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1. Materials and methods 

1.1 Reagents and solvents 
 
Commercial reagents and solvents: Unless stated otherwise, all reagents and solvents were obtained 
from the commercial sources: SigmaςAldrich, TCI, Boom and Linde-gas and were used as received. For 
aqueous solutions, Milli-Q water was used. 
The following chemicals were purchased from Sigma Aldrich:  
Iron (0) pentacarbonyl (Sigma Aldrich, 99.99%, SHBN5572, 09-05-22), linolenic acid (Sigma Aldrich, 
70%, BCCD7126, 19-08-22), oleic acid (Sigma Aldrich, 90%, MKCL2492, 21-07-20), trimethylamine 
N-oxide dihydrate (Sigma Aldrich, 98%, BCCF8795, 08-07-22), silver nitrate (Sigma Aldrich, 99%, 
MKCR0415, 15-09-22), p-benzoquinone (Sigma Aldrich, 98%, BCCG7061, 15-09-22), acetic acid (Sigma 
Aldrich, 100%, K52550263 025, 24-09-21), hydrochloric acid (Sigma Aldrich, 37%, STBK5583, 20-06-22) 
stearic acid (Sigma Aldrich, 95%, SHBN3646, 05-07-22), lauric acid (Sigma Aldrich, 98%, SHBN9628, 
23-11-22), octanoic acid (Sigma Aldrich, 99%, MKCQ5948, 15-07-22), linoleic acid (Sigma Aldrich, 95%, 
SHBP0710, 06-07-22), graphene nanoplatelets (25 ˃ m particle size, surface area 150 m2 g-1, Sigma 
Aldrich, MKCM5180, 11-02-22), activated charcoal (100 mesh particle size, Sigma Aldrich, SHBN4347, 
22-02-22), dibutyl ether (Sigma Aldrich, 99.3%, STBK3168, 09-06-22), nonanoic acid (Sigma Aldrich, 
97%, 055H0302V, 15-07-22), iron(II) chloride (Sigma Aldrich, 0000124564, 11-02-22), iron(III) chloride 
(Sigma Aldrich, 97%, STBK3467, 15-09-22), oleylamine (Sigma Aldrich, 70%, STBK0863, 11-02-22), 
activated charcoal 20-40 mesh particle size (Sigma Aldrich, SHBL6345, 11-02-22), iron(III) oxide (Sigma 
Aldrich, MKCH7591, 27-01-21), aluminum oxide (Sigma Aldrich, BCCG6349, 11-02-22), iron(III) nitrate 
(Sigma Aldrich, 98%, MKCN0770, 11-02-22), sodium bromide (Sigma Aldrich, 99%, MKCP4918, 
11-02-22), iron (III) sulfate hydrate (Sigma Aldrich, 97%, STBK2602, 11-02-22), zinc nitrate hexahydrate 
(Sigma Aldrich, 98%, BCCG2165, 11-02-22), aluminum nitrate nonahydrate (Sigma Aldrich, 98%, 
MKCN0704, 15-02-22), starch (Sigma Aldrich, SLCC5527, 21-01-21), sodium thiosulfate (Sigma Aldrich, 
99%, BCCC5894, 21-01-21), benzyl alcohol (Sigma Aldrich, 99%, STBK7155, 05-07-22), iron (II,III) oxide 
(Sigma Aldrich, 97%, MKCL0694, 27-01-21), iron (II) sulfate heptahydrate (Sigma Aldrich, 99%, 
MKCN7636, 15-02-22), nickel(II) chloride hexahydrate (Sigma Aldrich, BCCG4504, 11-02-22), copper(II) 
chloride dihydrate (Sigma Aldrich, MKCL5412, 11-02-22), oleyl alcohol (Sigma Aldrich, 85%, 
MKCQ9938, 23-08-22), potassium Iodide (Sigma Aldrich, 99.5%, STBJ7197, 21-01-21), ammonium 
molybdate tetrahydrate (Sigma Aldrich, 81-83%, SLCH3187, 21-01-21), sodium hydroxide (Sigma 
Aldrich, 98%, SLCC5278, 07-01-20), phosphate buffered saline (Sigma Aldrich, SLCF2176, 23-12-20), 

-hterpinene (Sigma Aldrich, 85%, SHBL8464, 13-10-22), furfuryl alcohol (Sigma Aldrich, 98%, 
MKCJ0857, 01-07-22), styrene (distilled before use, Sigma Aldrich, 99%, STBH7369, 18-02-19), 
mesitylene (Sigma Aldrich, 98%, BCCN2445, 27-11-19), potassium hydroxide (Sigma Aldrich, 85%, 
MKCJ6734, 18-12-19), methylene blue (173820).  
The following chemicals are purchased from Boom B.V.:  
Sulfuric acid (Boom B.V., 95-97%, 26-10-22), n-heptane (Boom B.V., 99%, UN1206, 14-09-22), ethanol 
(Boom B.V., 100%, EA99-4422-10SD, 16-12-22), sodium chloride (Boom B.V., 03-05-21), ammonia 
solution (Boom B.V., 25%, 14-09-21),  
The following chemicals are purchased from Acros Organics: Iron (0) pentacarbonyl (Acros Organics, 
A0425102, 24-12-20), purchased from TCI: Elaidic acid (TCI, 97%, J6PVI-OK, 15-11-22), purchased from 
BLD Pharmatech ltd.: N-oleylsarcosine (BLD Pharmatech Ltd., Total Nitrogen 3.2%, CMC314, 
08-09-22), purchased from Macron: Dichloromethane (Macron, UN1593, 13-07-22), methyl alcohol 
anhydrous (Macron, 2217805858, 28-11-22), isopropyl alcohol (Macron, 13-05-22), purchased from 
Merck: Potassium dichromat (Merck, 09-01-13), purchased from Linde-gas: Oxygen compressed 5,0 
(technical grade, SOL SpA, S161280921X01247DI, 01-09-22). 
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Real lake water (2 L) was collected physically from Wippinger Kolk, 52°54'53.6"N 7°23'45.6"E 

(52.914897, 7.395993), 26892 Wippingen, Lower Saxony, Germany on 6th March 2022 at 17:47. 

Remaining sand and animals were filtered off and the water used without further purification. It was 

stored in darkness at room temperature.  

 

Figure S1: Location of Wippinger Kolk, 52°54'53.6"N 7°23'45.6"E (52.914897, 7.395993), 26892 
Wippingen, Lower Saxony, Germany for the collection of lake water. 

Real seawater (2 L) was collected physically from the North Sea, 52°46'20.2"N 4°39'16.0"E (N52.772285, 

E4.654436) 1755 Petten, Noord Holland, The Netherlands on 4th March 2022 at 20:08. Remaining sand 

and animals were filtered off and the water used without further purification. It was stored in darkness 

at room temperature. 

 

Figure S2: Location of North Sea, 52°46'20.2"N 4°39'16.0"E (N52.772285, E4.654436) 1755 Petten, 
Noord Holland, The Netherlands for the collection of seawater. 
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2. Equipment and general analytical information 
Photochemical equipment:  

- white light LED lamps (575 lm, 8 W each; 5750 lm, 80 W total) as light source for the rotary 
photoreactor.  

- LEDs (OSRAM Oslon SSL 80 royal blue, LDCQ7P-2U3U, 500 Ƴ²Σ ˂ = 445 nm, 180 mW/cm2) as 
light source for batch and flow production of hydrogen peroxide. 

 
General Analytical Information: Nuclear Magnetic Resonance spectra were measured with an Agilent 
Technologies 400-MR (400/54 Premium Shielded) spectrometer (400 MHz). All spectra were 
measured at room temperature (22ς24 °C). Chemical shifts for the specific NMR spectra were 
reported relative to the residual solvent peak [in ppm; CDCl3Υ ʵI Ґ тΦнсΤ CDCl3Υ ʵ/ Ґ ттΦмсϐΦ ¢ƘŜ 
multiplicities of the signals are denoted by s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), 
br s (broad signal), app (apparent). All 13C-NMR spectra are 1H-broadband decoupled. 
 
High-resolution mass spectrometric measurements were performed using a Thermo scientific LTQ 
OrbitrapXL spectrometer with electrospray ionization. The molecular ion (M+, [M + H]+ and [MςX]+) 
is given in m/z-units. 
 
UV-vis spectra were recorded with an Agilent 8543 spectrophotometer. The Agilent 8453 UV-Visible 
spectrometer was equipped with a custom-built (Prizmatix/Mountain Photonics) multi-wavelength 
fiber coupled LED-system (FC6-LED-WL) including the following LEDs: 365A, 390B, 420Z, 445B, 535R, 
630CA. A detailed description of the setup was published earlier by our group (see Figure S1 in 
reference 1).1 A Quantum Northwest TC1 temperature controller was used to maintain the 
temperature at 20 °C during photochemical studies. 
 
Electrochemical measurements were carried out on a Zahner Zennium & PP211 workstation (Zahner, 
Germany). More detailed information on the Mott-Schottky measurements can be found in Section 
SI4.6. 
 
Dynamic light scattering (DLS) experiments were performed with a Zetasizer Ultra Red (Malvern 
Panalytical, ZSU3305). 
 
A Tecnai T20 cryo-electron microscope with 200 keV was used to take the Transmission electron 
microscopy (TEM) and scanning transmission electron (STEM) images. Energy-dispersive X-ray 
spectroscopy (EDX) was performed with a silicon drift energy dispersive X-ray (SDD EDX) detector 
X-max from Oxford Instruments. The elemental ratio was calculated via INCA software. 
 
A Bruker D8 Advance diffractometer was used for X-ray Powder Diffraction (XRD) pattern 
measurements. IŜǊŜ /ǳ Yʰ ǊŀŘƛŀǘƛƻƴ ό ˂= 1.5418 Å) employing a 0.25° divergent slit and a 0.125° anti-
ǎŎŀǘǘŜǊƛƴƎ ǎƭƛǘ ǿŀǎ ǳǘƛƭƛȊŜŘΦ ¢ƘŜ ǇŀǘǘŜǊƴǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƛƴ ǘƘŜ нʻ ǊŀƴƎŜ ŦǊƻƳ млϲ ǘƻ улϲ ǿƛǘƘ ŀ ǎǘŜǇ ƻŦ 
0.017365 ° and a counting time of 10 s per step. 
 
Liquid-chromatography (LC) mass-spectrometry (MS) (LC-MS) measurements were performed on a 
Agilent InfinityLab LC/MSD (G6125C SG2215N102) with an Agilent 1290 Infinity II. A non-polar column 
by Waters (BEH-C4, 2.1x150, 1.7 micron) was utilized with 100.0% Water as eluent at a flow rate of 
0.300 mL min-1 and 600.00 bar pressure (26 min acquisition time). The injection volume was set to 
1.00 µL. The UV-DAD detector followed products at wavelengths of 200 nm, 210 nm and 250 nm and 
full spectra were recorded from 190 nm to 350 nm. The SQ Mass Spectrometer was set to follow mass 
values ranging from 40-600 m/z. Simultaneously SIM scans at masses of 312 m/z, 313 m/z and 
281 m/z were conducted. 
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Gas-chromatography (GC) mass-spectrometry (MS) (GC-MS) measurements were performed on a 
Shimadzu GC-2010 (Japan) gas chromatograph with a GCMS-QP2010 mass-spectrometer. A non-polar 
column ((5%-phenyl)-methylpolysiloxane) by Agilent (dimensions 30 m · 0.25 mm · 0.25 µm) was 
utilized. 
 
Headspace GC-TCD (thermal conductivity detector) measurements taken via measurement from the 
headspace of the 10-mL pressure vial using a VICI Precision Sampling PRESSURE-LOK® syringe 
equipped with a push-button valve. The evolved gases in the headspace of the reaction were analyzed 
with a Shimadzu Nexis GC-2030 (Japan) gas chromatograph (GC), equipped with a thermal 
conductivity detector (TCD). More sampling details and equipment specifics are described in 
Section 8.1. 5-mL samples of ǘƘŜ ƘŜŀŘǎǇŀŎŜ ǿŜǊŜ ƛƴƧŜŎǘŜŘ ƛƴ ǘƘŜ рл ˃[ ǎŀƳǇƭŜ ƭƻƻǇ ƻŦ ŀ {ILa!5½¦ 
Nexis GC-2030 (Japan) gas chromatograph, equipped with two columns connected to a 6-way valve. 
 
X-ray photoelectron spectroscopy (XPS) was performed using a Surface Science Instruments SSX-100 
9{/! ǎǇŜŎǘǊƻƳŜǘŜǊΣ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ ƳƻƴƻŎƘǊƻƳŀǘƛŎ !ƭ Yʰ ·-Ǌŀȅ ǎƻǳǊŎŜ όƘ˄ ҐмпусΦс Ŝ±ύΦ ¢ƘŜ ǇǊŜǎǎǳǊŜ 
in the measurement chamber was maintained below 5*x10-9 mbar during data acquisition. The 
photoelectron take-off angle was 37° with respect to the surface normal. The diameter of the analyzed 
ŀǊŜŀ ǿŀǎ мллл ˃ƳΤ ǘƘŜ ŜƴŜǊƎȅ ǊŜǎƻƭǳǘƛƻƴ ǿŀǎ мΦнс Ŝ± όƻǊ мΦст Ŝ± ŦƻǊ ŀ ōǊƻŀŘ ǎǳǊǾŜȅ ǎŎŀƴύΦ ! more 
detailed description can be found in Section 8.3. 
 
Computational methods: All computational input files were prepared in GaussView 6.0 on a local 
Windows 10 terminal. Input files were then transferred to the University of Groningen Peregrine HPC 
cluster where DFT or TD-DFT calculations were carried out using the Gaussian 16 (g16) suite of 
programs. A more detailed description can be found in Section 8.4 & 8.5. 
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3. Experimental procedures 

3.1 Catalyst synthesis in dibutyl ether and optimization 
Iron(0) pentacarbonyl (0.4 g, 3.04 mmol, 1 eq.), oleic acid (1.1 g, 3.5 mmol, 1.15 eq, 90%) and dibutyl 
ether (12 mL) were heated to 150°C for an hour. After cooling to room temperature with an ice bath, 
trimethylamine N-oxide dihydrate (1 g (98%), 8.82 mmol, 2.90 eq.) was added while flushing the 
system with nitrogen. The temperature was subsequently increased to 130°C for two hours and after 
to 150°C for one hour. After cooling to room temperature with an ice bath the particles were 
magnetically precipitated in ethanol on a magnet. After washing once with ethanol, the particles were 
dried and dissolved in DCM for storage in the fridge. 
 
The addition of trimethylamine N-oxide was necessary to enhance the substitution of carbon 
monoxide ligands and their disconnection to the iron(0) core. Thereby oleic acid is able to 
coordinate/connect to iron.  
 

M(CO)n + Me3bh Ҍ [ Ҧ aό/hύn-1L + Me3N + CO2 
 

Scheme S1: Production of carbon dioxide by addition of trimethylamine N-oxide to iron(0) pentacarbonyl. 

 
A screening was subsequently performed on the ratio of oleic acid: iron(0) pentacarbonyl (usually 2:1). 
It was found that only 2:1 molar ratios gave best results, whereas 1:1 and 3:1 ratios were proven 
inactive by peroxide test strip and titration. A molar ratio of 4:1 was also attempted; however, these 
particles were not magnetically precipitating on the magnet in the workup. Nanoparticles shrink in 
size with increasing amounts of surfactant added, which could explain the particles to not magnetically 
fall down as they were too well dispersed. 
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3.2 Catalyst synthesis optimization 
 

Since the above-mentioned nanoparticles were found to perform well, we opted for further 

optimization of the synthesis of these iron oxide nanoparticles with molar oleic acid ratio of 2:1. It was 

found that glassware used in the synthesis and workup had influence on the performance of the 

photocatalyst for hydrogen peroxide production. Heterogeneous catalysts are sensitive to changes in 

mass and heat transport. Thus, the performance of heterogeneous catalysts can strongly be impacted 

by changes in parameters like temperature, particle size, pore dimensions and reactor configuration.2 

After thoroughly screening glassware in the lab (50 mL, 100 mL, 250 mL, 500 mL), it was found that a 

100 mL two-neck flask yielded the most active nanoparticles in the synthesis. A 100 mL three-neck 

flask, a 50 mL two-neck flask and 250 mL 2-neck flask were also tested, where the particles produced 

in the 50 mL two-neck flask were inactive. Reasons for dependence on the glassware could be the 

different rates of heating at reflux provided by each piece of glassware or differences in the sheer rate 

from the magnet (egg shaped, 2 cm). An attempt with overhead stirring during the synthesis was 

made, but not continued further as it led to inactive particles. Upon precipitation on a magnet, it was 

found that also here the choice of glassware had an effect on the nanoparticles. 250 mL, 500 mL and 

1000 mL beakers were tested, where 500 mL beakers produced the most active nanoparticles. Each 

beaker size has a different diameter, which influences the way the magnet pulls the magnetic 

nanoparticles out of solution. 

The effect of temperature and atmosphere on the synthesis were also tested. Dibutyl ether has a 

boiling point of 141 °C, therefore the synthesis was conducted at a temperature of 150 °C to obtain 

reflux. The synthesis was conducted at 100 °C once, which gave less active nanoparticles. Similarly, 

synthesis in air instead of nitrogen atmosphere resulted in less active nanoparticles. These findings 

emphasize the importance of reflux conditions and nitrogen atmosphere in the synthesis for active 

iron oxide nanoparticles. 

Initially, the nanoparticles were stored in the refrigerator in an air atmosphere, which contained 

enough oxygen to initiate self-autoxidation. This resulted in blank positive results in darkness, if the 

nanoparticles had been stored for some time already. This could be prevented by storing the 

nanoparticles in DCM in nitrogen atmosphere in the fridge. Ten active batches of nanoparticles were 

combined with the intention to make a large batch for condition screening; however, this deactivated 

the particles. Therefore, it was opted to always store each separate batch of nanoparticles under a 

nitrogen atmosphere in the fridge in a 20 mL vial. Additionally, parafilm was wrapped around the cap 

to ensure that each vial remained sealed and its nitrogen atmosphere maintained. 

Finally, ethanol and methanol were tested as solvent to replace dibutyl ether in the synthesis, since 

these are more sustainable following green chemistry principles. Both of these solvents in the 

synthesis were found to give positive results, where synthesis in ethanol was found to be more active. 

Synthesis in ethanol as a solvent resulted in higher yields and more consistent results from batch to 

batch compared to dibutyl ether as solvent in synthesis. Hence, we opted for ethanol as the standard 

solvent. 
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3.3 Catalyst synthesis in ethanol 
 

Ethanol as solvent in the synthesis instead of dibutyl ether yielded more active and reproduceable 

nanoparticles. Synthesis in ethanol is more sustainable than dibutyl ether since ethanol can be 

obtained from biomass.3 Also, oleic acid can be regarded sustainable as it is the main component in 

olive oil.4 Photocatalytic hydrogen peroxide production via these iron oxide nanoparticles compared 

to the already existing anthraquinone process is more sustainable according to the principles of green 

chemistry.5,6 The described photocatalytic process is safer, creates less waste, uses more renewable 

materials and can be performed at ambient temperature and pressure. Building upon the synthesis in 

ethanol, we prepared nanoparticles with a number of different surfactants in order to gain a better 

understanding of the hydrogen peroxide production mechanism. Conditions were kept as optimized 

in the previous section, where reflux in ethanol is conducted at 150 °C (boiling point: 78 °C). This 

temperature is significantly above the boiling point of ethanol but was found to be crucial as synthesis 

at lower temperatures yielded inactive nanoparticles. The rate of reflux is thus important for activity 

of the NPs. It should be highlighted, that synthesis in ethanol effectively resembles a synthesis directly 

in the anti-solvent, which usually would be used to enhance precipitation of nanoparticles in the 

workup step. Utilizing the described technique, a scope of surfactants was synthesized (Figure S3).  

Immobilization on activated charcoal (mesh 20-40 and 100) as well as graphene nanoplatelets was 

achieved and resulted in magnetic activated charcoal and graphene nanoplatelet particles as shown 

in Figure S30, Figure S32 and Figure S34. Nanoparticles using stearic acid and linolenic acid could not 

be synthesized (Figure S3). Stearic acid is a solid at room temperature and did not dissolve in ethanol 

at room temperature. At elevated temperatures the surfactant was miscible, however, when cooled 

all surfactant precipitated as shown in Figure S20. Stearic acid does not dissolve in oleic acid, so 

synthesis with a 1:1 mixture of these surfactants was also not an option. NPs with linolenic acid did 

not magnetically precipitate on the magnet, possibly because particles were too small and too well 

dispersed for precipitation. After synthesis the nanoparticles were stored in DCM under nitrogen 

atmosphere in darkness in the fridge. Successful surfactant incorporation was tested by their stability 

in DCM overnight; a batch was regarded stable if still in solution overnight.7 

             

Figure S3: Scope of surfactants employed for successful iron oxide nanoparticle synthesis (left); surfactants not 

successful in nanoparticle synthesis (right). 
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3.3.1 Synthesis of iron oxide nanoparticles without surfactant 
Ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 3.04 mmol, 1 eq.) were added to a 100 mL two-neck 

round bottom flask and the mixture heated at reflux (150°C Allihn condenser) for 1h at a stirring speed 

of 660 rpm (Figure S7). After 1h solid precipitated out of solution (Figure S4 (A)). The mixture was 

initially cooled using an ice bath and then with a 20°C water bath to room temperature (20°C) (B), 

while filling the decreasing volume of the headspace with nitrogen. To the cooled mixture trimethyl 

amine N-oxide dihydrate (1 g (98%), 8.82 mmol, 2.90 eq.) was added while flushing the system with 

nitrogen, which resulted in bubbling and a dark solution (C). The mixture was then heated to 130°C 

for 2h under nitrogen atmosphere (D), where overpressure of gas (CO) was allowed to leave the 

system in the first few minutes. After 2h the temperature was increased to 150°C for 1h. The reaction 

was stopped by cooling with an ice bath and subsequently with a water bath until but not further than 

20°C (whole cooling process: 1 min), while flushing with nitrogen. The nanoparticles were decanted 

into a beaker (500 mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles were 

pulled out of solution (212 mL) by a magnet under the beaker for 1h (Figure S5). The ethanol was 

decanted off and the particles were washed once with ethanol (50 mL). Dried via constant air flow, 

the particles were dissolved in dichloromethane (10 mL) and stored in nitrogen atmosphere and 

darkness at 5°C. The particles were not stable in DCM overnight, as shown in Figure S6. The 

approximate yield was 65.5 mg per batch. 

 

Figure S4: FeOx NPs (batch 143) without surfactant. A) t=50 min, B) t=60 min cooled, C) t=60 min Me3N added, 
D) t=100 min. 

 

Figure S5: Precipitation on magnet of FeOx NPs (batch 143) without surfactant. 

 

Figure S6: Photograph of FeOx NPs 
(batch 143) without surfactant in DCM after 
12h - it is clear that the dispersion is not stable 
in solution. 
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3.3.2 Synthesis of iron oxide nanoparticles with oleic acid 
Oleic acid (2.20 g (90%), 7.01 mmol, 2.31 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 

3.04 mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at 

reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h the mixture 

had turned from yellow to orange/brown (Figure S8 (A)). The mixture was initially cooled using an ice 

bath and then with a 20°C water bath to room temperature (20°C) (B), while filling the decreasing 

volume of the headspace with nitrogen. To the cooled mixture trimethyl amine N-oxide dihydrate (1 g 

(98%), 8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in 

bubbling and a dark solution (C). The mixture was then heated to 130°C for 2h under nitrogen 

atmosphere resulting in a colour change to yellow (E), where overpressure of gas (CO) was allowed to 

leave the system in the first few minutes (D). After 2h the temperature was increased to 150°C and 

kept for 1h. The reaction was stopped by cooling with an ice bath and subsequently with a water bath 

until but not further than 20°C (whole cooling process: 1 min, F), while flushing the solution with 

nitrogen. The nanoparticles were decanted into a beaker (500 mL, G) and precipitated from ethanol 

(200 mL). While rinsing the round bottom flask with the ethanol the magnetic nanoparticle droplets 

were already formed inside the flask (H). The magnetic nanoparticles were pulled out of solution 

(212 mL) by a magnet under the beaker for 1h (Figure S9 I, J). The ethanol was decanted off and the 

particles were washed once with ethanol (50 mL) (K, L). Dried via constant air flow, the particles were 

dissolved in dichloromethane (10 mL) and stored in nitrogen atmosphere and darkness at 5°C. The 

particles were stable in DCM overnight, as shown in Figure S9. The approximate yield was 7-34% 

corresponding to 100-500 mg per batch. 

 

Figure S7: Synthesis equipment used for the FeOx nanoparticle synthesis. Two-neck round bottom flask 
equipped with an Allihn condenser and heated via metal heating mantle. 
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Figure S8: Photographs of FeOx NPs (batch 141) with oleic acid surfactant 2:1. A) t=50 min, B) t=60 min cooled, 
C) cooled at t=60 min Me3N added, D) heating up at t=63 min and gas formation E) t=100 min, F) cooled solution 
after synthesis, G) precipitation on magnet, purely decanted, H) washing and rinsing of round bottom flask for 
droplet formation. 

 

Figure S9: Precipitation on top of a magnet of FeOx NPs (batch 141) with oleic acid 2:1 as surfactant. I,J) 1h 
washing with 200 mL EtOH and droplet formation, K,L) washed FeOx NPs with ethanol (50 mL). Photograph of 
FeOx NPs (batch 153) with oleic acid 2:1 in DCM after 12h - it is clear that the dispersion is stable and no 
precipitates can be identified (bottom right). 
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3.3.3 Synthesis of iron oxide nanoparticles with oleic acid: troubleshooting 
The synthesis was found to be consistent (>210 batches) and could successfully be reproduced by 

three different researchers in different labs at different locations (a bachelor student at Linnaeusborg 

(University of Groningen), a master student at Linnaeusborg (University of Groningen), a PhD 

candidate at Nijenborgh & Linnaeusborg (University of Groningen) and at University of Amsterdam). 

Especially for the synthesis of heterogeneous catalyst materials, reproducibility is crucial and often an 

overlooked aspect.2 Successful synthesis was independent of iron(0) pentacarbonyl suppliers (Sigma 

Aldrich, Acros Organics) with different Lot-numbers, coming from different continents.  

Unsuccessful syntheses of a few batches led to an extensive troubleshooting. The importance of dry 

conditions was discovered when once 96% ethanol was used instead of the usual 100% ethanol: big 

pieces were floating around in the flask after addition of trimethylamine N-oxide dihydrate and 

heating to reflux, where usually with 100% ethanol a completely dissolved and homogeneous solution 

is obtained. A similar phenomenon was observed when water was once utilized as 1:1 cosolvent with 

ethanol, suggesting that water in the synthesis leads to undesired precipitation of nanoparticles out 

of solution. Wet nitrogen gas from the Schlenk-line also led to unsuccessful nanoparticle synthesis; 

here the nanoparticles did not magnetically precipitate from the solution during workup. Over time 

stirring bars became yellow/brown after repeatedly being used for synthesis and cleaning using 

hydrochloric acid solution (37%), which led to particles not magnetically precipitating during workup. 

By using new stirring bars, we were able to overcome this problem. Over time iron(0) pentacarbonyl 

was found to precipitate as a solid in the normally yellow liquid, which led to differently looking pieces 

magnetically precipitating in the workup. We suspect that precipitation was caused by the septum on 

the bottle being punctured too often, therefore not sufficiently sealing the nitrogen atmosphere in 

the bottle anymore. Iron(0) pentacarbonyl is a pyrophoric compound, meaning that it could react with 

air to burn to iron(III) oxide.8 By switching to a new bottle of iron(0) pentacarbonyl these problems 

could be avoided. When the trimethylamine N-oxide dihydrate was too dry (dry powder instead of 

ƘȅƎǊƻǎŎƻǇƛŎ ǿƘƛǘŜ ǎƻƭƛŘύ ƛƴŎƻƴǎƛǎǘŜƴǘ ǎȅƴǘƘŜǎŜǎ ǿŜǊŜ ƻōǎŜǊǾŜŘΦ ! ΨǿŜǘΩ ƘȅƎǊƻǎŎƻǇƛŎ ǎƻƭƛŘ ƛǎ 

recommended over a dry white powder. During the cooling steps of the reaction mixture nitrogen has 

to be flushed into the decreasing volume of the headspace. Furthermore, the cooling should be 

performed rapidly with an ice bath for up to 1 min, but not longer and the temperature should not 

drop below 20°C; this can be monitored by replacing the initial ice cooling with an additional water 

bath. Letting the solution drop below 16°C leads to precipitation of frozen oleic acid. These crystals 

will trap the 2 nm FeOx onto 400-600 nm crystals of oleic acid, which is not desired. Extensive cooling 

also leads to gel/droplet/oil formation at the bottom of the round bottom flask, resulting in tedious 

workup and transfer to the beaker. 

Below a list of requirements is given as guide, which should be consulted if there are difficulties in 

synthesis. 
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List of requirements for successful nanoparticle synthesis 

¶ 100% ethanol as solvent 

¶ clean and dry glassware (100 mL 2-neck flask, Allihn condenser, adapter to Schlenk-line) 

¶ clean stirring bar (egg shaped, 2 cm) 

¶ clean Schlenk-line tubing 

¶ dry nitrogen (make sure phosphorus pentoxide is still dry by moisture indicator) 

¶ clean oil in Schlenk-line 

¶ 660 rpm stirring speed 

¶ sufficient reflux  

¶ 500 mL beaker during workup on magnet 

¶ cooling with the ice bath not below 20 °C to avoid precipitation of oleic acid (16 °C) 

¶ hygroscopic trimethylamine N-oxide dihydrate 
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3.3.4 Synthesis of iron oxide nanoparticles with elaidic acid 
Elaidic acid (2.20 g (97%), 7.56 mmol, 2.49 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 

3.04 mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at 

reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h the mixture 

had turned from yellow to slightly orange (Figure S10 (A)). The mixture was initially cooled using an 

ice bath and then with a 20°C water bath to room temperature (20°C) (B), while filling the decreasing 

volume of the headspace with nitrogen. To the cooled mixture trimethyl amine N-oxide dihydrate (1 g 

(98%), 8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in 

bubbling and a dark solution (C). The mixture was then heated to 130°C for 2h under nitrogen 

atmosphere resulting in a colour change to yellow/orange (D), where overpressure of gas (CO) was 

allowed to leave the system in the first few minutes. After 2h the temperature was increased to 150°C 

for 1h. The reaction was stopped by cooling with an ice bath and subsequently with a water bath until 

but not further than 20°C (whole cooling process: 1 min, (E)), while flushing with nitrogen. The 

nanoparticles were decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The 

magnetic nanoparticles were pulled out of solution (212 mL) by a magnet under the beaker for 1h 

(Figure S11). The ethanol was decanted off and the particles were washed once with ethanol (50 mL). 

Dried via constant air flow, the particles were dissolved in dichloromethane (10 mL) and stored in 

nitrogen atmosphere and darkness at 5°C. The nanoparticles were stable in DCM overnight, as shown 

in Figure S11. The approximate yield was 218 mg per batch. 

 

Figure S10: Photographs of FeOx NPs (batch 172) with elaidic acid surfactant 2:1. A) t=50 min, B) t=60 min cooled, 
C) t=60 min Me3N added, D) t=100 min, E) t=240 min cooled. 

 

Figure S11: A,B) Precipitation on top of a magnet of FeOx NPs (batch 172) with elaidic acid 2:1 as surfactant. 
Photograph of FeOx NPs (batch 172) with elaidic acid 2:1 in DCM after 12h - it is clear that the dispersion is stable 
and no precipitates can be identified (bottom right). 
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3.3.5 Synthesis of iron oxide nanoparticles with linoleic acid  
Linoleic acid (2.10 g (95%), 7.11 mmol, 2.34 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 

3.04 mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at 

reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h the mixture 

colour of the mixture was yellow (Figure S12 (A)). The mixture was initially cooled using an ice bath 

and then with a 20°C water bath to room temperature (20°C) (B), while filling the decreasing volume 

of the headspace with nitrogen. To the cooled mixture trimethyl amine N-oxide dihydrate (1 g (98%), 

8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in bubbling 

and a dark solution (C). The mixture was then heated to 130°C for 2h under nitrogen atmosphere 

resulting in a colour change to yellow/orange (D), where overpressure of gas (CO) was allowed to 

leave the system in the first few minutes. After 2h the temperature was increased to 150°C and kept 

for 1h. The reaction was stopped by cooling with an ice bath and subsequently with a water bath until 

but not further than 20°C (whole cooling process: 1 min), while flushing with nitrogen. The 

nanoparticles were decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The 

magnetic nanoparticles were pulled out of solution (212 mL) by a magnet under the beaker for 1h 

(Figure S13). The ethanol was decanted off and the particles were washed once with ethanol (50 mL). 

Dried via constant air flow, the particles were dissolved in dichloromethane (10 mL) and stored in 

nitrogen atmosphere and darkness at 5°C. The nanoparticles were stable in DCM overnight, as shown 

in Figure S13. The approximate yield was 50 mg per batch. 

 

Figure S12: Photographs of FeOx NPs (batch 144) with linoleic acid surfactant 2:1. A) t=50 min, B) t=60 min 
cooled, C) t=60 min Me3N added, D) t=100 min. 

 

Figure S13: A,B,C) Precipitation on top of a magnet of FeOx NPs (batch 144) with linoleic acid 2:1 as surfactant. 
Photograph of FeOx NPs (batch 144) with linoleic acid 2:1 in DCM after 12h - it is clear that the dispersion is 
stable and no precipitates can be identified (bottom right). 
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3.3.6 Synthesis of iron oxide nanoparticles with octanoic acid  
Octanoic acid (0.52 g (99%), 3.57 mmol, 1.17 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 

3.04 mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at 

reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h the mixture 

had turned from yellow to brown (Figure S14 (A)). The mixture was initially cooled using an ice bath 

and then with a 20°C water bath to room temperature (20°C) (B), while filling the decreasing volume 

of the headspace with nitrogen. To the cooled mixture trimethyl amine N-oxide dihydrate (1 g (98%), 

8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in bubbling 

and a dark solution (C). The mixture was then heated to 130°C for 2h under nitrogen atmosphere 

resulting in formation of a precipitate on the side of the flask (D), where overpressure of gas (CO) was 

allowed to leave the system in the first few minutes. After 2h the temperature was increased to 150°C 

for 1h. The reaction was stopped by cooling with an ice bath and subsequently with a water bath until 

but not further than 20°C (whole cooling process: 1 min (E)), while flushing with nitrogen. The 

nanoparticles were decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The 

magnetic nanoparticles were pulled out of solution (212 mL) by a magnet under the beaker for 1h 

(Figure S15). The ethanol was decanted off and the particles were washed once with ethanol (50 mL). 

Dried via constant air flow, the particles were dissolved in dichloromethane (10 mL) and stored in 

nitrogen atmosphere and darkness at 5°C. The nanoparticles were stable in DCM overnight, as shown 

in Figure S15. The approximate yield was 105 mg per batch. 

 

Figure S14: Photographs of FeOx NPs (batch 161) with octanoic acid surfactant 1:1. A) t=50 min, B) t=60 min 
cooled, C) t=60 min Me3N added, D) t=100 min, E) t=240 min cooled. 

 

 

Figure S15: A,B,C) Precipitation on top of a magnet of iron oxide nanoparticles (batch 161) with octanoic acid 
1:1 as surfactant. Photograph of FeOx NPs (batch 161) with octanoic acid 1:1 in DCM after 12h - it is clear that 
the dispersion is stable and no precipitates can be identified (bottom right). 
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3.3.7 Synthesis of iron oxide nanoparticles with nonanoic acid  
Nonanoic acid (0.56 g (97%), 3.43 mmol, 1.13 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 

3.04 mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at 

reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h the mixture 

had turned from yellow to brown (Figure S16 (A)). The mixture was initially cooled using an ice bath 

and then with a 20°C water bath to room temperature (20°C) (B), while filling the decreasing volume 

of the headspace with nitrogen. To the cooled mixture trimethyl amine N-oxide dihydrate (1 g (98%), 

8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in bubbling 

and a dark solution (C). The mixture was then heated to 130°C for 2h under nitrogen atmosphere, 

resulting in formation of a precipitate on the side of the flask (D), where overpressure of gas (CO) was 

allowed to leave the system in the first few minutes.  After 2h the temperature was increased to 150°C 

for 1h. The reaction was stopped by cooling with an ice bath and subsequently with a water bath until 

but not further than 20°C (whole cooling process: 1 min (E)), while flushing with nitrogen. The 

nanoparticles were decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The 

magnetic nanoparticles were pulled out of solution (212 mL) by a magnet under the beaker for 1h 

(Figure S17). The ethanol was decanted off and the particles were washed once with ethanol (50 mL). 

Dried via constant air flow, the particles were dissolved in dichloromethane (10 mL) and stored in 

nitrogen atmosphere and darkness at 5°C. The particles were stable in DCM overnight, as shown in 

Figure S17. The approximate yield was 125 mg per batch. 

 

Figure S16: Photographs of FeOx NPs (batch 162) with nonanoic acid surfactant 1:1. A) t=50 min, B) t=60 min 
cooled, C) t=60 min Me3N added, D) t=100 min, E) t=240 min cooled. 

 

 

Figure S17: A,B,C) Precipitation on top of a magnet of FeOx NPs (batch 162) with nonanoic acid 1:1 as surfactant. 
Photograph of FeOx NPs (batch 162) with nonanoic acid 1:1 in DCM after 12h - it is clear that the dispersion is 
stable and no precipitates can be identified (bottom right). 
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3.3.8 Synthesis of iron oxide nanoparticles with lauric acid 
Lauric acid (1.05 g (98%), 5.14 mmol, 1.69 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 

3.04 mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at 

reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h the mixture 

had turned from yellow to red/brown (Figure S18 (A)). The mixture was initially cooled using an ice 

bath and then with a 20°C water bath to room temperature (20°C) (B), while filling the decreasing 

volume of the headspace with nitrogen. To the cooled mixture trimethyl amine N-oxide dihydrate (1 g 

(98%), 8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in 

bubbling and a dark solution (C). The mixture was then heated to 130°C for 2h under nitrogen 

atmosphere resulting in formation of a precipitate on the Teflon stirring bar (D), where overpressure 

of gas (CO) was allowed to leave the system in the first few minutes. After 2h the temperature was 

increased to 150°C for 1h. The reaction was stopped by cooling with an ice bath and subsequently 

with a water bath until but not further than 20°C (whole cooling process: 1 min (E)), while flushing 

with nitrogen. The nanoparticles were decanted into a beaker (500 mL) and precipitated from ethanol 

(200 mL). The magnetic nanoparticles were pulled out of solution (212 mL) by a magnet under the 

beaker for 1h (Figure S19). The ethanol was decanted off and the particles were washed once with 

ethanol (50 mL). Dried via constant air flow, the particles were dissolved in dichloromethane (10 mL) 

and stored in nitrogen atmosphere and darkness at 5°C. The nanoparticles were stable in DCM 

overnight, as shown in Figure S19. The approximate yield was 242 mg per batch. 

 

Figure S18: Photographs of FeOx NPs (batch 171) with lauric acid surfactant 1.5:1. A) t=50 min, B) t=60 min 
cooled, C) t=60 min Me3N added, D) t=100 min, E) t=240 min cooled. 

 

 

Figure S19: A,B,C) Precipitation on top of a magnet of FeOx NPs (batch 171) with lauric acid 1.5:1 as surfactant. 
Photograph of FeOx NPs (batch 171) with lauric acid 1.5:1 in DCM after 12h - it is clear that the dispersion is 
stable and no precipitates can be identified (bottom right). 
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3.3.9 Synthesis of iron oxide nanoparticles with stearic acid 
Stearic acid (2.11 g (95%), 7.05 mmol, 3.34 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 3.04 

mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at reflux 

(150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h the mixture had 

turned from yellow to red/brown (Figure S20 (A)). The mixture was initially cooled using an ice bath 

and then with a 20°C water bath to room temperature (20°C), while filling the decreasing volume of 

the headspace with nitrogen. This resulted in a white colour and solidification of the mixture (B). To 

the cooled mixture trimethyl amine N-oxide dihydrate (1 g (98%), 8.82 mmol, 2.90 eq.) was added 

while flushing the system with nitrogen, which resulted in bubbling and a darker solution upon adding 

heat (C). For the first few minutes of heating overpressure of gas (CO) was allowed to leave the system. 

The mixture was then heated to 130°C for 2h under nitrogen atmosphere resulting in a white mixture 

(D). After 2h the temperature was increased to 150°C for 1h. The reaction was stopped by cooling with 

an ice bath and subsequently with a water bath until but not further than 20°C (whole cooling process: 

1 min), while flushing with nitrogen. The nanoparticles were decanted into a beaker (500 mL) and 

precipitated from ethanol (200 mL). The magnetic nanoparticles were pulled out of solution (212 mL) 

by a magnet under the beaker for 1h (Figure S21). The ethanol was decanted off and the particles 

were washed once with ethanol (50 mL). Dried via constant air flow, the particles were dissolved in 

dichloromethane (10 mL) and stored in nitrogen atmosphere and darkness at 5°C. The nanoparticles 

were not stable in DCM overnight, as shown in Figure S21, where pieces floating around in the vial 

can be identified. This synthesis was regarded unsuccessful due to stearic acid being a solid during 

stages in the synthesis. 

 

Figure S20: Photographs of FeOx NPs (batch 146) with stearic acid 2:1. A) t=50 min, B) t=60 min cooled, C) t=60 
min Me3N added, D) t=100 min. 

 

 

Figure S21: Precipitation on top of a magnet of FeOx NPs (batch 146) with stearic acid 2:1 as surfactant. 
Photograph of FeOx NPs (batch 146) with stearic acid 2:1 in DCM after 12h - it is clear that the dispersion is not 
stable and precipitates can be identified (bottom right).  
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3.3.10 Synthesis of iron oxide nanoparticles with oleyl alcohol 
Oleyl alcohol (2.21 g (85%), 7.00 mmol, 2.30 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 

3.04 mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at 

reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h a solid 

precipitated out of solution (Figure S22 (A)). The mixture was initially cooled using an ice bath and 

then with a 20°C water bath to room temperature (20°C) (B), while filling the decreasing volume of 

the headspace with nitrogen. To the cooled mixture trimethyl amine N-oxide dihydrate (1 g (98%), 

8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which resulted in bubbling 

and a dark solution (C). The mixture was then heated to 130°C for 2h under nitrogen atmosphere 

resulting in precipitate on the side of the glass (D), where overpressure of gas (CO) was allowed to 

leave the system in the first few minutes. After 2h the temperature was increased to 150°C for 1h. The 

reaction was stopped by cooling with an ice bath and subsequently with a water bath until but not 

further than 20°C (whole cooling process: 1 min), while flushing with nitrogen. The nanoparticles were 

decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles 

were pulled out of solution (212 mL) by a magnet under the beaker for 1h (Figure S23). The ethanol 

was decanted off and the particles were washed once with ethanol (50 mL). Dried via constant air 

flow, the particles were dissolved in dichloromethane (10 mL) and stored in nitrogen atmosphere and 

darkness at 5°C. The nanoparticles were not stable in DCM overnight, as shown in Figure S24. The 

approximate yield was 62 mg per batch. 

 

Figure S22: Photographs of FeOx NPs (batch 156) with oleyl alcohol surfactant 2:1. A) t=50 min, B) t=60 min 
cooled, C) t=60 min Me3N added, D) t=100 min. 

 

Figure S23: Precipitation on top of a magnet of FeOx NPs (batch 156) with oleyl alcohol 2:1 as surfactant. 

 

Figure S24: Photograph of FeOx NPs 
(batch 156) with oleyl alcohol 2:1 in DCM 
after 12h - it is clear that the dispersion 
is not stable and precipitates can be 
identified. 
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3.3.11 Synthesis of iron oxide nanoparticles with oleylamine 
Oleylamine (2.86 g (70%), 7.48 mmol, 2.46 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 

3.04 mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at 

reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h the mixture 

had turned from yellow to dark red.  The mixture was initially cooled using an ice bath and then with 

a 20°C water bath to room temperature (20°C), while filling the decreasing volume of the headspace 

with nitrogen. To the cooled mixture trimethyl amine N-oxide dihydrate (1 g (98%), 8.82 mmol, 2.90 

eq.) was added while flushing the system with nitrogen. The mixture was then heated to 130°C for 2h 

under nitrogen atmosphere resulting in bubbling and a dark mixture, where overpressure of gas (CO) 

was allowed to leave the system in the first few minutes. After 2h the temperature was increased to 

150°C for 1h, where a precipitation on the side of the flask was observed. The reaction was stopped 

by cooling with an ice bath and subsequently with a water bath until but not further than 20°C (whole 

cooling process: 1 min), while flushing with nitrogen. The nanoparticles were decanted into a beaker 

(500 mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles were pulled out of 

solution (212 mL) by a magnet under the beaker for 1h. The ethanol was decanted off and the particles 

were washed once with ethanol (50 mL). Dried via constant air flow, the particles were dissolved in 

dichloromethane (10 mL) and stored in nitrogen atmosphere and darkness at 5°C. The nanoparticles 

were stable in DCM overnight, as shown in Figure S25 and Figure S26. The approximate yields for 1:1, 

2:1 and 3:1 molar ratios of surfactants were 459 mg, 779 mg and 865 mg, respectively. 

 

Figure S25: Photograph of FeOx NPs with oleylamine in DCM after 12h - it is clear that the dispersions are stable 
and no precipitates can be identified; ratio 1:1 (batch 113) left, ratio 2:1 (batch 114) middle and ratio 3:1 (batch 
115) right. 

 

Figure S26: Oleylamine surfactant batches diluted to 1 mg mL-1; ratio 1:1 (batch 113) left, ratio 2:1 (batch 114) 
middle and ratio 3:1 (batch 115) right. 
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3.3.12 Synthesis of iron oxide nanoparticles with N-oleylsarcosine 
N-oleylsarcosine (2.48 g, 7.01 mmol, 2.31 eq.), ethanol (12 mL) and iron pentacarbonyl (0.4 mL, 

3.04 mmol, 1 eq.) were added to a 100 mL two-neck round bottom flask and the mixture heated at 

reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (Figure S7). After 1h the mixture 

had turned from yellow to an emulsion of yellow/white (Figure S27 (A)). The mixture was initially 

cooled using an ice bath and then with a 20°C water bath to room temperature (20°C) (B), while filling 

the decreasing volume of the headspace with nitrogen. To the cooled mixture trimethyl amine N-oxide 

dihydrate (1 g (98%), 8.82 mmol, 2.90 eq.) was added while flushing the system with nitrogen, which 

resulted in bubbling and a dark solution (C). The mixture was then heated to 130°C for 2h under 

nitrogen atmosphere resulting in a yellow/green mixture (D), where overpressure of gas (CO) was 

allowed to leave the system in the first few minutes. After 2h the temperature was increased to 150°C 

for 1h. The reaction was stopped by cooling with an ice bath and subsequently with a water bath until 

but not further than 20°C (whole cooling process: 1 min, (E)), while flushing with nitrogen. The 

nanoparticles were decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The 

magnetic nanoparticles were pulled out of solution (212 mL) by a magnet under the beaker for 1h 

(Figure S28). The ethanol was decanted off and the particles were washed once with ethanol (50 mL). 

Dried via constant air flow, the particles were dissolved in dichloromethane (10 mL) and stored in 

nitrogen atmosphere and darkness at 5°C. The nanoparticles were stable in DCM overnight, as shown 

in Figure S28. The approximate yield was 97.5 mg per batch. 

 

Figure S27: Photographs of FeOx NPs (batch 158) with N-oleylsarcosine surfactant 1.5:1. A) t=50 min, B) t=60 
min cooled, C) t=60 min Me3N added, D) t=100 min, E) t=240 min cooled. 

 

 

Figure S28: Precipitation on top of a magnet of FeOx NPs (batch 158) with N-oleylsarcosine 2:1 as surfactant. 
Photograph of FeOx NPs (batch 158) with N-oleylsarcosine 2:1 in DCM after 12h - it is clear that the dispersion is 
stable and no precipitates can be identified (bottom right). 
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3.3.13 Synthesis of FeOx NPs with oleic acid supported on active charcoal (mesh 20-40) 
Active charcoal (1 g, 20-40 mesh size), oleic acid (2.2 g (90%), 7.01 mmol, 2.31 eq.) and ethanol (12 mL) 

were added to a 100 mL two-neck round bottom and heated to 70°C for 20 min at a stirring speed of 

660 rpm (Figure S29 (A)). Iron pentacarbonyl (0.4 mL, 3.04 mmol, 1 eq.) was added and the mixture 

heated at reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (B). The mixture was 

initially cooled using an ice bath and then with a 20°C water bath to room temperature (20°C) (C), 

while filling the decreasing volume of the headspace with nitrogen. To the cooled mixture trimethyl 

amine N-oxide dihydrate (1 g, 8.82 mmol, 98%) was added while flushing the system with nitrogen, 

which resulted in bubbling (D). The mixture was then heated to 130°C for 2h under nitrogen 

atmosphere (E), where overpressure of gas (CO) was allowed to leave the system in the first few 

minutes. After 2h the temperature was increased to 150°C for 1h. The reaction was stopped by cooling 

with an ice bath and subsequently with a water bath until but not further than 20°C (whole cooling 

process: 1 min, (F)), while flushing with nitrogen. The nanoparticles were decanted into a beaker (500 

mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles were pulled out of solution 

(212 mL) by a magnet under the beaker for 1h (Figure S30). The ethanol was decanted off and the 

particles were washed once with ethanol (50 mL). Dried via constant air flow, the particles were 

dissolved in dichloromethane (10 mL) and stored in nitrogen atmosphere and darkness at 5°C. 

Magnetic properties due to immobilization of FeOx NPs on the surface of the active charcoal (mesh 

20-40) were confirmed (Figure S30). The approximate yield was 1542 mg per batch. 

 

Figure S29: Photographs of FeOx NPs (batch 159) with oleic acid surfactant 2:1, immobilized on active charcoal 
(mesh 20-40). A) t=15, B) t=70 min, C) t=80 min cooled, D) t=80 min Me3N added, E) t=120 min, F) t=260 min 
cooled. 

 

 

 

Figure S30: Precipitation on top of a magnet of FeOx NPs (batch 159) with oleic acid surfactant 2:1, immobilized 
on active charcoal (mesh 20-40). Magnetic properties of the active charcoal (mesh 20-40, right) due to 
immobilization of FeOx NPs on the surface, DCM used as solvent. 
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3.3.14 Synthesis of FeOx NPs with oleic acid supported on active charcoal (mesh 100) 
Active charcoal (1 g, 100 mesh size), oleic acid (2.2 g (90%), 7.01 mmol, 2.31 eq.) and ethanol (12 mL) 

were added to a 100 mL two-neck round bottom and heated to 70°C for 20 min at a stirring speed of 

660 rpm (Figure S31 (A)). Iron pentacarbonyl (0.4 mL, 3.04 mmol, 1 eq.) was added and the mixture 

heated at reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (B). The mixture was 

initially cooled using an ice bath and then with a 20°C water bath to room temperature (20°C) (C), 

while filling the decreasing volume of the headspace with nitrogen. To the cooled mixture trimethyl 

amine N-oxide dihydrate (1 g, 8.82 mmol, 98%) was added while flushing the system with nitrogen, 

which resulted in bubbling (D). The mixture was then heated to 130°C for 2h under nitrogen 

atmosphere (E), where overpressure of gas (CO) was allowed to leave the system in the first few 

minutes. After 2h the temperature was increased to 150°C for 1h. The reaction was stopped by cooling 

with an ice bath and subsequently with a water bath until but not further than 20°C (whole cooling 

process: 1 min, (F)), while flushing with nitrogen. The nanoparticles were decanted into a beaker (500 

mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles were pulled out of solution 

(212 mL) by a magnet under the beaker for 1h (Figure S32). The ethanol was decanted off and the 

particles were washed once with ethanol (50 mL). Dried via constant air flow, the particles were 

dissolved in dichloromethane (10 mL) and stored in nitrogen atmosphere and darkness at 5°C. 

Magnetic properties due to immobilization of FeOx NPs on the surface of the active charcoal (mesh 

100) were confirmed (Figure S32).  

 

Figure S31: Photographs of FeOx NPs (batch 183) with oleic acid surfactant 2:1, immobilized on active charcoal 

(mesh 100). A) t=15, B) t=80 min cooled, C) t=80 min Me3N added, D) t=120 min, E) t=260 min cooled. 

 

 

Figure S32: Precipitation on top of a magnet of FeOx NPs (batch 183) with oleic acid surfactant 2:1, immobilized 

on active charcoal (mesh 100). Magnetic properties of the active charcoal (mesh 100, right) due to 

immobilization of FeOx NPs on the surface, DCM used as solvent. 
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3.3.15 Synthesis of FeOx NPs with oleic acid supported on graphene nanoplatelets  
Graphene nanoplatelets (1 g, 25 ˃ m particle size), oleic acid (2.2 g (90%), 7.01 mmol, 2.31 eq.) and 

ethanol (12 mL) were added to a 100 mL two-neck round bottom and heated to 70°C for 20 min at a 

stirring speed of 660 rpm (Figure S33 (A)). Iron pentacarbonyl (0.4 mL, 3.04 mmol, 1 eq.) was added 

and the mixture heated at reflux (150°C Allihn condenser) for 1h at a stirring speed of 660 rpm (B). 

The mixture was initially cooled using an ice bath and then with a 20°C water bath to room 

temperature (20°C) (C), while filling the decreasing volume of the headspace with nitrogen. To the 

cooled mixture trimethyl amine N-oxide dihydrate (1 g (98%), 8.82 mmol, 2.90 eq.) was added while 

flushing the system with nitrogen, which resulted in bubbling (D). The mixture was then heated to 

130°C for 2h under nitrogen atmosphere (E), where overpressure of gas (CO) was allowed to leave the 

system in the first few minutes. After 2h the temperature was increased to 150°C for 1h. The reaction 

was stopped by cooling with an ice bath and subsequently with a water bath until but not further than 

20°C (whole cooling process: 1 min, (F)), while flushing with nitrogen. The nanoparticles were 

decanted into a beaker (500 mL) and precipitated from ethanol (200 mL). The magnetic nanoparticles 

were pulled out of solution (212 mL) by a magnet under the beaker for 1h (Figure S34). The ethanol 

was decanted off and the particles were washed once with ethanol (50 mL). Dried via constant air 

flow, the particles were dissolved in dichloromethane (10 mL) and stored in nitrogen atmosphere and 

darkness at 5°C. Magnetic properties due to immobilization of FeOx NPs on the surface of the graphene 

nanoplatelets were confirmed (Figure S34). The approximate yield was 2098 mg per batch. 

 

Figure S33: Photographs of FeOx NPs (batch 160) with oleic acid surfactant 2:1, immobilized on graphene 
nanoplatelets. A) t=15, B) t=70 min, C) t=80 min cooled, D) t=80 min Me3N added, E) t=120 min, E) t=260 min 
cooled. 

 

 

 

Figure S34: Precipitation on top of a magnet of FeOx NPS (batch 160) with oleic acid surfactant 2:1, immobilized 
on graphene nanoplatelets. Magnetic properties of the graphene (right) due to immobilization of FeOx NPs on 
the surface, DCM used as solvent. 
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3.3.16 Immobilization on TiO2, lignin, cellulose and chitosan 
Immobilization of the nanoparticles was attempted on TiO2, which itself is also photocatalyst for 

hydrogen peroxide production.9 The synthesis was unsuccessful as the nanoparticles could not 

properly attach to TiO2. As the obtained FeOx NP are capped with oleic acid surfactant, their 

hydrophobic properties are suspected to hinder attachment to hydrophilic TiO2. Accordingly, it was 

opted to immobilize the FeOx material on carbon-based materials: Cellulose, chitosan and lignin were 

chosen as naturally occurring polymeric materials. Successful immobilization was obtained, but 

FeOx@cellulose and FeOx@chitosan did not lead to active NPs for photochemical production of H2O2.  

Immobilization on lignin (FeOx@lignin) led to enhanced activity, more than FeOx NP produced without 

immobilization. However, the blank of pure lignin in water yielded higher production of peroxides as 

shown in Figure S35. This suggests that iron-immobilization on lignin induced Fenton chemistry 

(decomposition of H2O2) rather than enhancing the production, while hydrogen peroxide and other 

peroxides were formed stoichiometrically from pure lignin as previously reported.10-13  

Successful immobilization on graphene nanoplatelets was achieved, but no enhancement compared 

to non-immobilized nanoparticles was obtained. Interestingly, photochemical production by 

immobilization of FeOx NPs on activated charcoal (mesh 20-40) was achieved. Immobilization on 

250 mg, 500 mg, 1000 mg and 1250 mg activated charcoal (mesh 20-40) were tested, where 1250 mg 

activated charcoal (mesh 20-40) resulted in best results.  

 

Figure S35: H2O2 production of FeOx NPs immobilized on lignin (left) and lignin Blank (right). 
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4. Catalyst properties 

4.1 DLS results 

 
A Zetasizer Ultra Red (ZSU3305) from Malvern Panalytical was used for dynamic light scattering 

experiments. All samples (1 mL with a concentration of 1 mg mL-1) were measured at 298.15 K. 

4.1.1 FeOx scope comparison 

 

Figure S36: Particle size distribution of all synthesized batches, measured by DLS at concentration of 1 mg mL-1. 

     

Figure S37: Comparison of particle size for the whole scope of the synthesized FeOx NPs. Active catalyst materials 
(oleic acid and linoleic acid) have been depicted in orange/yellow, while the rest is depicted in greyscale. 
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Table S1: Particle size and diffusion coefficient of FeOx NP scope with concentration 1 mg mL-1, obtained via DLS 
measurements. 

Surfactant (Batch #) Measured in 
solvent 

Particle size (nm)  
by number % 

Diffusion coefficient 
( m˃2 s-1) 

No surfactant (143) DCM 1299±100 0.33±0.09 

Oleyl alcohol (156) DCM 377.35±166 1.14±0.05 

Octanoic acid (161) DCM 4.75±0.27 109.9±8.81 

Nonanoic acid (162) DCM 3.86±0.43 112.4±3.68 

Lauric acid (171) DCM 3.85±1.19 0.39±0.05 

Oleic acid (173), 
Acros organics 

DCM 1.88±0.37 
8.13±1.49 

Oleic acid (174), 
Sigma aldrich 

DCM 1.97±0.31 
7.27±1.29 

Oleic acid (131) THF 3.82±0.42 1.20±0.67 

Elaidic acid (172) DCM 2.49±0.55 18.64±14.61 

Linoleic acid (144) DCM 1.54±0.26 35.28±13.83 

Oleylamine (113, 1:1) DCM 7.41±0.71 
52.14±0.36 

Oleylamine (114, 2:1) DCM 5.09±0.01 
108.7±0.26 

Oleylamine (115, 3:1) DCM 5.87±0.23 
45.66±2.89 

Oleylsarcosine (158) DCM 3.00±0.56 47.24±2.81 
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4.2 Transmission electron microscopy (TEM), scanning transmission electron 

microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDX) of FeOx NPs 
 

TEM characterization: 

A PHILIPS CM 120 Cryo electron microscope with 120 keV was used to take the TEM images. The 

sample grid was prepared by dropping 5 µL of the solution (1 mg/mL in THF or DCM) onto an ultrathin 

carbon film coated copper grid (or graphene grid in the case of oleic acid and linoleic acid). After 30 

seconds of drying the grid was washed with 5 µL ethanol (EtOH) and any surplus solvent was dried on 

a filter paper. In the case of oleic acid and linoleic acid (1 mg/mL THF), the graphene grids were placed 

in a desiccator at full vacuum over-night. 

STEM characterization: 

A Tecnai T20 cryo-electron microscope with 200 keV was used to take the Transmission electron 
microscopy (TEM) and scanning transmission electron (STEM) images. EDX analysis was performed 
with a SDD EDX detector from Oxford xmax instruments, and the elemental ratio was calculated via 
INCA software. 
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4.2.1 FeOx NP with oleic acid (cis) 
 

 

Figure S38: A) Transmission electron microscopy of FeOx (batch 131, oleic acid 2:1, Acros Organics, 1 mg mL-1 in 
THF), at a magnification of 100000x (inlet: zoomed); particle size by DLS 1.94±0.34 nm. B) Scanning transmission 
electron microscopy of FeOx (batch 131, oleic acid 2:1, 1 mg mL-1 in THF), inlet: zoom towards A. C) EDX of FeOx 
(batch 131, oleic acid 2:1, 1 mg mL-1 in THF), drying spots of solvents contain more FeOx NP and concentration 
decreases towards the edges of the droplets; oxygen is depicted in red ς iron in green. 

 

Figure S39: Full spectrum of the elemental analysis (EDX) of FeOx (batch 131, oleic acid 2:1, Acros Organics, 
1 mg mL-1 in THF). 

 

Figure S40: Transmission electron microscopy of FeOx (batch 131, oleic acid 2:1, Acros Organics, 1 mg mL-1 in 
THF), at a magnification of 100000x; particle size by DLS 1.94±0.34 nm, higher contrast for better visibility (right). 
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Figure S41: Transmission electron microscopy of FeOx (batch 131, oleic acid 2:1, Acros Organics, 1 mg mL-1 in 
THF), at a magnification of 240000x; particle size by DLS 1.94±0.34 nm, higher contrast for better visibility (right). 

 

Figure S42: left) Transmission electron microscopy of FeOx (batch 174, oleic acid 2:1, Sigma Aldrich, 1 mg mL-1 in 
THF), at a magnification of 100000x; particle size by DLS 1.94±0.34 nm, higher contrast for better visibility. right) 
Transmission electron microscopy of FeOx (batch 174, oleic acid 2:1, Sigma Aldrich, 1 mg mL-1 in THF), at a 
magnification of 125000x; particle size by DLS 1.94±0.34 nm, higher contrast for better visibility. 
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4.2.2 FeOx NP with linoleic acid (cis,cis) 
 

 

Figure S43: A) Transmission electron microscopy of FeOx (batch 144, linoleic acid 2:1, 1 mg mL-1 in DCM), at a 
magnification of 200000x (inlet: zoomed); particle size by DLS 1.54±0.26 nm. B) Scanning transmission electron 
microscopy of FeOx (batch 144, linoleic acid 2:1, 1 mg mL-1 in DCM), inlet: zoom towards A. C) EDX of FeOx (batch 
144, linoleic acid 2:1, 1 mg mL-1 in DCM), drying spots of solvents contain more FeOx NP and concentration 
decreases towards the edges of the droplets; oxygen is depicted in red ς iron in green.  

 

Figure S44: Full spectrum of the elemental analysis (EDX) of FeOx (batch 144, linoleic acid 2:1, 1 mg mL-1 in DCM). 
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Figure S45: Transmission electron microscopy of FeOx (batch 144, linoleic acid 2:1, 1 mg mL-1 in DCM), at a 
magnification of 150000x; particle size by DLS 1.54±0.26 nm, higher contrast for better visibility. 

 

Figure S46: Transmission electron microscopy of FeOx (batch 144, linoleic acid 2:1, 1 mg mL-1 in DCM), at a 
magnification of 200000x; particle size by DLS 1.54±0.26 nm, higher contrast for better visibility. 
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4.2.1.2 FeOx NPs with oleic acid immobilized on active charcoal mesh 20-40 
 

 

Figure S47: A) Transmission electron microscopy of FeOx NPs immobilized on active charcoal (batch 159, oleic 
acid 2:1, active charcoal mesh 20-40, 1 mg mL-1 in DCM), at a magnification of 25000x. B) Scanning transmission 
electron microscopy FeOx NPs immobilized on active charcoal C) EDX of FeOx NPs immobilized on active charcoal 
(batch 159), successful immobilization of FeOx NPs on the support was achieved; oxygen is depicted in red ς iron 
in green. 

 

 

Figure S48: Full spectrum of the elemental analysis (EDX) of FeOx NPs immobilized on active charcoal (batch 159, 
oleic acid 2:1, active charcoal mesh 20-40, 1 mg mL-1 in DCM). 
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Figure S49: Transmission electron microscopy of FeOx NPs immobilized on active charcoal (batch 159, oleic acid 
2:1, active charcoal mesh 20-40, 1 mg mL-1 in DCM), at a magnification of 25000x. 

 

Figure S50: Transmission electron microscopy of FeOx NPs immobilized on active charcoal (batch 159, oleic acid 
2:1, active charcoal mesh 20-40, 1 mg mL-1 in DCM), at a magnification of 62000x. 
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4.2.1.3 FeOx NPs with oleic acid immobilized on active charcoal mesh 100 
 

 

Figure S51: A) Transmission electron microscopy of FeOx NPs immobilized on active charcoal (batch 183, oleic 
acid 2:1, active charcoal mesh 100, 1 mg mL-1 in DCM), at a magnification of 19000x. B) Scanning transmission 
electron microscopy FeOx NPs immobilized on active charcoal C) EDX of FeOx NPs immobilized on active charcoal 
(batch 183), successful immobilization of FeOx NPs on the support was achieved; oxygen is depicted in red ς iron 
in green. 

 

 

Figure S52: Full spectrum of the elemental analysis (EDX) of FeOx NPs immobilized on active charcoal (batch 183, 
oleic acid 2:1, active charcoal mesh 100, 1 mg mL-1 in DCM). 
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Figure S53: Transmission electron microscopy of FeOx NPs immobilized on active charcoal (batch 183, oleic acid 
2:1, active charcoal mesh 100, 1 mg mL-1 in DCM), at a magnification of 7800x (top left); at a magnification of 
29000x (top right); at a magnification of 80000x (bottom).  
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4.2.1.4 FeOx NPs with oleic acid immobilized on graphene nanoplatelets 
 

 

Figure S54: A) Transmission electron microscopy of FeOx NPs immobilized on graphene nanoplatelets (batch 160, 
oleic acid 2:1, 1 mg mL-1 in DCM), at a magnification of 6500x. B) Scanning transmission electron microscopy 
FeOx NPs immobilized on graphene nanoplatelets C) EDX of FeOx NPs immobilized on nanoplatelets (batch 160), 
successful immobilization of FeOx NPs on the support was achieved; oxygen is depicted in red ς iron in green. 

 

Figure S55: Full spectrum of the elemental analysis (EDX) of FeOx NPs immobilized on graphene nanoplatelets 
(batch 160, oleic acid 2:1, 1 mg mL-1 in DCM). 

 

Figure S56: Transmission electron microscopy of FeOx NPs immobilized on graphene nanoplatelets (batch 160, 
oleic acid 2:1, 1 mg mL-1 in DCM), at a magnification of 6500x. 
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4.2.5 FeOx without surfactant 

 

 

Figure S57: Transmission electron microscopy of FeOx NP without surfactant (batch 143, no surfactant, 1 mg mL-1 
in DCM); particle size by DLS of 1299±100 nm. Magnification of 22000x. 

 

Figure S58: Transmission electron microscopy of FeOx NP without surfactant (batch 143, no surfactant, 1 mg mL-1 
in DCM); particle size by DLS of 1299±100 nm. Magnification of 75000x. 
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4.2.6 FeOx NPs with octanoic acid  
 

 

Figure S59: Transmission electron microscopy of FeOx NP with octanoic acid (batch 161, octanoic acid 1:1, 
1 mg mL-1 in DCM); particle size by DLS of 4.75±0.27 nm. Magnification of 45000x. 

 

Figure S60: Transmission electron microscopy of FeOx NP with octanoic acid (batch 161, octanoic acid 1:1, 
1 mg mL-1 in DCM); particle size by DLS of 4.75±0.27 nm. Magnification of 125000x. 

 


































































































































































































