
Magnetic δ-FeOOH/Au nanostructures synthesized using γ-irradiation 

method and their catalytic activity for the reduction of 4-nitrophenol 

 

Ivan Marić1, Marijan Gotić2, Anđela Pustak1, Goran Dražić3, Jean-Marc Grenèche4, 

Tanja Jurkin1* 

 

1Radiation Chemistry and Dosimetry Laboratory, Division of Materials Chemistry, Ruđer 

Bošković Institute, Bijenička cesta 54, 10 000 Zagreb, Croatia; imaric@irb.hr; apustak@irb.hr; 

tjurkin@irb.hr 

2Laboratory for Molecular Physics and Synthesis of New Materials, Division of Materials 

Physics, Ruđer Bošković Institute, Bijenička cesta 54, 10 000 Zagreb, Croatia; gotic@irb.hr 

3Department of Materials Chemistry, National Institute of Chemistry, Hajdrihova 19, SI-1001 

Ljubljana, Slovenia; goran.drazic@gmail.com 

4Institut des Molécules et Matériaux du Mans (IMMM UMR CNRS 6283), Le Mans Université, 

Avenue Olivier Messiaen, Le Mans F-72085, Cedex 9 France; jean-marc.greneche@univ-

lemans.fr 

 

 

Abstract 

γ-irradiation was used as an effective and environmentally friendly technique for the 

synthesis of magnetic iron oxide/Au nanostructures. Firstly, alkaline iron(III) precursor solutions, 

in the presence of 2-propanol and DEAE-dextran, were purged with nitrogen and γ-irradiated to 

doses of 14 and 75 kGy, which resulted in the reduction of Fe3+ to Fe2+ ions and formation of 

Fe(II)/Fe(III) or Fe(II) iron (hydr)oxide phases. After irradiation, gold nanoparticles (AuNPs) were 

attached to the surface of the magnetic nanostructures by in situ reduction of Au3+ with 

radiolytically formed Fe2+. At 75 kGy, simultaneous oxidation of Fe(OH)2 formed on irradiation 

and reduction of Au3+ led to the formation of superparamagnetic feroxyhyte (δ-FeOOH) nanodiscs 

decorated with well distributed, 11 – 24 nm AuNPs. The experiments performed with and without 

Fe(III) precursor and 2-propanol or tert-butanol as scavenger and in different atmospheres (N2, 

N2O) confirmed the main role of Fe2+ in Au3+ reduction. The catalytic activity of the δ-FeOOH/Au 
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nanostructures was tested for the reduction of 4-nitrophenol to 4-aminophenol. Increasing the 

amount of added Au3+ enhanced the catalytic activity of the samples, but up to a certain amount 

depending on the size of formed AuNPs. 
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Introduction 

Superparamagnetic iron oxide nanoparticles (SPIONs) are used in food packaging and food 

nanotechnology [1], as sensors [2], biosensors [1,3], contrast agents in diagnostics [4], for drug 

delivery [3,5], and for hyperthermia cancer therapies [6,7] due to their unique magnetic 

(superparamagnetism and high magnetic saturation) and electrical properties, but also 

antimicrobial effects. Magnetic iron oxide nanoparticles are also used as catalysts, for example δ-

FeOOH is used as a photocatalyst for the production of hydrogen from water splitting [8] while 

Fe3O4 and α-Fe2O3 are used for the degradation of organic contaminants such as organic dyes 

[9,10]. Recently, Chen et al. showed that magnetic flower‑like Fe3O4@SiO2@Co3O4@BiOCl and 

magnetic flower-like CoFe2O4@Bi2WO6@BiOBr composite nanoparticles with high specific 

surface area resulted in improved visible light photocatalytic efficiency for degradation of 

Rhodamine B [11,12]. An important advantage of magnetic catalysts is the ability to separate them 

from the reaction system by magnetic separation, compared to separation by centrifugation and 

filtration. For all these applications it is essential to control the nanoparticles size, shape, and 

colloidal stability as well as to obtain required chemical or biomedical properties and activity for 

selected application. This can be obtained by targeted surface modification (engineering) of 

SPIONs and synthesis of composite magnetic materials. Gold has become one of the preferred 

coatings because it is nontoxic, biocompatible, chemically inert, provides additional 

functionalization and can protect MNPs from oxidation without significantly affecting the 
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magnetic properties. It also has unique optical, as well as antimicrobial properties, and because of 

that.AuNPs have found applications in food industry [1], analytical chemistry [13], and in 

biomedicine [3,14]. Azhdarzadeh et al. [15] synthesized SPIONs by a microemulsion method and 

then coated them with gold according to the method of Lyon et al. [16]. These composites were 

modified with the MUC-1 aptamer for magnetic resonance imaging applications. In general, hybrid 

magnetic iron oxide/Au nanostructures have promising applications and advantageous properties 

compared to individual Au and MNPs. However, the properties, functionality, and thus applications 

of magnetic iron oxide/Au NPs depend on their size, shape, magnetic properties, and colloidal 

stability [17], which can be controlled by careful selection of the synthetic process and stabilizers. 

Iron oxide nanoparticles are routinely synthesized by classical methods such as microemulsions 

[18,19], hydrothermal methods [20–22], hydrolysis [23], sol-gel [24,25], etc. On the other hand, γ-

irradiation synthesis for this particular system is rarely investigated, and there are only a handful 

of previous studies [26–33]. This is mainly due to the diversity of iron oxide chemistry, and the 

great versatility of iron ions in aqueous media [34], which can generate numerous phases by slightly 

varying the experimental factors.  

In general, γ-irradiation synthesis of metal and metal oxide nanoparticles is based on 

irradiation of diluted aqueous solutions of metal cations, generating electrons, hydrogen radicals, 

OH˙ radicals, and other species [35,36] homogeneously throughout the reaction vessel without the 

need for external, often toxic, reducing agents as in conventional synthesis methods. These strong 

reducing species (e-
aq and H˙) can reduce metal cations to lower oxidation states and eventually to 

metal atoms: 

 Mn+ + neaq
− (nH·) → M0 + (nH+) (1) 

The OH˙ radicals, which are strong oxidants, can be effectively removed from the system 

by the addition of a radical scavenger, such as 2-propanol. This reaction leads to the formation of 

a 2-propanol radical, which is also a strong reducing agent [37]: 

 OH· + (CH3)2CHOH → (CH3)2C·OH + H2O (2) 

Both e-
aq and H˙ radicals react in aqueous solutions with dissolved molecular oxygen to 

form superoxide radical anions and perhydroxyl radicals, respectively, according to the reactions: 



 H 
⋅ + O2 → HO2

⋅  (3) 

 eaq
− + O2 → O2

⋅− (4) 

Since these radicals are oxidants, the dissolved oxygen must be removed by purging the 

reaction vessel with an inert gas such as nitrogen or argon. 

  In our previous work, we have used γ-irradiation as a powerful technique for the synthesis 

of magnetic iron oxide nanoparticles of controlled size, shape and phase composition, as well as 

for the one-step synthesis of magnetic gels [32,38–43]. To control the size and stability of the 

magnetic iron oxide NPs, we performed the synthesis in a microemulsion and in the presence of 

polymers. The γ-irradiation dose and dose rate affected the stoichiometry and size of the magnetite 

NPs synthesized in the microemulsion [43]. The polymer had a pronounced effect on the reduction 

conditions and the final product obtained upon irradiation of Fe(III) precursor suspensions. In the 

presence of DEAE-dextran, highly concentrated ferrofluids containing ~5 nm spherical 

superparamagnetic magnetite NPs were produced at 10 – 36 kGy [38,41]. At these doses the 

reduction of Fe3+ to Fe2+ ranged from ~22 – 69 %. We found that the optimal dose to achieve ~33 

% reduction, corresponding to the perfect Fe3+/Fe2+ ratio for stoichiometric magnetite 

(Fe3+[Fe3+Fe2+]O4), was 14 kGy [38]. At 75 kGy, complete reduction of Fe3+ to Fe2+ resulted in the 

formation of Fe(OH)2, which, when exposed to air, rapidly oxidized to magnetic δ-FeOOH 

nanodiscs [32,38,41].  

Since Au3+ ions can be reduced by Fe2+ ions in aqueous solutions [44], we wanted to 

investigate the reducing power of radiolytically formed Fe2+ by adding aqueous HAuCl4 solutions 

to the irradiated suspensions. We postulated that this would trigger the simultaneous oxidation of 

Fe(OH)2 or magnetite, depending on the dose of irradiation and the iron oxide phase formed, and 

the reduction of Au3+ ions to metallic gold, leading to iron oxide/Au nanostructures. Due to the 

complexity of our irradiated system, which contains iron oxides, DEAE-dextran polymer, and 2-

propanol as radical scavengers, it is conceivable that the reduction of Au3+ occurs by some other 

mechanism, and not only by reaction with Fe2+ ions.  Dang Nguyen VÔ et al. [45] studied the 

radiolytic synthesis of Au nanoparticles in the presence of chitosan. The authors showed that Au3+ 

can also be reduced to metallic Au by short-lived radicals and long-lived species (cyclic and linear 

compounds with carbonyl groups) formed by the effect of irradiation on chitosan. Likewise, it has 

been reported that other polymers and small organic molecules present during irradiation, as well 



as alcohols at alkaline conditions can also reduce gold ions [46–48]. Therefore, we performed 

additional experiments in different irradiation atmospheres (N2O) and with a different scavenger 

(tert-butanol) with and without iron precursor to clarify the effects of each component of our 

starting suspension on the reduction of Au3+ ions.  

In addition to a detailed structural, morphological and mechanistic investigation of the 

synthesized nanostructures, we also examined the catalytic activity of the obtained materials for 

the reduction of 4-nitrophenol with NaBH4 to 4-aminophenol. The reduction of 4-NP is very 

important from an industrial and academic point of view. 4-nitrophenol is one of the major organic 

pollutants because it is widely used for the production of herbicides, insecticides, explosives, etc., 

while 4-AP is mainly used as an intermediate for the production of analgesic and antipyretic drugs, 

and various approaches have been considered for its synthesis [49]. The mechanism for the 

catalytic reduction of 4-nitrophenol to 4-aminophenol involves adsorption of borohydride ions on 

the surface of the catalyst and generation of hydrogen radicals by electron transfer [50]. The second 

process involves adsorption of 4-nitrophenolate, addition of hydrogen species to form 4-

aminophenol, and removal of two water molecules from the nitro group. Thereafter, the 4-

aminophenol molecules desorb from the catalyst surface and a catalytic cycle is completed [49,50]. 

In the absence of a catalyst the reaction does not take place even in 2 days, so a new useful catalyst 

is constantly being sought. It is known that metal nanoparticles are the most effective catalysts for 

the reduction of 4-NP to 4-AP with NaBH4; there are a large number of research articles focusing 

on Ag, Au, Fe, Pt and Pd catalysts for this particular reaction [49–55]. Finally, this reaction does 

not produce any by-products and it can be easily monitored by UV-Vis spectrophotometry, making 

it a very convenient model reaction [49–52,54].  

 

2. Materials and methods 

2.1. Chemicals 

All chemicals were of analytical purity and used as received. Iron(III) chloride hexahydrate 

(FeCl3·6H2O) (puriss. p.a., Reag. Ph. Eur., ≥99 %), gold(III) chloride trihydrate (HAuCl4·3H2O), 

 99.9% trace metals basis), 4-nitrophenol (ReagentPlus, ≥99 %) and 4-aminophenol (≥98 %) were 

supplied by Sigma Aldrich. Diethylaminoethyl-dextran hydrochloride (DEAE-dextran) prepared 



from dextran of average molecular weight 500,000 was produced by Sigma-Aldrich. 2-propanol 

(CROMASOLV, for HPLC, ≥99.9 %), sodium hydroxide (anhydrous, free-flowing, pellets, ACS 

reagent, ≥97 %) and tert-butanol were supplied by Sigma-Aldrich/Honeywell. Sodium borohydrate 

(NaBH4) (min. 98%) was produced by Alfa Aesar. Milli-Q deionized water was used.   

2.2. Synthesis of samples 

The radiolytic synthesis of different iron oxides was thoroughly described in our previous 

papers [32,38,40,41]. Briefly, DEAE-dextran/iron(III) precursor colloid solutions were prepared 

by firstly dissolving DEAE-dextran powder to prepare 1.85 wt% aqueous solution, followed by the 

addition of 2 mol dm-3 FeCl3 aqueous solution so that the final concentration of Fe3+ ions in solution 

was 1.75·10-2 mol dm-3. Then, 2-propanol was added to the mixture so that the final concentration 

of 2-propanol was 0.2 mol dm-3. The pH of thus prepared solution was adjusted to ~9.1 by slowly 

adding 2 mol dm-3 NaOH aqueous solution. 15 ml of prepared suspension was placed in a glass 

vial sealed with a rubber septum, through which nitrogen was bubbled for 30 min in order to 

remove dissolved oxygen and then γ-irradiated at room temperature using a panoramic 60Co source 

at Radiation Chemistry and Dosimetry Laboratory at the Ruđer Bošković Institute. The dose rate 

of γ-radiation was ~18 kGy h-1 [56]. The absorbed doses were 14 and 75 kGy. Irradiation of redish-

brown precursor colloid solutions resulted in formation of black stable colloid solutions at 14 kGy, 

whereas at 75 kGy, white stable suspensions were formed.  

Into the irradiated suspensions, 5 ml of Au3+ aqueous solutions of different concentrations, 

and with or without DEAE-dextran and sodium citrate, was slowly added with a syringe through 

the rubber septum, while keeping the suspension in an ultrasound bath. Au3+ solutions of different 

concentrations were prepared from 5·10-2 mol dm-3 HAuCl4·3H2O aqueous stock solution. The 

concentrations of added Au3+ solutions were such so that in the final solutions 1, 5, 10, 15, 30, 70 

and 100 % of Au3+ correspond to a ratio of Au3+:initial Fe3+ of 0.01:1, 0.05:1, 0.10:1, 0.15:1, 0.3:1, 

0.7:1 and 1:1, respectively. The schematic representation of the synthetic procedure is given in 

Figure 1. The detailed experimental conditions used for the synthesis of samples are given in Table 

1. Immediately upon the addition of Au3+ solutions, black colloid solutions obtained at 14 kGy and 

white suspensions obtained at 75 kGy instantly changed color to different shades of brown-dark 

red-dark purple. The selected samples were isolated by centrifugation using a ScanSpeed 2236R 



high-speed centrifuge. The isolated precipitates were dried under vacuum at room temperature and 

then characterized as powder samples. 

In addition, to investigate whether the Fe2+ ions formed on irradiation are responsible for 

the reduction of added Au3+ ions, and if they are the only reducing agents in the system, additional 

experiments were performed. Experiments were performed by injecting Au3+ solution (30 % Au3+ 

aqueous solution) into the suspensions irradiated at 75 kGy: with and without initially added Fe3+ 

(that is Fe2+, depending on the extent of reduction during γ-irradiation), with and without the 

addition of different scavengers in the system (2-propanol and tert-butanol) and on irradiation in 

different atmospheres (N2 and N2O). Also, pure unirradiated polymer DEAE-dextran and 2-

propanol were tested for their ability to reduce Au3+. Details of performed experiments and 

obtained results are given later in the text. 

 

 

Figure 1. Schematic representation of the synthetic procedure.  

 

The catalytic reduction of 4-nitrophenol was investigated by UV-Vis spectrophotometry in 

the presence of synthesized samples and NaBH4. 4-nitrophenol and NaBH4 solutions were not 

purged with N2 beforehand. NaBH4 aqueous solution was freshly prepared prior to each 

N2
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experiment. Typically, 50 mL of 0.4 mmol dm-3 4-nitrophenol aqueous solution was mixed with 

50 mL of 160 mmol dm-3 NaBH4 aqueous solution. This induced the formation of 4-nitrophenolate 

ions (λmax = 400 nm). Then, while the prepared solution was stirred using an overhead glass stirrer, 

20 – 100 μL of iron oxide/Au suspension was added. Immediately after the addition of the 

feroxyhyte/Au nanoparticles, absorption spectra were collected in a period of up to 120 minutes.  

 

 

 

 

 

 

 

 

 

 

 



Table 1. Annotations of samples, experimental conditions used for the synthesis of samples, morphology and phase composition of 

samples determined using SEM, TEM, ED, XRD and Mössbauer spectrometry, SPR wavelength and AuNPs size determined from UV-

Vis spectra and mean hydrodynamic diameter of particles given from number and volume distributions.  

Sample 

n(Au3+) in 

corresponde

nce to initial 

n(Fe3+) / % 

Composition of 

Au3+ aq. 

solution 

Dose / 

kGy 

 

Morphology 

and phase 

composition 

λSPR / 

nm 
d / nm 

Average particle size of 

AuNPs* / nm 

Mean hydrodynamic 

diameter** / nm 

(Area under maximum / %) 

SEM  TEM Number Volume 

S-14-1-DEAE 1 

DEAE-dextran 

14 
spherical Fe3O4 

NPs + Au NPs 

- -  6.0 ± 1.5 9.8 (100) 10.4 (96.6) 

S-14-5-DEAE 5 - - 14.0 ± 0.2 9.5 ± 1.8 9.3 (100) 9.7 (96.8) 

S-14-10-DEAE 10 523 24.4 17.9 ± 3.0 9.5 ± 1.9 11.8 (100) 12.5 (93.9) 

S-14-15-DEAE 15 524 27.4 20.8 ± 3.9 11.9 ± 1.4 13.0 (100) 13.8 (94.1) 

S-14-30-DEAE 30 526  33.3  19.6 ± 0.4 

13.7 ± 0.5 

7.9 ± 2.8 

(HRTEM) 

79.1 (100) 90.5 (99.3) 

S-14-30-H2O 30 / 531 45.7 30.2 ± 14.1 19.3 ± 6.4 30 (100) 35.2 (97.0) 

S-14-30-cit 30 citrate 523 24.2 20.3 ± 2.4 14.5 ± 3.5 50.9 (100) 56.8 (100) 

S-75-1-DEAE 1 

DEAE-dextran 75 
-FeOOH/Au  

NPs 

- - 15.9 ± 2.0 11.2 ± 2.9 116.8 (92.6) 

122.3 (7.2) 

619.2 (58.4) 

2237 (34.5) 

S-75-5-DEAE 5 - - 18.9 ± 1.6 14.1 ± 0.6 
89.85 (92.2) 

358.1 (7.8) 

95.3 (15.6) 

402.0 (84.4) 

S-75-10-DEAE 10 - - 17.3 ± 2.2 16.1 ± 0.3 85.5 (96.0) 

89.7 (17.2) 

350.6 (30.8) 

537.6 (45.4) 

S-75-15-DEAE 15 - - 18.9 ± 0.3 16.7 ± 4.5 
225.1 (40.0) 

270.2 (60.0) 

166.9 (8.7) 

363.9 (91.3) 

S-75-30-DEAE 30 530 43.4 20.4 ± 4.4 18.6 ± 0.1 155.3 (98.6) 166.7 (89.1) 



*For each sample the average size of the particles was calculated from several SEM, TEM and HRTEM images. 

**Only the most represented populations are given.

17.9 ± 4.1 

(HRTEM) 

S-75-70-DEAE 70 542 66.7 24.5 ± 2.5 23.7 ± 0.5 214.0 (100) 227.4 (100) 

S-75-30-H2O 30 

/ 75 

534 52.1 23.8 ± 2.1 17.8 ± 3.8 147.7 (100) 158.2 (100) 

S-75-70-H2O 70 539 61.5 25.1 ± 2.3 22.1 ± 3.6 151.9 (99.9) 162.7 (99.1) 

S-75-100-H2O 100 544 69.9 25.2 ± 1.7 20.5 ± 5.2 153.0 (100) 163.0 (100) 

S-75-30-cit 30 citrate 75 549 77.6  15.7 ± 4.9 73.4 (99.1) 

76.1 (16.1) 

629 (42.3) 

2148 (38.1) 



2.3 Characterization of samples 

All synthesized samples were characterized as obtained suspensions (UV-Vis 

spectrophotometry, SEM, TEM, DLS), while selected samples were isolated and characterized by 

XRD, 57Fe Mössbauer spectrometry and N2 physisorption measurements. Selected suspensions 

were also characterized by HRTEM and electron diffraction. 

The UV-Vis spectra were collected using a Shimadzu UV/VIS/NIR spectrometer, model 

UV-3600. Quartz cuvettes having an optical path length of 1 cm were used. The used wavelength 

range was from 900 to 200 nm. The gold particle size was calculated from UV-Vis spectra using 

the procedure presented by Khlebtsov [57]. For catalysis experiments, UV-Vis spectra were 

collected in 1 cm quartz cuvettes using a UV-Vis spectrophotometer Varian Cary 4000 and the 

wavelength range was from 650 to 200 nm.  

Dynamic light scattering (DLS) measurements of synthesized suspensions were performed 

using Zetasizer Ultra (Malvern Panalytical) equipped with a 632.8 nm He-Ne laser, using the 

Multi-Angle Dynamic Light Scattering (MADLS®) technology. MADLS performs analysis at three 

different scattering angles (front 13°, side 90°, back 173°) and compiles the data into a single 

integrated measurement. The measurements were performed using DTS0012 1 cm plastic cuvettes. 

Each measurement consisted of 5 runs with at least 30 subruns. Hydrodynamic diameters were 

calculated on the basis of intensity, volume and number distributions and the results are presented 

as the mean value of at least 3 measurements.  

The morphology and elemental analysis of the samples were investigated using a thermal 

field emission scanning electron microscope (FE-SEM), model JSM-7000F, manufactured by 

JEOL Ltd. and connected to the EDS/INCA 350 (energy dispersive X-ray analyzer) manufactured 

by Oxford Instruments, as well as using a transmission electron microscope Zeiss EM10. For the 

SEM analysis, suspensions were dripped onto silicon wafers, glued with graphite strips to the 

sample holder and dried. For the TEM analysis, suspensions were dripped onto copper mesh and 

dried. High-resolution morphology investigation and electron diffraction analysis of selected 

samples were performed using a probe Cs-corrected cold field-emission Scanning Transmission 

Electron Microscope (STEM) JEOL ARM (atomic resolution microscope) 200 CF. For each 

sample the average size of the particles was calculated from several SEM, TEM and HRTEM 

images using ImageJ software. 



X-ray powder diffraction (XRD) patterns were recorded at room temperature using a 

Siemens D5000 diffractometer (CuKα radiation). The XRD patterns were recorded over a 5 – 80 

2 range with 2 step of 0.05 o and a counting time per step of 55 – 57 s. The samples were put on 

XRD Si zero-background holder in the form of a thin layer. The Scherrer equation was used to 

estimate the crystal domain size of Au and iron oxide phases [58]. Match! 3 software was used for 

the qualitative analysis of the obtained diffractograms.  

57Fe Mössbauer spectra were recorded at room temperature in the transmission mode using 

a standard instrumental configuration by WissEl GmbH (Starnberg, Germany). The 57Co in a 

rhodium matrix was used as a Mössbauer source. The spectrometer was calibrated at room 

temperature using the standard α-Fe foil spectrum. The velocity scale and all the data refer to the 

metallic α-Fe absorber at room temperature. The experimentally observed Mössbauer spectra were 

fitted using the MossWinn program. Additionally, 57Fe Mössbauer spectra were recorded at 77 K 

using a conventional constant acceleration transmission spectrometer with a 57Co in a rhodium 

matrix as a source and a bath cryostat. The spectra obtained at 77 K were fitted using the MOSFIT 

program (Teillet, J.; Varret, F. unpublished Mosfit program, Université du Maine) and α-Fe 

absorber was used as a calibration sample. 

The surface structure properties of the samples were determined by N2 adsorption-

desorption measurements using a Quantachrome Autosorb iQ-AG-C instrument. Prior to the 

measurement, the material was kept at 90 °C under vacuum to remove any residual gas and 

moisture from the sample. This was performed until the rate of rise of pressure with closed vacuum 

valves was less than 50 millitorr per minute. The adsorption-desorption isotherms were measured 

at 77 K in a relative pressure range of ~10-5 to ~0.99. The Brunauer-Emmet-Teller (BET) method 

was used to determine the specific surface area.  

 

3. Results and Discussion 

3.1. X-ray diffraction 

X-ray powder diffractograms of selected isolated samples S-75-30-H2O, S-75-70-H2O and 

S-75-100-H2O, obtained by irradiation at 75 kGy, are given in Figure 2. XRD analysis confirmed 

the presence of both Au and δ-FeOOH. The lines of gold nanoparticles dominate, while the lines 



of feroxyhyte (δ-FeOOH) are poorly visible, but coincide well with the lines of the ICDD card 77-

0247). Unidentified maxima are also present on all diffractograms, some of which generally agree 

well with iron-oxides such as hematite or akageneite, however, not all lines can be attributed to a 

single oxide. XRD analysis of samples synthesized at 14 kGy was not performed because due to 

the exceptional stability of the suspensions and the difficulty to isolate a sufficient amount of 

sample by centrifugation. 

The results of the diffraction line-broadening analysis are given in Table 2. The Scherrer 

equation was used to calculate the volume-average domain size (Dv) of the crystalline phases 

present in the synthesized samples: 

 
𝐷ℎ𝑘𝑙 =

𝐾𝜆

𝛽ℎ𝑘𝑙 cos 𝜃
 

(5) 

where Dhkl is the average size of a crystal domain in a direction perpendicular to the 

reflecting plane hkl, K is the shape factor, βhkl is the peak width at half maximum, and θ is the 

scattering angle. The calculation of the crystallite size according to the Scherrer equation was done 

for the 111 diffraction line of gold and for the 100 diffraction line of feroxyhyte. The Au crystallite 

size is the smallest for the S-75-30-H2O (~12 nm). For samples S-75-70-H2O and S-75-100-H2O 

the Au crystallite size is larger, about 18 nm. Volume-average domain size D100 of δ-FeOOH 

particles is smaller for sample S-75-70-H2O (19.8 nm) compared to S-75-30-H2O (23.2 nm). This 

indicates a possible dissolution of nanoparticles due to the higher pH drop with increasing Au3+
 

concentration.  



 

Figure 2. XRD analysis of samples S-75-30-H2O, S-75-70-H2O and S-75-100-H2O. 

 

Table 2. Scherrer analysis of crystal domain sizes for selected Au and δ-FeOOH lines for samples 

S-75-30-H2O, S-75-70-H2O and S-75-100-H2O. 

Sample 2θ / ° Dhkl / nm hkl 

S-75-30-H2O 
38.2 11.6 111 (Au) 

35.4 23.2 100 (-FeOOH) 

S-75-70-H2O 

38.2 18.4 111 (Au) 

35.2 19.8 100 (-FeOOH) 

S-75-100-H2O 38.2 18.2 111 (Au) 
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3.2. Mössbauer spectrometry 

Selected samples were analyzed by Mössbauer spectrometry at room temperature and 77 K 

as frozen suspensions or isolated powders and their spectra are given in Figure 3. The spectrum of 

the sample S-75-0 at room temperature consists of a collapsing sextet (hyperfine field distribution) 

and a quadrupolar doublet which indicates a superparamagnetic nature of feroxyhyte nanodiscs. 

This is in line with our previous results [41]. The spectrum of the same sample at 77 K consists of 

a more defined sextet with higher average hyperfine field value and a doublet with smaller 

contribution which can be interpreted as magnetic blocking of a higher proportion of particles due 

to the decrease in temperature. The spectra of samples synthesized at 75 kGy with 5 % (S-75-5-

DEAE) and 30 % Au (S-75-30-H2O) at 300 K both show similar features as they consist of a 

dominant doublet and a smaller collapsing sextet contribution. It can be concluded that feroxyhyte 

nanoparticles are superparamagnetic, and that there was no discernible effect of Au on the magnetic 

(hyperfine) properties of the particles. Spectra of high quality were difficult to obtain for the 

samples analyzed at 77 K synthesized with 1 % Au (spectrum collected in the form of a frozen 

suspension) and 70 % Au (spectrum collected in the form of a powder), therefore, these spectra 

were not fitted. However, a well-defined sextet component can be clearly seen on both spectra; this 

points to a high degree of magnetic blocking due to the decrease in temperature. To conclude, these 

results show that superparamagnetic feroxyhyte nanodiscs can be obtained even in the case of a 

one-step synthesis of feroxyhyte/Au nanostructures, and that formed Au nanoparticles do not have 

an adverse effect on the magnetic properties of the iron oxide polymorph. 



 

Figure 3. Room temperature and 77 K Mössbauer spectra collected in the form of powders or 

frozen suspensions of samples S-75-0-H2O, S-75-5-DEAE, S-75-30-H2O, S-75-1-DEAE and S-

75-70-H2O. δ = isomer shift; Δ = quadrupole splitting; 2ε = quadrupole shift; Bhf = hyperfine 

magnetic field; Γ = line width. Error: δ = ± 0.01 mm s−1; Δ = ± 0.01 mm s−1; Bhf = ± 0.2 T 
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3.3. UV-Vis spectrophotometry 

UV-Vis spectra of all synthesized suspensions are given in Figures 4 and 5. The surface 

plasmon resonance (SPR) band at around 520 – 550 nm is characteristic of gold nanoparticles. The 

size of gold nanoparticles was determined based on UV-Vis spectra using the Khlebtsov procedure 

[57] and the results are given in Table 1. In general, the position, width, and intensity of SPR bands 

depend on the size, shape, concentration, surface charge, refractive index of the surrounding 

medium, and interactions between particles. The position of the SPR band is often used to 

determine the size of nanoparticles. For spherical nanoparticles, the position of the SPR band shifts 

toward lower wavelengths as the particle size decreases [59]. 

It can be seen that, generally, the surface plasmon resonance band red-shifts and the 

absorbance increases as the concentration of HAuCl4 increases, for suspensions synthesized at 14 

kGy (Figure 4, left panel) as well as those synthesized at 75 kGy (Figure 4, right panel), which 

implies an increase in particle size. However, the question is to what extent this model, which is 

based on free (spherical) Au particles in suspension, is applicable to this system of nanoparticles 

[57]. Also, it is visible that as the initial HAuCl4 concentration increases so does the absorbance of 

unreacted Au3+ at 299-303 nm, i.e. the reduction is incomplete. The presence of unreduced Au3+ 

absorption band for the spectra of samples with initially added 70 % and 100 % Au3+ is consistent 

with the assumption that Au3+ is reduced by the oxidation of radiolytically reduced Fe2+ ions. In 

the high Au3+ concentration regime, there is a lack of Fe2+ ions to reduce all Au3+ ions (three Fe2+ 

ions are required to reduce one Au3+ ion). Furthermore, it can be seen that there is not a significant 

increase in the absorbance for samples synthesized with more than 30 % initially added Au3+ 

(which is the theoretically optimal amount), especially for the samples synthesized 100 % Au 

(Figure 4, bottom panel). There is also a certain decrease in the broad absorbance of iron oxides 

under 400 nm with the initial HAuCl4 concentration increase due to the sharp drop in pH values 

(5.22 for 30 %, 2.12 for 100 %). As for the influence of irradiation dose on AuNPs size, generally, 

smaller AuNPs formed at 14 kGy compared to 75 kGy (Figure 4, left vs. right panel, and Figure 

5). Furthermore, the type of stabilizer present in the initial Au3+ aqueous solution affected the size 

of AuNPs. SPR band appears at lower wavelength (smaller AuNPs) for suspensions synthesized 

with addition of Au3+/DEAE-dextran and citrate compared to pure Au3+ aqueous solution, both for 

suspensions synthesized at 14 kGy as well as those synthesized at 75 kGy (Figure 5).  



 

Figure 4. UV-Vis absorption spectra of samples synthesized at 14 kGy (Au3+/DEAE), 75 kGy 

(Au3+/DEAE) and 75 kGy (Au3+/H2O) shown as a function of added Au3+ concentration. 

 

 

Figure 5. UV-Vis absorption spectra of samples synthesized at 14 kGy and 75 kGy with 30 % 

added Au3+ with different stabilizing agents (H2O/no stabilizer, DEAE-dextran and citrate). 
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3.4. Dynamic light scattering 

All synthesized suspensions were completely stable, especially those obtained at 14 kGy 

which were extremely stable. Results of DLS analysis are given in Table 1. The mean values of 

particle size distributions by number and volume are given, obtained by measuring at three different 

scattering angles (MADLS technology). Practically monodisperse distributions were obtained in a 

large number of samples. DLS analysis confirmed a general trend of increasing nanoparticle size 

with increasing Au3+ salt concentration in samples obtained at 14 kGy. 

At 14 kGy (samples S-14-1-DEAE to S-14-15-DEAE with 1-15 % Au3+/DEAE-dextran) 

almost monodisperse suspensions were obtained with almost 100% population of mean 

hydrodynamic diameter ranging from ~10 nm to ~13 nm as % Au3+ increases. This distribution 

could in fact be a consequence of both magnetite and Au nanoparticles. For samples synthesized 

with 30 % Au3+ much larger populations were observed, up to ~80 nm (number distribution). At 

75 kGy, in general, particle size distributions (number distributions) range from around 85 nm to 

350 nm.  The effect of stabilizer in Au3+ solution was also observed; at 14 kGy the largest particles 

were obtained with addition of Au3+ as DEAE-dextran solution. 

All these results obtained from DLS are actually quite consistent with the results obtained 

by UV-Vis and SEM and TEM analyses shown later in the text. It should be emphasized that in 

contrast to the nanoparticle sizes determined from SEM and TEM micrographs, DLS gives 

information on the hydrodynamic diameter of nanoparticles, to which polymers on the surface 

highly contribute. Considering the information on particle size obtained by TEM and SEM 

analyses, it can be concluded that for samples synthesized at 75 kGy DLS provides the values of 

hydrodynamic diameter of the composite particles since AuNPs and polymers are adsorbed on the 

surface of nanodiscs. The smaller populations at 75 kGy can be attributed to possible "free" (non-

absorbed) AuNPs. Also, it cannot be ruled out that some of the populations detected by DLS belong 

to DEAE-dextran and/or citrate complexes/aggregates.  

 

 

 

 



3.5. Scanning and transmission electron microscopy 

SEM and TEM analyses were performed on suspensions and provided insight into the 

morphology of synthesized nanoparticles. SEM micrographs and the results of EDS analyses of 

selected samples are given in Figures 6, 7 and 9, while TEM micrographs of selected samples are 

given in Figures 8 and 10. The results of the average size of the synthesized nanoparticles 

determined from SEM and TEM micrographs are given in Table 1. 

Depending on the gamma irradiation dose, nanoparticles of different phase composition 

and morphology were synthesized. SEM micrographs (Figure 6) of samples obtained by irradiating 

Fe(III)-oxide precursor suspension at a dose of 14 kGy and subsequent mixing with HAuCl4
 

solution revealed the formation of small spherical nanoparticles. Based on SEM micrographs, it 

was difficult to distinguish whether spherical particles are gold NPs, magnetite NPs or perhaps 

hybrid gold and magnetite NPs, however, HRTEM results presented later in the text confirmed that 

particles observed on the SEM and TEM images are exclusively gold particles, because they exhibit 

better contrast and larger particle size. Generally, an increase in particle size as a function of 

HAuCl4 concentration can be observed, both from SEM and TEM results (Table 1). Particles were 

in the range from 6 – 14 nm as shown in the TEM images. In addition, somewhat larger Au particles 

were obtained for the sample synthesized with no stabilizer in Au3+ solution (S-14-30-H2O), when 

compared to the samples synthesized with DEAE-dextran or citrate (Figure 6, d to f), which is 

consistent with UV-Vis spectrophotometry results.  

 

 

 



 

Figure 6. SEM micrographs of samples synthesized at 14 kGy with varying concentration of 

added Au3+ and with different stabilizers in Au3+ solution: a) S-14-5-DEAE, b) S-14-10-DEAE, 

c) S-14-15-DEAE, d) S-14-30-DEAE (EDS analysis in the inset), e) S-14-30-H2O (EDS analysis 

in the inset), f) S-14-30-cit. 

 

In contrast, SEM and TEM micrographs (Figures 7 and 8) samples obtained by irradiating 

Fe(III)-oxide precursor suspension at 75 kGy and subsequent mixing with HAuCl4 solution (with 

DEAE-dextran) revealed the formation of hybrid particles in the form of small spherical AuNPs 

adsorbed on the surface of feroxyhyte nanodiscs, with only a handful of non-adsorbed, or “free” 

AuNPs. It can also be observed that Au nanoparticles are to some extent preferably adsorbed on 

the edges of the nanodiscs. In addition, in some samples -FeOOH nanorings can be observed 

(Figure 8). The morphology of the samples S-75-30-H2O, S-75-70-H2O and S-75-100-H2O 

synthesized with the addition of pure Au3+ aq. solution (Figures 7g, 7h, 7i and 8g, 8h, 8i) is 

consistent with the HAuCl4/DEAE-dextran samples, however, the AuNPs are slightly larger when 

comparing equivalent samples (Table 1). In some samples with a higher percentage of added Au3+ 
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(Figures 7f, 7h, 7i, 8f, 8h and 8i) the formation of smaller amounts of very large gold nanoparticles 

(100 nm and more) can be observed. Increasing the concentration of Au3+ salt resulted in better 

coverage of feroxyhyte discs with AuNPs, however, with further addition of a larger amount of 

Au3+ (at high concentration of Au3+, above 30 %) the growth of AuNPs was dominant compared 

to the formation of a large number of small nanoparticles, i. e. better coverage. The size of AuNPs 

increased with the concentration of added Au3+ salt (Table 1), from 11 nm to 24 nm, similar to the 

results obtained with samples synthesized at 14 kGy, as well as those observed by DLS 

measurements (Table 1). The diameter of feroxyhyte nanodiscs ranged between ~80 and ~250 nm, 

which is consistent with the morphology and size of feroxyhyte nanodiscs from our previous work 

[41]. There was also a trend of a decrease in the size (diameter) of feroxyhyte discs by increasing 

the concentration of Au3+ salt, observed for some samples. As explained earlier, this is in line with 

UV-Vis spectrophotometry results, due to a significant decrease in pH. The stabilizer present in 

the Au3+ solution also had some effect on the particle size. Generally, the largest AuNPs were 

obtained when Au3+ salt was added to the irradiated suspension as pure aqueous solution, and the 

smallest with DEAE-dextran aqueous solution. This effect is quite consistent with that from the 

UV-Vis spectra (Table 1).  



 

Figure 7. SEM micrographs of samples synthesized at 75 kGy with varying concentration of 

added Au3+: a) S-75-1-DEAE, b) S-75-5-DEAE (EDS analysis in the inset), c) S-75-10-DEAE, d) 

S-75-15-DEAE (EDS analysis in the inset), e) S-75-30-DEAE, f) S-75-70-DEAE (EDS analysis 

in the inset), g) S-75-30-H2O, h) S-75-70-H2O, i) S-75-100-H2O. 
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Figure 8. TEM micrographs of samples synthesized at 75 kGy with varying concentration of 

added Au3+: a) S-75-1-DEAE, b) S-75-5-DEAE, c) S-75-10-DEAE, d) S-75-15-DEAE, e) S-75-

30-DEAE, f) S-75-70-DEAE, g) S-75-30-H2O, h) S-75-70-H2O, i) S-75-100-H2O. The scale bar 

corresponds to 0.5 μm. 
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3.6. High-resolution transmission electron microscopy 

HRTEM analysis of selected samples S-14-30-DEAE and S-75-30-DEAE is given in 

Figures 9 and 10, respectively. HRTEM analysis revealed the true nature of the samples 

synthesized by irradiation of Fe(III)-oxide precursor suspension at 14 kGy and subsequent mixing 

with Au3+ solution. HRTEM bright-field images (Figures 9a and b) and EDXS analysis (Figures 

9e and f) revealed that the sample synthesized at 14 kGy does not consist of hybrid spherical Fe-

oxide/Au particles but of individual larger gold nanoparticles (average size 6-8 nm, inset of Figure 

9b) and smaller magnetite (Fe3O4) nanoparticles (about 4 nm diameter). Annular bright-field (ABF) 

micrograph shown in Figure 9c with corresponding FFT in the inset show a magnetite/maghemite 

particle oriented in the [110] zone with characteristic spinel features, while the ABF image and its 

corresponding FFT presented in Figure 9d show another magnetite/maghemite nanoparticle 

oriented in the [111] zone.  
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Figure 9. HRTEM analysis of sample S-14-30-DEAE. TEM bright-field micrographs at different 

magnifications with particle size distribution in the inset (a, b). Annular bright-field micrographs 

of a magnetite/maghemite particle oriented in the [110] zone with characteristic spinel features 

(c) and of another magnetite/maghemite nanoparticle oriented in the [111] zone with (d) with 

corresponding FFT images in the inset.  TEM image and corresponding EDS elemental mapping 

of the sample (e, f). 

 

 

 

HRTEM analysis of the sample synthesized by irradiation of Fe(III)-oxide precursor 

suspension at 75 kGy and subsequent mixing with Au3+ solution confirmed the formation of hybrid 

particles. Micrographs at different magnifications of the sample are shown in Figures 10a, b and c. 

Sample consists of nanodiscs (diameter 200-250 nm) with clearly visible, spherical gold 

nanoparticles adsorbed on the surface of the nanodiscs (average size of the AuNPs is ~16 nm, inset 

of Figure 10c). SAED analysis of a single nanodisc particle (Figure 10d) confirmed that these 

nanodiscs are indeed the feroxyhyte (-FeOOH) phase. The particle is oriented in the [0001] zone, 

and these results agree well with our previous investigations of the radiolytic synthesis of 

feroxyhyte nanodiscs [41]. EDXS analysis and its corresponding HRTEM image (Figure 10e and 

f) confirmed the formation of discrete gold nanoparticles.  



 

Figure 10. HRTEM analysis of sample S-75-30-DEAE. TEM bright-field micrographs at 

different magnifications with particle size distribution in the inset (a, b, c). Electron diffraction 

pattern of a single feroxyhyte nanodisc (d). TEM image and corresponding EDS elemental 

mapping of the sample (e, f). 

 

3.7. Physisorption measurements 

 N2 gas adsorption isotherms of samples S-75-0, S-75-30-H2O and S-75-100-H2O are shown 

in Figure 11. The adsorption-desorption isotherms can be classified as H3 type hysteresis loops, 

which are observed for non-rigid aggregates of plate-like particles which gives rise to interparticle 

porosity, i. e. slit-shaped pores [60]. Our previous work [41] demonstrated that these feroxyhyte 

nanodiscs tend to attach to each other on their basal plane, which resulted in the formation of these 

slit-like pores. BET surface area increased for the S-75-30-H2O sample in comparison to the pure 

feroxyhyte sample (S-75-0) from 22.9 m2 g-1 to 63.2 m2 g-1, due to the formation of Au 

nanoparticles on the surface of these feroxyhyte nanodiscs. On the other hand, the surface area of 
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the sample S-75-100-H2O was 44.1 m2 g-1, probably due to the formation of larger gold 

nanoparticles. 

 

Figure 11. Gas (N2) adsorption (red line) and desorption (blue line) isotherms of samples S-75-0, 

S-75-30-H2O and S-75-100-H2O with corresponding specific surface area values. 

 

3.8. Mechanism of formation of feroxyhyte/Au nanostructures 

To investigate whether the Fe2+ ions formed during irradiation are responsible for the 

reduction of the added Au3+ ions, and whether they are the only reducing agents in the system, we 

performed the additional experiments described in the introduction and experimental section. These 

experiments were performed by injecting Au3+ solution (30 % pure aqueous Au3+ solution) into 

irradiated suspensions: with and without Fe3+ in the precursor, i. e. Fe2+ in the irradiated 

suspension/solution, with and without the different scavengers (2-propanol and tert-butanol) and 
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on irradiation in different atmospheres (N2 and N2O). Details of the experiments performed and the 

reduction obtained are given in Table 3, while the UV-Vis spectra of the obtained suspensions are 

shown in Figure 12. SEM micrographs and photographs of the samples are shown in Figure 13. 

   

Table 3. Experimental conditions used for examining the possible reducing agents in the system. 

Into all suspensions, after irradiation or into unirradiated suspensions, 30 % Au3+ was added as 

pure HAuCl4 aqueous solution. Concentrations in suspensions were as follows: DEAE-dextran 

(1.85 wt%), FeCl3·6H2O (1.75·10-2 mol dm-3 Fe3+), 2-propanol (0.2 mol dm-3), tert-butanol (0.2 

mol dm-3), pH ~ 9.1. 

Composition of suspensions  Reduction of Au3+ 

DEAE-dextran, 75 kGy, N2O 
- (slow, partial 

reduction with time) 

DEAE-dextran, Fe3+, 75 kGy, N2O + 

DEAE-dextran, tert-butanol, 75 kGy, N2O 
- (slow, partial 

reduction with time) 

DEAE-dextran, Fe3+, tert-butanol, 75 kGy, N2O +  

DEAE-dextran, 2-propanol, 75 kGy, N2O + 

DEAE-dextran, Fe3+, 2-propanol, 75 kGy, N2O + 

DEAE-dextran, 2-propanol, 75 kGy, N2 + 

DEAE-dextran, Fe3+, 2-propanol, 75 kGy, N2 + 

DEAE-dextran, Fe3+, tert-butanol, 75 kGy, N2 + 

DEAE-dextran, 2-propanol, 0 kGy, N2 
- (slow reduction 

started after 20 min) 

DEAE-dextran, 0 kGy, N2 
- (slow reduction 

started after 30-40 min) 

2-propanol, 0 kGy, N2 -  

 

 

i) When Au3+ solution was injected into the irradiated suspensions without scavengers and 

in N2O atmosphere, very slow reduction of Au3+ occurred in the suspension without Fe3+, while 

AuNPs formed almost immediately in the suspension with Fe3+. On irradiation of aqueous DEAE-

dextran solution without the addition of scavengers of ·OH radicals and in N2O atmosphere, 

hydrated electrons (as reducing agents of Fe2+) are removed from the system by reaction with N2O, 

which leads to additional formation of ·OH radicals: 



 eaq
− + N2O + H2O → N2 + OH· + OH− (6) 

Such excess of ·OH radicals leads to enhanced formation of polymeric DEAE-dextran 

radicals and DEAE-dextran degradation products. It is known that hydroxyl radicals formed upon 

irradiation in aqueous solutions react with the polymer by abstracting H atoms from the polymer 

chain, resulting in the formation of polymer macroradicals, and in the case of an aqueous solution 

of polysaccharides, this leads primarily to the degradation of the polymer chains [61,62], or in this 

case, to the degradation of DEAE-dextran. The hydrogen radical (H·), although less reactive, can 

also abstract H atoms from the polymer chain. If Fe3+ is present during irradiation, the DEAE-

dextran radicals and degradation products formed can partially reduce Fe3+ to Fe2+, which is 

confirmed by the dark color of the irradiated suspension (Fe3+ reduction to a lesser extent because 

hydrated electrons which act as reducing agents are removed from the system). In our previous 

work [63] we quantitatively determined that at a dose of 130 kGy, DEAE-dextran radicals and 

degradation products can reduce 30 % Fe3+. Fe2+ formed on irradiation in turn reduces Au3+. These 

experiments confirm the role of radiolytically formed Fe2+ in the reduction of Au3+, since no 

reduction was observed in the experiment without Fe2+ present, supporting the hypothesis that 

DEAE-dextran degradation products cannot significantly reduce Au3+, at least not immediately. 

During longer periods, however, some reduction did occur, but the Au particles formed tend to be 

larger, of different morphologies, and were generally not colloidally stable (Figure 13).  

ii) When aqueous DEAE-dextran solution is irradiated with tert-butanol as a scavenger of 

·OH radicals and in N2O atmosphere, the additional ·OH radicals (formed by reaction of hydrated 

electrons with N2O) formed are present in lower concentration as they are scavenged by tert-

butanol: 

 OH 
⋅ + (CH3)3COH → H2O + CH2(CH3)2COH 

⋅  (7) 

 resulting in a lower concentration of polymer radicals and degradation products. Tert-

butanol radicals, unlike 2-propanol radicals, cannot reduce Fe3+ or Au3+. No significant reduction 

of Au3+ occurred in the suspension without Fe3+ (partial reduction over a longer period), while 

AuNPs with a red-shifted SPR band at ~610 nm formed in suspension with Fe3+.  

iii) Upon irradiation of an aqueous DEAE-dextran solution with 2-propanol as radical 

scavenger and in N2O atmosphere, hydrated electrons are removed from the system, forming an 



excess of ·OH. Hydroxyl radicals are scavenged by 2-propanol, but not completely because of the 

excess, so some DEAE-dextran radicals and degradation products are still present. 2-propanol 

(isopropyl radicals) formed by scavenging hydroxyl radicals can also reduce Fe3+, in addition to 

polymer radicals which can reduce Fe3+. In this case, the reduction of Au3+ was observed both in 

suspensions without Fe3+ and with Fe3+. In the case with Fe, higher concentration of AuNPs (higher 

absorbance in the UV-Vis spectrum) and smaller AuNPs were formed. These results confirm that 

2-propanol radicals reduce Fe3+,  but they also indicate that 2-propanol radicals or their oxidation 

products can live long enough after irradiation to reduce Au3+, which was not expected. In both 

cases, small spherical Au nanoparticles formed (Figure 13). 

iv) When irradiating aqueous DEAE-dextran solution with 2-propanol and in N2 

atmosphere, which are the conditions used for all samples reported in this work, hydrated electrons 

are present as strong reducing agents during irradiation, while ·OH radicals (formed only by water 

radiolysis), as well as H· radicals, are scavenged by 2-propanol forming isopropyl radicals. Under 

these conditions, because of lower amount of hydroxyl radicals, there is little formation of polymer 

radicals and degradation products. The reduction of Au3+ was observed both in suspensions without 

Fe3+ and in those with Fe3+, although higher yield of reduction of Au3+ was obtained with Fe3+. In 

this case, the reduction of Fe3+ occurs with both hydrated electrons and isopropyl radicals. This 

higher yield of Fe2+ leads to rapid reduction of Au3+ and formation of smaller AuNPs. As expected 

based on the results of this work, feroxyhyte nanodiscs decorated with AuNPs form in the case 

with Fe3+, while purely small spherical nanoparticles are visible in the case without Fe3+ (Figure 

13).  

v) Upon irradiation of aqueous DEAE-dextran solution with tert-butanol and in N2 

atmosphere, the conditions are similar to case iv, except that tert-butanol radicals cannot reduce 

either Fe3+ or Au3+. As in the former case, 100 % reduction of Fe3+ to Fe2+ was achieved due to the 

presence of hydrated electrons, which was confirmed by the white color of the suspension after 

irradiation. AuNPs were formed in the suspension with Fe3+ (feroxyhyte nanodisc/AuNPs 

morphology, Figure 13); the SPR band appears at 525 nm (Figure 12). These experiments 

confirmed the main role of Fe2+, but also the importance of 2-propanol. 

Finally, experiments with unirradiated suspensions (Table 3) were performed and showed 

that 2-propanol by itself cannot reduce Au3+ to elemental gold, since no absorbance maximum was 



observed. On the other hand, there was a slow and partial reduction of Au3+ with unirradiated 

solution of DEAE-dextran (and with DEAE-dextran, 2-propanol mixture), where a dark suspension 

formed 2 hours after injecting the HAuCl4 solution.  

In summary, a series of experiments using N2O and N2 as purging gases, and 2-propanol 

and tert-butanol as scavengers, demonstrated that Fe2+ can reduce Au3+ and is the most important 

factor in the formation of AuNPs after irradiation. This reaction can be described according to the 

simplified net equation [64]: 

 AuCl4
− + 3Fe2+ + 6H2O → Au0 + 3FeOOH + 4Cl− + 9H+ (8) 

Isopropyl alcohol proved to be another important factor in the reduction of Au3+, while 

DEAE-dextran and its degradation products played a minor role. 

Based on the formation of feroxyhyte in the nanodisc morphology, it can be said with 

confidence that Fe(II) from the well-dispersed Fe(OH)2 solid intermediate reduces adsorbed Au3+ 

ions in solution to Au0 at the solid/solution interface. This is due to the fact that feroxyhyte cannot 

form if the precursor is not Fe(OH)2 in its sheet/disc morphology [65,66] whose formation we 

undoubtedly confirmed in previous work [38,40,41]. Furthermore, since such layered double 

hydroxide (sheet-like) structures are remarkable adsorbents, they can easily adsorb Au3+ ions on 

their surface and initiate the reduction of Au3+ to elemental gold. If the Fe(OH)2 precursor dissolves 

and the Fe2+ ions react with Au3+ ions in solution, the Fe3+ ions formed would hydrolyze and form 

another iron oxide phase such as goethite or hematite.  
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Figure 12. UV-Vis spectra of suspensions synthesized by addition of Au3+ solution in irradiated 

suspensions: with and without Fe3+ in the precursor suspension, with and without different 

scavengers (2-propanol, tert-butanol) and on irradiation in different atmospheres (N2, N2O). All 

the suspensions were diluted 30 times. 
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Figure 13. SEM micrographs and corresponding photographs of suspensions synthesized by 

addition of Au3+ solution in irradiated suspensions: with Fe3+ (right panels) and without Fe3+ (left 

panels) in the precursor suspension (Fe2+ in the irradiated solution), with and without different 

scavengers (2-propanol, tert-butanol) and on irradiation in different atmospheres (N2, N2O). 

Photographs taken were of suspensions diluted 30 times.  

 

 

3.9. Catalytic activity measurements for the reduction of 4-nitrophenol 

4-nitrophenol shows a UV-Vis absorption bands at 318 nm and 226 nm (pink dashed spectra 

in Figures 14 and 15). The addition of NaBH4 to a 4-NP solution induces the formation of 4-

nitrophenolate anion and the absorbance band shifts to 400 nm (black dashed spectra, Figures 14 

and 15). Without a catalyst, the absorbance of the nitrophenolate anion was stable and did not 

change during a prolonged period of up to 2 hours (results not shown).  

Figure 14 shows the results obtained for the catalytic reduction of 4-nitrophenol to 4-

aminophenol with NaBH4 and the synthesized Au decorated δ-FeOOH nanodiscs with varying 

amounts of initially added Au3+ from 1 % to 70 %. Upon the addition of 60 μL of the synthesized 

samples, there was a clear decrease of the 4-nitrophenolate absorption band at 400 nm and an 

increase in the 4-aminophenol band at 300 nm. In contrast, pure δ-FeOOH sample without added 

Au3+ did not catalyze the reduction of 4-NP (Figure S1 in the Supplementary Materials). There was 

a huge improvement in the efficiency of the catalyst up to 15 % added Au3+ (samples S-75-1-DEAE 

to S-75-15-DEAE); the reaction was complete within 15 minutes for the sample S-75-15-DEAE. 

However, further increase in the amount of initially added Au3+ did not enhance the rate of reaction, 

on the contrary, there was a marked retardation of the reaction (samples S-75-30-DEAE and S-75-

70-DEAE), even though there should be a higher number of Au nanoparticles in the catalyst system. 

It is clear that too much initially added Au3+ generally impacts the reaction negatively because the 

particle size increases and the specific surface area tends to decrease, as evidenced by the SEM, 

TEM and N2 adsorption-desorption results, which are often cited as one of the most important 

parameters for the synthesis of efficient catalysts [50].  



In order to investigate the effect catalyst amount has on the rate of reaction, experiments 

with different aliquots of 20, 60 and 100 μL of sample S-75-30-DEAE were performed (Figure 

15). Because of a high excess of NaBH4 in the reaction system, the rate of reaction can be assumed 

to be independent of NaBH4 concentration and thus pseudo-first order kinetics model can be 

applied to evaluate the catalytic efficiency [49]. There was an order of magnitude increase in the 

apparent kinetic rate constant going from 20 to 60 μL of the catalyst (k = 0.01 to 0.1 min-1), and an 

almost threefold increase (k = 0.26 min-1) when the aliquot volume is further increased to 100 μL 

(the reaction was complete within 15 minutes). This finding supports the fact that increasing the 

amount of catalyst significantly enhances the rate of reaction. Some authors found a delay for the 

reduction of 4-NP, i. e. an induction time. This delay has been found for a plethora of catalytic 

systems, such as Ag, Pt and Pd, and most authors cite oxidized metallic surfaces or the presence of 

dissolved oxygen as a reason for this effect [53,67,68], while some argue that it is due to the 

influence of ligands adsorbed on the surface of metal catalysts blocking access to active sites [69]. 

Although the starting solutions of 4-nitrophenol and NaBH4 were not purged with N2 to remove 

dissolved oxygen in the system, we did not notice an induction period for the onset of the reaction.  



 

Figure 14. Time-dependent UV-Vis absorption spectra of the reduction of 4-nitrophenol to 4-

aminophenol catalyzed by the samples synthesized at 75 kGy with varying concentration of 

added Au3+ from 1 % to 70 %. 
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Figure 15. Time-dependent UV-Vis absorption spectra and corresponding pseudo-first order 

kinetics of the reduction of 4-nitrophenol to 4-aminophenol catalyzed by the sample S-75-30-

DEAE with varying amounts of added sample: 20 μL, 60 μL and 100 μL. 
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4. Conclusions 

The superparamagnetic δ-FeOOH/Au nanostructures were synthesized by injecting 

aqueous HAuCl4 solution into radiolytically formed stable Fe(II)-iron hydroxide suspensions. This 

synthesis is environmentally friendly since no chemical reducing agents or catalysts are added to 

the reaction mixture, the synthesis occurs at room temperature and proceeds instantaneously, and 

the method is scalable due to the ability to irradiate large amounts of samples. 

Addition of HAuCl4 to suspensions irradiated at a dose of 14 kGy produced magnetite and 

AuNPs, while addition of HAuCl4 to suspensions irradiated at a dose of 75 kGy produced 

superparamagnetic feroxyhyte nanodiscs decorated rather homogeneously with 11-24 nm AuNPs. 

The surface coverage of the feroxyhyte discs and the size of the AuNPs depended on the Au3+ salt 

concentration. 

A detailed mechanistic study of the reduction of Au3+ and formation of δ-FeOOH/Au was 

investigated by combining different radical scavengers such as 2-propanol and tert-butanol, 

different atmospheres (N2, N2O), and with and without Fe(III) precursors and confirmed the 

important role of Fe2+ in Au3+ reduction, whereas DEAE-dextran degradation products played a 

very minor role in Au3+ reduction. These results also indicate that the reduction of Au3+ ions most 

likely occurs via the reaction between Au3+ and Fe(II) in the well-dispersed Fe(OH)2 intermediate 

generated at 75 kGy at the solid-solution interface. 

It was shown for the first time that the δ-FeOOH/Au nanostructures synthesized by this new 

simple method exhibit high catalytic efficiency in the reduction of 4-NP to 4-AP. This can be 

explained by the good accessibility and dispersion of the non-aggregated AuNPs on the reducible 

magnetic δ-FeOOH nanodisc supports. Due to its good catalytic properties, this system warrants 

further investigations, in particular the possibility of obtaining core-shell iron oxide/Au 

nanostructures, different morphologies of AuNPs with higher specific surface area and more active 

sites for catalysis, and the study of the influence of stabilizers. 
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