticles.

Fig. 5 (a) TEM micrographs of dispersed MnO2 nanoparticles (scale bar
is 20 nm; right: scale bar is 50 nm; the zoomed image shows a MnO2

nanoparticle with a nanofibrillar structure), (b) TEM micrographs of dis-
persed PNIPAM@MnO2 nanoparticles (scale bar is 20 nm; right: scale
bar is 50 nm; the zoomed image shows a MnO2 nanoparticle with a
nanofibrillar structure).

Fig. 6 XPS spectra. (a) Overall MnO2 NPs and (b) Mn 2p and (c) O 1s
orbitals.
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the CvC bonds associated with the aromatic end-group of the
polymer. A peak with a BE at 285.01 eV corresponds to the
C–H/C–C bonds with the aliphatic hydrocarbon part of the
polymer. Other peaks with a BE at 286.27, 287.15 and
287.59 eV are attributed to the C–O/C–S, N–CvO and CvO
bonds, respectively. Similar spectra and binding environments
(C–H/C–C, CvC, C–O/C–S, N–CvO and CvO) were observed
for the C 1s orbital in other literature studies.56–58 Fig. S8e†
shows the deconvoluted peaks of the N 1s orbital and the
peaks observed at 399 eV and 400 eV are attributed to the C–N
and N–O bonds respectively.59,60 Three peaks appeared in the
expanded spectra of the S 2p orbital (Fig. S8f†). The first peak
can be ascribed to sulphur atoms bound with carbon by CvS
double bonds at 164 eV; also a small amount of oxidized
sulphur was observed at 168.5 eV.61

Thermal gravimetric analysis (TGA) also showed the suc-
cessful coating of PNIPAM onto the MnO2 NP surface
(Fig. S9†). The TGA analysis of the PNIPAM@MnO2 NPs showed
a two-step weight loss at 190 °C and 400 °C, which is due to the
PNIPAM coating on the nanoparticles. The observation of a
second decomposition at ∼400 °C of the polymer is in good
agreement with that of pure PNIPAM.62 The TGA curve of pure
MnO2 possesses only one weight loss step due to the loss of
moisture from an MnO2 lattice (adsorbed water molecules).63

Dynamic light scattering (DLS) data indicated that the syn-
thesized MnO2 NPs were stable and well dispersed in an
aqueous medium with an average particle size of 278.5 nm
and a polydispersity index (PDI) of 0.010 (Fig. S10†). The par-
ticle size was remeasured after 15 days and found to be stable
at 25 °C. Temperature-dependent aggregation of the MnO2 NPs
was also investigated by DLS in an aqueous medium
(Fig. S10†). The particle size of the MnO2 NPs remained
almost unchanged at 25 °C (278 nm) and 50 °C (287 nm) indi-
cating the absence of temperature-dependent aggregation of
unmodified NPs. In contrast with the MnO2 NPs, the
PNIPAM@MnO2 NPs showed temperature-responsive behavior
when measured at 25 °C, 35 °C, and 50 °C, respectively
(Fig. 7a). Upon increasing the temperature from 25 °C to
35 °C, a decrease in the particle size of 127 nm was observed
from 472 nm to 345 nm. By further heating above the LCST of

PNIPAM at 50 °C, an increment of 157 nm in the particle size
was detected. In order to obtain additional information on the
temperature-responsive behaviour of the PNIPAM@MnO2 NPs,
DLS measurement was analysed in 5 °C intervals from 20 to
50 °C. The change in the diameter of the NPs with temperature
can be seen from the graphs plotted in Fig. 7a. At the Tcp of
PNIPAM at around 35 °C there is a drop in the diameter when
compared to the lower and higher temperatures. At the lower
temperature the polymer chains are efficiently hydrated,
leading to a larger hydrodynamic diameter. When the temp-
erature approaches the Tcp, the polymer chains are dehydrated
and collapse onto the individual NPs, resulting in a decrease
in the observed particle size. Upon further heating, the particle
size gradually increases as, at temperatures above the Tcp of
PNIPAM, the polymer chains are further dehydrated and col-
lapse, inducing hydrophobic interactions that lead to the
aggregation of polymer modified NPs. The size reaches a
maximum of 579 nm at around 42 °C, followed by a slight
decline due to the precipitation of aggregated particles (Fig. 7b).

The observed changes in the particle size with temperature
suggest that PNIPAM@MnO2 NPs can be used as smart
material for the catalytic decomposition of H2O2, based on the
dehydration of PNIPAM at increased temperatures.

To investigate the effect of nanoparticle concentration on
the temperature-induced aggregation and temperature-induced
reversibility of the smart PNIPAM@MnO2 NPs, we lowered the
concentration of the nanoparticles to half, leading to an
increase in the particle size to 580 nm at 20 °C, indicating more
efficient polymer hydration (Fig. S11a†). At this lower concen-
tration, we did not observe NP aggregation above the Tcp of
PNIPAM. Instead, the particle size decreased to around 240 nm
upon heating to 50 °C, indicating the collapse of the dehydrated
polymer chains onto the NPs without any further aggregation.
The temperature-induced dehydration of the PNIPAM coating at
this lower concentration was also found to be reversible without
noticeable deviations during five cycles (Fig. S11b†).

To investigate the temperature effect on the catalytic activity
of the developed smart NPs, fluorescence experiments were
conducted at three different temperatures, 10, 37, and 50 °C,
respectively. As illustrated in Scheme 1, the non-fluorescent
HVA monomer is transformed into the fluorescent HVA dimer
(2,2′-dihydroxy-3,3′-dimethoxydiphenyl-5,5′-diacetic acid) in
the presence of HRP and H2O2, resulting in enhanced fluo-
rescence. The strong reactivity of H2O2 with transition metal-
containing heme peroxides, such as HRP, has been reported to
result in high-rate constants, in the range of 107–108 M−1

s−1.64 The resulting metal-containing heme peroxide complex
catalyzes the dimerization of HVA into the fluorescent dimer.
We have successfully utilized this method to investigate the
activity of H2O2 in the presence of the smart PNIPAM@MnO2

NPs at different temperatures. Therefore, the change in the
fluorescent intensity at 10 and 50 °C in the presence and
absence of PNIPAM@MnO2 NPs was analysed as shown in
Fig. S12.†

The fluorescence studies were carried out at two different
temperatures, 10 °C and 50 °C, respectively, in order to investi-

Fig. 7 (a) Particle size and PDI of the PNIPAM@MnO2 NPs at three
different temperatures: 25 °C, 35 °C and 50 °C, respectively; (b) change
in particle sizes with temperature varying from 23 to 50 °C at a concen-
tration of 0.2 mg mL−1 in all cases.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2024 Polym. Chem., 2024, 15, 2763–2772 | 2769

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 5

/2
5/

20
26

 4
:4

8:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py00595c


gate the influence of temperature on the catalytic activity of
the PNIPAM@MnO2 NPs for the decomposition of H2O2

(Fig. 8). These two temperatures are taken into account for our
analysis since these are below and above the Tcp of PNIPAM
(Tcp ∼ 32 °C). Note that we used a reverse assay to monitor the
remaining H2O2 through HRP catalysed dimerization of HVA,
leading to significant background fluorescence at t = 0 due to
the presence of all reactive components before the addition of
the PNIPAM@MnO2 NPs.

After 15 min in the presence of PNIPAM@MnO2 NPs, the
fluorescence intensity only increased from 385 a.u. to 442 a.u.
(λem,max@t15/λem,max@t0 = 1.15) at 10 °C, while in the absence
of PNIPAM@MnO2 NPs the fluorescence intensity increased
from 330 a.u. to 588 a.u. (λem,max@t15/λem,max@t0 = 1.78)
during the same time interval. This result clearly demonstrates
less dimer formation indicative of a lower H2O2 concentration,
implying that H2O2 is catalytically decomposed in the presence
of the PNIPAM@MnO2 NPs. In contrast, at 50 °C, the fluo-
rescence intensity increased from 341 to 529 a.u. (λem,max@t15/
λem,max@t0 = 1.55) in the presence of the PNIPAM@MnO2 NPs,
while in the absence of PNIPAM@MnO2 NPs it increased from
334 a.u. to 632 a.u. (λem,max@t15/λem,max@t0 = 1.89) for the
same time interval. As a result, it was evident that the increase
in relative fluorescence intensity in the presence of smart NPs
is much higher at 50 °C than at 10 °C. As this temperature is
above the LCST of PNIPAM (∼32 °C) it induces dehydration
and collapse of the PNIPAM chains onto the NPs, preventing
the catalyst from coming into contact with the H2O2, resulting
in higher retention of the H2O2 and, thus, in greater fluo-
rescence increase due to HVA dimer formation. Control experi-
ments at 37 °C revealed that there is no fluorescence increase
without H2O2, but there is a moderate increase in fluorescence
in the presence of H2O2, and a strong increase in fluorescence
in the presence of both H2O2 and HRP (Fig. S13†).

Furthermore, we have investigated the role of H2O2 towards
the dimerization of HVA in the absence of the PNIPAM@MnO2

NPs (Fig. S14†), indicating a strong correlation of fluorescence
intensity increase with the H2O2 concentration, further sup-
porting the observed temperature-switchable catalytic activity
of the PNIPAM@MnO2 NPs.

Conclusions

In this work we have successfully synthesized and character-
ized temperature responsive PNIPAM coated MnO2 NPs for the
catalytic decomposition of H2O2. Successful coating of the NP
surface with nitrodopamine functionalized PNIPAM was con-
firmed by the analysis of elemental compositions, SEM and
XPS. The results were further confirmed by TEM images, as a
clear uniform coating of polymers on NPs is visible from the
images. The TGA results validated the PNIPAM coating on the
surface of MnO2 NPs. The synthesized PNIPAM@MnO2 NPs
were proved to be temperature-responsive by DLS and fluo-
rescence spectroscopy. Thermoresponsive swelling and deswel-
ling of PNIPAM@MnO2 NPs were confirmed as the particle
size of the nanoparticles altered with the change in tempera-
ture. The catalytic decomposition of H2O2 by MnO2 is a
renowned exothermic reaction. This reaction is done with the
synthesized PNIPAM@MnO2 NPs and a fluorescence assay for
HVA dimerization proved the significant catalytic decompo-
sition of H2O2 at a lower temperature (below the Tcp of PNIPAM)
by the PNIPAM@MnO2 NPs. At a higher temperature (above the
Tcp of PNIPAM), H2O2 decomposition was found to be less sig-
nificant. These results confirm that the smart nanoparticles can
be used for the temperature-dependent catalytic decomposition
of H2O2. In the future, we aim to further develop this system
towards self-regulated smart catalytic systems.
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