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ABSTRACT

Mussel-inspired linking of b-FeOOH (akaganeite) on core Fe3O4 nanoparticles

(NPs) was successfully attempted to produce a novel hybrid photocatalyst that

facilitates both visible-light-driven photocatalysis and easy recovery using an

external magnetic force. A catechol-quaternized poly(vinyl pyrrolidone) was

adopted as a double-sided molecular tape between b-FeOOH and the Fe3O4

NPs, which successfully incorporated robust molecular linking. The b-FeOOH/

Fe3O4 hybrid photocatalysts showed photodegradation efficiencies greater than

90% within 3 h of using rhodamine B as a model compound for environmental

pollutants upon irradiation of visible light using a lamp through the heteroge-

neous photo-Fenton-like process in the presence of H2O2. The b-FeOOH/Fe3O4

hybrid photocatalyst is a promising visible-light-driven photocatalyst due to its

narrow band gap 1.79 eV, and it can be repeatedly recovered and recycled up to

4 cycles. This concept of double-sided molecular tape can be widely applied for

the generation of novel and robust hybrid nanomaterials, affording synergistic

performance enhancements.

Introduction

Molecular linking of two different nanomaterials can

induce a synergic function in everyday life; in the

research field, it can help meet the increased demand

for hybrid nanomaterials in various applications. It

has been recently reported that adherent Mefp-5

(Mytilus edulis foot protein-5), a foot protein that

mussels release for holding onto rocks in a sea envi-

ronment, contains a large amount of catechol

derivatives; hence, Mefp-5 is very promising for the

molecular linking of two nanomaterials with differ-

ent structural or compositional features to provide

hybrid nanomaterials for many applications, includ-

ing nanocomposites, solar energy harvesting, and
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pseudocapacitors [1–4]. In particular, molecular

linking through mussel-inspired chemistry is acces-

sible for many kinds of materials or substrates,

including metals, metal oxides, carbon nanomateri-

als, and polymers [3].

Considering the benefit of mussel-inspired chem-

istry, molecular linking of a photocatalyst and mag-

netic NPs was performed to construct magnetically

recyclable visible-light-driven hybrid photocatalysts

in this study. Photocatalysis is imperative for current

environmental issues [5, 6] and energy problems

[7, 8]. Anatase TiO2 NPs (well-known ultraviolet

(UV)-driven photocatalysts) are activated only by UV

light (5% of the full solar spectrum) because of the

high band gap of TiO2 nanocrystals (anata-

se, *3.2 eV) [9–11]; however, b-FeOOH (akaganeite,

a photo-Fenton catalyst) triggers photocatalytic

activity using visible light (*46% of the full solar

spectrum) because of its narrow band gap (2.12 eV)

[12, 13]. b-FeOOH photocatalysts have been utilized

in the form of heterogeneous suspensions in con-

taminated water, which requires their recovery after

each photocatalytic event [14, 15]. Immobilization of

catalysts on the porous polymer platforms (mem-

brane, mesh, cloth, etc.) has been demonstrated to

overcome the limitation for b-FeOOH photocatalysts;

a high photodegradation efficiency of *100% for

organic dyes under visible light and preservation of

the photocatalytic activity above 90% after five cycles

has been shown [12]. The easy recovery and cycling

of nanocatalysts can be simply attempted by molec-

ularly linking the active nanocatalysts with magnetic

NPs, such as Fe3O4 NPs [16]. However, a complicated

multi-step synthesis using sophisticated organic

chemistry was needed to molecularly link the dif-

ferent nanomaterials in the previous reports. The

strategy of mussel-inspired linking can be very

effective to unlock this limitation and to provide a

simple and fast platform for molecular linking

between two different nanomaterials because dopa-

mine- or polydopamine-mediated molecular linking

is widely acceptable for various material platforms

(substrates or particles) regardless of the chemical

compositions and physical structures of platforms

[3].

In this study, a b-FeOOH/Fe3O4 hybrid photocat-

alyst as a magnetically recyclable visible-driven

hybrid photocatalyst is simply prepared by the

incorporation of catechol-grafted polymers on the

surface of Fe3O4 NPs and the subsequent growth of b-

FeOOH nanoneedles on the surface of catechol-

modified Fe3O4 NPs. In addition to the role of

molecular linking, the polycatecholic layers could be

helpful in enhancing the photocatalytic activity of

attached b-FeOOH photocatalysts through the action

of the polycatecholic layers as an electron sink or

accepter, which minimizes the electron–hole recom-

bination during visible-light-driven photocatalysis.

Therefore, a b-FeOOH/Fe3O4 hybrid photocatalyst

with an excellent visible-light-driven photodegrada-

tion efficiency toward organic dyes in wastewater

through a photo-Fenton reaction in the presence of

H2O2 and easy recovery/recycling performance with

the help of external magnet can be simply prepared

by the molecular linking strategy based on mussel-

inspired chemistry of catecholic compounds.

Materials and methods

Materials and instruments

Poly(vinyl pyrrolidone) (PVP, MW = 40 000 Da),

2-chloro-30-40-dihydroxyacetophenone (CCDP), Fe3O4

NPs (50–100 nm, surface area[ 60 m2 g-1), FeCl3-
6H2O, tetrahydrofuran, hydrochloric acid (35–37%),

ethanol, hexane, and hydrogen peroxide (30 wt%)

were purchased from Sigma-Aldrich and used with-

out further purification. Fourier transform infrared

(FT-IR) spectra were acquired on a Nicolet iS10 FT-IR

spectrometer (Thermo Scientific). Ultraviolet–visible

(UV–Vis) spectra were recorded using an Optizen

2020UV spectrometer (Mecasys, South Korea). Field-

effect scanning electron microscopy (FE-SEM) anal-

ysis was performed using a JSM-6700 microscope

(JEOL, Japan), and the samples were prepared as

powders. X-ray diffraction (XRD) measurements of

the powder samples were recorded on a D8-Advance

X-ray powder diffractometer (Bruker) using Cu Ka
radiation (k = 1.5406 Å). X-ray photoelectron spec-

troscopy (XPS) was performed using a Scientific

Sigma Probe spectrometer (Thermo VG). The UV–Vis

diffuse-reflectance spectroscopy (DRS) measure-

ments were taken using a Lambda 750 spectrometer

(Perkin Elmer) with BaSO4 as a reference.

Synthesis of CCDP-PVP

The synthesis of catechol-grafted PVP (CCDP-PVP)

was performed according to a previous report [17].
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PVP (4.00 g) and CCDP (2.24 g) were dissolved in

50 mL of ethanol in a 100-mL flask. The mixture was

then stirred at 70–80 �C for 24 h. After the reaction,

80% of the residual solvent was evaporated using a

rotary evaporator, and the brownish white precipi-

tate was isolated after precipitation into cold diethyl

ether and subsequent vacuum filtration. A brown

CCDP-PVP powder (4.03 g) was obtained after vac-

uum drying the precipitate at 30 �C for 12 h.

Synthesis of CCDP-PVP-grafted Fe3O4 NPs

CCDP-PVP (250 mg) was dissolved in 250 mL of

ethanol at room temperature (25 �C). Then, Fe3O4

NPs (50 mg) were dispersed into 5 mL of tetrahy-

drofuran, and this dispersion was added dropwise

into the above ethanol solution of CCDP-PVP. Then,

the mixture was stirred for 24 h at room tempera-

ture. Finally, the solvent was removed using a

rotary evaporator, and the resulting black powder

was isolated by vacuum filtration and subsequent

washing with diethyl ether. The CCDP-PVP-grafted

Fe3O4 NPs (69 mg) were obtained after vacuum

drying the powder at 30 �C for 12 h.

Synthesis of the b-FeOOH/Fe3O4 hybrid
photocatalyst

A 0.067-M solution of FeCl3�6H2O was prepared in

20 mL of deionized water and 10 mL of a 0.01-M

hydrochloric acid solution. Then, 50 mg of CCDP-

PVP-grafted Fe3O4 NPs was added into the solu-

tion, and the reaction mixture was stirred at 60 �C
for 24 h. After cooling to room temperature, the

black powder was isolated by vacuum filtration

and washing with deionized water. The b-FeOOH/

Fe3O4 hybrid (38 mg) was obtained after vacuum

drying the powder at 30 �C for 12 h.

Photocatalysis measurements

The photocatalytic activity of the b-FeOOH/Fe3O4

hybrid photocatalyst was evaluated by degrading

rhodamine B under visible light generated by a 20-W

halogen lamp (Osram) with a built-in UV cutoff filter

of k[ 400 nm. The hybridized b-FeOOH/Fe3O4

photocatalyst (20 mg) was mixed with a 10-mL

aqueous rhodamine B solution (10 mg L-1) in the

presence or absence of H2O2 at acidic condition (pH

2). Before evaluating the photocatalytic activity, the

suspension was magnetically stirred in the dark for

30 min to reach an adsorption–desorption equilib-

rium. Then, the concentration of rhodamine B every

30 min of visible-light irradiation was determined

from the absorption values at 560 nm measured by

UV–Vis spectroscopy. The recovery and recycling of

the b-FeOOH/Fe3O4 photocatalyst were attempted

using an external magnet. After collection, the hybrid

photocatalyst was briefly washed with continuous

flushing of deionized water and tested immediately

in another cycle of the photodegradation experiment

without any drying.

Results and discussion

Preparation of the b-FeOOH/Fe3O4 hybrid
photocatalyst

Catechol-grafted polymers play the key role as

molecular glue or double-sided molecular adhesive

between the b-FeOOH nanoneedles and Fe3O4 NPs

(Fig. 1). As a catechol-grafted polymer, catechol-

quaternized PVP was synthesized from the quater-

nization of CCDP with PVP (40,000 Da), producing

CCDP-PVP with a high mass yield of 64% [18]. The

number of catechol groups per single PVP chain is

confirmed as 72 using 1H-NMR spectroscopy, as

previously reported [17].

FeCl3Fe3O4 NPs 

Catechol-grafted
Fe3O4 NPs

ββ-FeOOH/Fe3O4
HybridsCCDP-PVP

Figure 1 Schematic

illustration for the preparation

of the visible-light-driven b-
FeOOH/Fe3O4 hybrid

photocatalyst.
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Grafting of CCDP-PVP on Fe3O4 NPs was per-

formed in aqueous media. Catecholic compounds,

such as dopamine or other catechol-rich polymers,

can spontaneously bind onto the surface of various

metal oxides by chelating of catechol moieties or

ligand-to-metal charge transfer on metal oxides [19].

Facile grafting of CCDP-PVP on the surface of the

Fe3O4 NPs is confirmed by the comparison of the FT-

IR spectra of bare Fe3O4 NPs and CCDP-PVP-grafted

Fe3O4 NPs (Fig. 2a). While bare Fe3O4 NPs reveal

only a Fe–O stretching vibration at 590 cm-1 [20],

CCDP-PVP-grafted Fe3O4 NPs showed additional

peaks at 1086 (C–O stretching), 1272 (C–N stretching),

1436 (CH2 bending), 1654 (C=O stretching), 2953 (C–

H stretching), and 3430 cm-1 (O–H stretching),

which are the characteristic peaks of CCDP-PVP [21],

in addition to a peak at 566 cm-1 (F–O stretching).

A XPS survey scan of CCDP-PVP-grafted Fe3O4 NPs

clearly revealed the presence of N1 s binding peaks

at 402.2 eV with an abundance of 7.4 at% (Fig. 2b).

With the incorporation of the catecholic layer, the

UV–Vis spectrum of CCDP-PVP-grafted Fe3O4 NPs

presented two characteristic optical absorption peaks

at 255 and 360 nm that the peak at 225 nm originated
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Figure 3 FE-SEM images of the b-FeOOH/Fe3O4 hybrid photocatalyst.
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from the n–p* transition and that at 360 nm origi-

nated from the p–p* of the acetophenone structure of

CCDP (Fig. 2c) [17]. The presence of C=O near the

catechol group can partially extend the p–p conjuga-

tion of the benzene groups, which results in a redshift

of the p–p* transition from the typical value of

280 nm to 360 nm [22]. From all of these considera-

tions, mussel-inspired grafting of CCDP-PVP on the

surface of Fe3O4 NPs is clearly facile using our

approach. In addition, the presence of free catecholic

OH groups in CCDP-PVP-grafted Fe3O4 NPs is very

interesting. Several non-chelated ‘‘free’’ catecholic

moieties might still be present in addition to the PVP

chains because a polycatecholic polymer was used

instead of small catechol compounds, such as dopa-

mine. While the degree of grafting of catecholic

moieties of CCDP-PVP on the Fe3O4 NPs is not clear

at this stage, it is highly promising that CCDP-PVP is

anchored onto the Fe3O4 NPs and provides another

‘‘free’’ (non-anchored) catecholic moiety toward fur-

ther decoration or molecular linking with other

nanomaterials, such as b-FeOOH, as an efficient vis-

ible-light-driven photocatalyst.

Next, b-FeOOH nanorods were decorated onto

CCDP-PVP-grafted Fe3O4 NPs by acid hydrolysis

from FeCl3, producing b-FeOOH/Fe3O4 hybrid

nanomaterials. The growth of b-FeOOH nanorods on

the CCDP-PVP-grafted Fe3O4 NPs was clearly iden-

tified from the FE-SEM image of the hybrids (Fig. 3).

The length and width of the b-FeOOH nanorods are

less than 1 lm and 100 nm, respectively, and the

Fe3O4 NPs were not visible because of the significant

clustering of b-FeOOH nanorods after the

hybridization process.

Characterization of the hybridized b-
FeOOH/Fe3O4 photocatalyst

The FT-IR spectrum of the b-FeOOH/Fe3O4 hybrid

nanomaterials showed a broad O–H stretching peak

for the b-FeOOH or catecholic moieties at 3 438 cm-1,

C=O stretching at 1 714 cm-1, and C–N stretching or

CH2 bending peaks at 1 364 and 1 221 cm-1 (Fig. 2a).

Interestingly, the C=O and C–N stretching peaks

were significantly shifted to higher (?60 cm-1 shift)

and lower (-51 cm-1 shift) wave numbers,
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Figure 4 a XPS full survey

scans of b-FeOOH/Fe3O4

hybrid photocatalyst, b C1 s

high-resolution XPS spectra of

CCDP-PVP-grafted Fe3O4,

c C1 s, and d O1 s high-

resolution XPS spectra of the

b-FeOOH/Fe3O4 hybrid

photocatalyst.
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respectively, showing the dramatic change in the

microenvironment around the catecholic layer of the

CCDP-PVP-grafted Fe3O4 NPs after the incorporation

of the b-FeOOH nanorods. A strong Fe–O stretching

peak originating from both the Fe3O4 NPs and b-
FeOOH nanorods is also observable at 580 cm-1 in

the FT-IR spectra of the b-FeOOH/Fe3O4 hybrid

nanomaterials. The UV–Vis spectrum of the b-
FeOOH/Fe3O4 hybrid nanomaterials showed a broad

absorption between 240 and 400 nm (Fig. 2c). This

broad absorption is regarded as the p–p* transition of

catechol moieties, as discussed above. This absorp-

tion is continuously tailing, even over 600 nm, which

is estimated to originate from Mie scattering by the

presence of b-FeOOH nanorods with lateral dimen-

sions larger than 100 nm [13]. The mussel-inspired

molecular linking between the Fe3O4 NPs and b-
FeOOH nanorods is clearly visualized when the

external magnet is located near the hybrid nanoma-

terials. From the aqueous dispersion of the b-
FeOOH/Fe3O4 hybrid nanomaterials, all of the

hybrid nanomaterials are immediately attracted to

the external magnet and no isolated particles are

observed within the dispersion. All of the above

characterizations confirm that the b-FeOOH/Fe3O4

hybrid nanomaterial is successfully synthesized

through mussel-inspired molecular linking with the

incorporation of an intermediate catecholic layer.

The chemical composition of the b-FeOOH/Fe3O4

hybrid nanomaterials was carefully examined by XPS

spectroscopy. An XPS full survey scan of the b-
FeOOH/Fe3O4 hybrid showed the presence of Fe, O,

N, and C with abundances of 16.9, 42.6, 4.5, and 36.0

at%, respectively (Fig. 4a). For comparison, CCDP-

PVP-grafted Fe3O4 NPs showed the presence of Fe, O,

N, and C of 2.8, 32.6, 7.4, and 57.2 at%, respectively

(Fig. 2b). The increased Fe content in the b-FeOOH/

Fe3O4 hybrid was expected and supports the growth

and molecular linking of b-FeOOH on CCDP-PVP-

grafted Fe3O4 NPs. Both C and N in the CCDP-PVP-

grafted Fe3O4 NPs and b-FeOOH/Fe3O4 hybrid

nanomaterials originate from the catecholic layer

present between the b-FeOOH nanorods and Fe3O4

NPs. Comparison of the high-resolution Fe2p, O1 s,

[ F
 (R

 )h

h  (eV)

1st 2nd 3rd 4th
0

20

40

60

80

100

120

Ph
ot

od
eg

ra
da

tio
n 

(%
)

Cycles

1.5 2.0 2.5 3.0 0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

1.0

C
t/C

0

Time (min)

 Blank 
 Fe3O4

FeOOH + H2O2

 Catalyst 
 Catalyst + H2O2

(a) (b)

(c) (d)

100 nm

Figure 5 a UV–Vis–near IR reflectance spectrum of the b-
FeOOH/Fe3O4 hybrid photocatalyst, b photocatalytic degradation

performance of rhodamine B under visible-light irradiation,

c cycled visible-light photodegradation tests of rhodamine B

based on recycling the b-FeOOH/Fe3O4 hybrid photocatalyst, and
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C1 s, and N1 s binding peaks clearly showed the

formation of b-FeOOH on the CCDP-PVP-grafted

Fe3O4 NPs. The high-resolution C1 s binding peak of

the CCDP-PVP-grafted Fe3O4 NPs showed the char-

acteristic C–C/C=C, C–O/C–N, and C=O binding

peaks at 285.3 eV (78.9%), 287.8 eV (14.9%), and

289.5 eV (6.2%), respectively, showing the formation

of a polycatecholic layer on the surface of the Fe3O4

NPs through mussel-inspired grafting of CCDP-PVP

(Fig. 4b) [23]. Interestingly, the above C=O binding

peak is reduced in the high-resolution C1 s binding

peak of the b-FeOOH/Fe3O4 hybrid nanomaterials,

which implies that the nucleation of b-FeOOH

nanorods from Fe3? ions might occur near the C=O

bonds of pyrrolidone moieties of the catecholic layer

(Fig. 4c). In addition, the high-resolution O1 s bind-

ing peak of the b-FeOOH/Fe3O4 hybrid nanomateri-

als showed the presence of Fe–O-H binding at

531.5 eV, which again confirms the presence of b-
FeOOH in the hybrid nanomaterials (Fig. 4d) [24].

High-resolution N1 s and Fe2p binding peaks of both

the CCDP-PVP-grafted Fe3O4 NPs and b-FeOOH/

Fe3O4 hybrid nanomaterials did not show any

noticeable differences, revealing N1 s binding peak at

400 eV and Fe2p binding peaks at 724.3 and 710.2 eV

(Fe2p1/2 and Fe2p3/2) (Figure S1) [12]. The morphol-

ogy of grown b-FeOOH on the surface of the b-
FeOOH/Fe3O4 hybrid nanomaterials was measured

by XRD, and the characteristic scattering peaks of b-
FeOOH were identified together with the character-

istic peaks of the Fe3O4 NPs (Figure S2). Therefore, all

of these characterizations clearly support the suc-

cessful synthesis of the b-FeOOH/Fe3O4 hybrid

nanomaterials through molecular linking by the cat-

echol-grafted polymer.

Visible-light-driven photodegradation
of rhodamine B by the b-FeOOH/Fe3O4

hybrid photocatalyst

The optical band gap of the prepared b-FeOOH/

Fe3O4 hybrid nanomaterials was measured as 1.79 eV

(corresponding to 693 nm) from the UV–Vis DRS

spectrum of the hybrid photocatalysts (Fig. 5a).

Considering that the optical band gap of b-FeOOH

itself is 2.12 eV [25], significant band gap narrowing

occurred in the b-FeOOH/Fe3O4 hybrid nanomate-

rials, probably because of the buildup of intermediate

energy levels incorporated from the nearby catecholic

layer [26]. Therefore, the b-FeOOH/Fe3O4 hybrid

nanomaterial photocatalysts can absorb most visible-

light wavelengths up to 690 nm in addition to UV

light, and the photocatalysis of the hybrid photocat-

alyst can be triggered by visible light.

The photocatalytic activity of the b-FeOOH and the

b-FeOOH/Fe3O4 nanomaterials was evaluated by

monitoring the optical absorption of rhodamine B as

a model dye in wastewater under visible-light irra-

diation from a lamp with or without H2O2. Pho-

todegradation of the aqueous rhodamine B solution

(pH 2) by the b-FeOOH/Fe3O4 hybrid photocatalysts

was almost complete (92%) within 3 h of visible-light

irradiation in the presence of H2O2, deliberating the

photodegradation of the rhodamine B by the b-
FeOOH itself is just 65%, which is an indispensable

agent for photo-Fenton photocatalysis (Fig. 5b). In

this photo-Fenton reaction, pH value also takes effect

in the photodegradation of rhodamine B because

abundant OH� are produced at the acidic condition

[12]. At pH 3 and 5, above photodegradation was

dramatically deactivated and only photodegradation

less than 20% was enabled in the same condition

(Figure S3).

The photocatalytic performances of the hybrid

photocatalysts were also measured under UV light

(365 nm). Within 90 min of UV irradiation, 75% of

rhodamine B was decomposed (Figure S4). In both

cases, the catalytic activities of the hybrid catalysts

were enhanced in the presence of H2O2. This

enhanced photodegradation efficiency observed for

the b-FeOOH/Fe3O4 hybrid photocatalyst can be

attributed to the heterogeneous photo-Fenton-like

process, where plentiful free hydroxyl radicals are

promptly generated from the reaction between b-
FeOOH and H2O2 under UV or Vis irradiation [27].

The catecholic layer not only links the b-FeOOH

nanorods and Fe3O4 NPs, but also enhances the

photocatalytic activity of the b-FeOOH photocata-

lyst. In addition to the band gap narrowing of the

semiconductor, the electron accepting catecholic

layers can gather photo-generated electrons from

the conduction band of the b-FeOOH nanorods.

The remaining holes on the valence band of the b-
FeOOH nanorods can generate OH�, which is

highly reactive for the decomposition of organic

pollutants, such as rhodamine B. Therefore, the b-
FeOOH/Fe3O4 hybrid photocatalyst demonstrates

an enhanced photocatalytic activity because of the

presence of the catecholic layer.
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The b-FeOOH/Fe3O4 hybrid photocatalysts can be

repeatedly isolated and recycled with the help of an

external magnet because of the presence of mag-

netically responsive Fe3O4 NPs in the hybrid pho-

tocatalysts (Movie S1). The photodegradation

efficiency of the hybrid photocatalysts for rho-

damine B continuously decreases with recycling,

and it finally saturates at a value of 55% after the

fourth cycle (Fig. 5c). The reduced photocatalytic

activity of the b-FeOOH/Fe3O4 hybrid photocata-

lysts upon recycling likely originates from the

morphological change in the photocatalysts. An FE-

SEM image of the photocatalyst after the fourth

cycle showed a dot-like morphology rather than the

pristine rod-like morphology (Fig. 5d). Surface poi-

soning of the photocatalysts by various intermediate

compounds during the photodegradation might

additionally contribute to lower the photocatalytic

activity after prolonged recycling [28, 29]. To

accomplish a similar photodegradation efficiency,

much longer reaction times (greater than 12 h) were

required upon irradiation of visible light.

Conclusion

In conclusion, the molecular linking strategy was

successfully performed for the synthesis of the b-
FeOOH/Fe3O4 hybrid photocatalysts as visible-

light-driven photocatalysts. In addition to the link-

ing of magnetic Fe3O4 NPs with b-FeOOH nano-

needles, the presence of the catecholic layer near b-
FeOOH accelerates the photocatalysis by either

band gap narrowing or electron accepting ability.

The b-FeOOH/Fe3O4 hybrid photocatalysts showed

a high photocatalytic degradation efficiency for

rhodamine B as a model compound for environ-

mental pollutants under UV or even visible-light

illumination. The presence of magnetic Fe3O4 NPs

enabled simple recovery and recycling of the

hybrid photocatalysts using an external magnet.

Catechol-mediated molecular linking can provide a

wide range of hybrid nanomaterials. While the

number of b-FeOOH nanoneedles in the single b-
FeOOH/Fe3O4 hybrid is not clear in this study, we

believe that ABx-type hierarchical hybrid structures

could be prepared by this approach, where A and

B are two different nanomaterials with completely

different compositions and morphologies.
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