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Abstract: Heat management in catalysis is limited by each material's 

heat transfer efficiencies, resulting in energy losses despite current 

thermal engineering strategies. In contrast, induction heating of 

magnetic nanoparticles (NPs) generates heat at the surface of the 

catalyst where the reaction occurs, reducing waste heat via 

dissipation. However, the synthesis of magnetic NPs with optimal heat 

generation requires interfacial ligands, such as oleic acid, which act 

as heat sinks. Surface treatments using tetramethylammonium 

hydroxide (TMAOH) or pyridine are used to remove these ligands 

before applications in hydrophilic media. Herein, Fe3O4 NPs are 

surface treated to study the effect of induction heating on the catalytic 

oxidation of 1-octanol. While TMAOH was unsuccessful in removing 

oleic acid, pyridine treatment resulted in a ~2.5x increase in heat 

generation and product yield. Therefore, efficient surfactant removal 

has profound implications in induction heating catalysis. 

Introduction 

Heat management in catalytic processes is essential to the 

success of industrial operations, where the potential for energy 

savings was estimated to be 25% in 2015[1],  and with up to 30% 

energy loss as waste heat.[2] In 2010, over 80% of chemical 

processes involved catalysts, resulting in a total value of fuel and 

chemicals of $900 billion.[3] There is a continuing motivation to 

utilize technologies that reduce heat dissipation and improve 

energy transfer to reduce the 50% energy losses which occur with 

thermal heating.[4] With the rapid depletion of the U.S. energy 

resources coupled to population growth, catalytic industrial 

processes energy utilization must be improved to sustain the 

production of goods and our quality of life.  Among the emerging 

areas in catalysis offering targeted heat delivery is induction 

heating, where magnetic materials placed in high frequency 

alternating magnetic fields (AMF) generate heat locally.[4a] This in 

situ heat generation has the added advantages of reducing risks 

associated with high-temperature reactor setups, shorter warming 

times, and power transmissions that are 1500x higher than 

conduction.[4a, 5] This technology also contributes to the 

sustainability of manufacturing processes, where induction 

heating replaces fuel-fired furnaces, reducing CO2 emissions and 

air pollution.[6] Furthermore, these heating mechanisms are 

electric-based and can utilize renewable energy as its source, 

decreasing our dependence of fossil fuels.  

The enhanced energy transfer of induction heating enables 

advancements in process efficiency to be implemented as a first 

step, and further improvements in catalyst performance can be 

achieved by adding active species, metal clusters, or 

functionalizing the surface of the NPs.[5c, 5d, 7] However, coupling 

magnetic heating with catalytically active materials is challenging 

due to the synthetic methods needed to control surface 

morphology, colloidal anisotropy, reduce polydispersity, and 

improve crystallinity. These parameters are crucial to maximize 

heat generation for a given nanoparticle size.[8] For example, 

earth-abundant Fe3O4 NPs, synthesized via thermal 

decomposition[8a, 9-10], frequently used for magnetic 

hyperthermia[9], have optimum heat generation with particle 

diameters around 20 nm, but their catalytic properties have yet to 

be explored when heated magnetically. For the dual purpose of 

catalysis and heat generation, smaller sizes are also preferred to 

improve catalyst surface area. While thermal decomposition can 

control particle monodispersity and size, it requires bulky and long 

capping ligands such as oleic acid (OA).[11] The strong adsorption 

energies of these surfactants are known to hinder simple catalytic 

processes, such as the Fenton reaction.[12] Accordingly, the 

design of the interfacial structure for catalytic active colloids 

directly influences the heat transfer, requiring the removal of the 

persistent OA ligand shell to improve gas adsorption and limit 

poisoning[12a] or coking[13] of the Fe3O4 surface. This is especially 

relevant in induction heating, where the surfactant layer is directly 

attached to the heat source, which may act as a heat sink[11a] and 

lead to rapid coking. Current surface treatments for catalysis 

integration[14] involve passivation/functionalization with a solid 

shell or another ligand to act as a repository for the active sites, 

leaving the Fe3O4 core to direct the heat generation in the entire 

NP.[5c, 5d, 7a, 15] However, the presence of an organic or inorganic 

shell layer decreases the overall heat transfer to the reactants, 

and itself can interfere with the reaction.[4a] Additionally, 

alternative treatments (e.g., heat, UV-ozone irradiation, 

electrochemistry, etc.) are damaging to the Fe3O4 structure, 

resulting in a more oxidized and less magnetic γ-Fe2O3 phase.[12c, 

16]  
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Inspired by the successful ligand removal in quantum dots 

and semiconductors, this work aims to elucidate the relationship 

between heat generation and the subsequent surface chemistries 

by controlling the extent of OA removal using two treatments, 

tetramethylammonium hydroxide (TMAOH)[17] and pyridine.[18] To 

quantify this relationship, the catalytic oxidation of 1-octanol to 1-

octanal was chosen as a proof-of-concept reaction for direct 

comparison with literature.[19] The reaction is shown to generate 

aldehydes over metal oxide surfaces at ~100 °C and ketones at 

temperatures >350 °C in the presence of hydroxyl groups. With 

that in mind, TMAOH treatment was chosen as a way to add 

hydroxyl groups to the catalyst surface[17, 20], thereby changing 

catalyst selectivity when compared to a “bare” Fe3O4 surface 

treated with pyridine.[18a, 18c] These surface treatments have 

already been reported to displace certain native ligands and 

increase hydrophilicity.[17, 21]   

The detection of these surface ligands on Fe3O4 NPs has 

proven a significant challenge due to the oxide's optical and 

magnetic properties preventing optical/IR and magnetic (NMR) 

surface characterization techniques.[21b, 22] Since sensitive 

surface characterization is critical to understand the available 

surface sites and heat transfer, alternative characterization 

methods, such as Inelastic Neutron Scattering (INS) are 

necessary.  INS provides a complete vibrational spectrum of  

surface ligands based on its high specificity for hydrogen atoms 

arising from differences in total scattering cross-sections (11.62 

barn for Fe compared to 82.02 barn for 1H).[23] This results in a 

flatter background absorbance for Fe3O4 than in Fourier 

Transform Infrared Spectroscopy (FTIR), [23d] and is employed to 

improve the detection of residual OA ligands.  

In this work, the catalytic conversion of 1-octanol to 

octanal is studied using Fe3O4 catalysts to determine the 

effectiveness of induction heating. Controlled synthesis of 

colloidal NPs is performed to maximize magnetic-to-thermal 

energy conversion and achieve high surface areas. The NP 

surface (FTIR, INS, Thermal Gravimetric Analysis (TGA), and 

Brunauer-Emmett-Teller (BET) surface area) and its electronic 

(X-ray Photoelectron Spectroscopy (XPS)) structure were 

characterized in order to understand the relationship between 

catalytic activity and surface treatments. Previous reports have 

indicated successful ligand removal of Fe3O4.[17, 22d, 22e, 24] Herein,  

it was observed that TMAOH functionalized the OA layer with 

hydroxyl groups, not the NP surface. In contrast, pyridine surface 

treatments resulted in significant improvements in catalytic 

conversion and heat generation, allowing for the application of 

these NPs to similar reactions where lower temperatures can be 

beneficial. 

Results and Discussion 

Fe3O4 nanoparticles (NPs) were synthesized via thermal 

decomposition using OA and subsequently treated with TMAOH 

and pyridine for the catalytic oxidation of 1-octanol. The as-

synthesized NPs can be indexed to spinel Fe3O4 (magnetite Fd-

3m space group)[25] (Figure 1a) of ~17 nm in diameter, which is 

expected to have high magnetic-to-thermal heat conversion.[11b, 

26] Additionally, the co-precipitated samples and nanocubes 

synthesized for surface chemistry comparison, where the NPs 

have no surfactants and oleate ligands (OL), respectively, were 

indexed to the same crystalline phase (Figure S3). No 

considerable changes in the size of the NPs were observed after 

the phase transfer treatments were performed to remove the 

capping agents (Figure S4). Additionally, no significant changes 

in morphology were observed between the as-synthesized 

(Figure 1b) and the TMAOH-treated NPs (Figure 1c), whereas the 

pyridine treatment resulted in a slight increase in agglomeration 

(Figure 1d). The NPs were dispersible in 1-octanol after both 

phase transfer treatments and exposed to the RF fields or thermal 

heating (200 °C) for 6 h in a sealed ampule to prevent the 

evaporation of the liquid. The gentle surface treatment allowed for 

further heterogeneous alcohol oxidation studies thermally and 

inductively without compromising the magnetic-to-heat 

conversion.   

Figure 1. a) XRD of the as-synthesized nanospheres indexed to the magnetite 

(Fe3O4) crystal phase. TEM image of b) as-synthesized, c) TMAOH treated, and 

d) pyridine treated samples showing no significant change in morphology or 

size. 

The catalytic performance of the synthesized NPs was 

compared to commercially available Fe3O4 (40-180 nm, VWR) 

powders, co-precipitated NPs and a control test using the octanol 

solution without catalysts (Table 1). In general, the thermal 

heating resulted in lower conversions of 1-octanol regardless of 

the method of phase transfer, with a 2.5x increase in conversion 

for the pyridine sample. Almost all catalytic samples from 

induction heating reactions improved heat transfer, which was 

translated into higher product yields. The pyridine treated 

samples outperform as-synthesized NPs thermally and 

inductively, increasing aldehyde yield by 4x,  and demonstrating 

the benefits of removing capping ligands in induction heating 

catalysis (Table 1). Further improvements in conversion could 

likely be achieved using traditional promoters, solvents, and high-

pressure systems but are beyond the scope of this work.[19a, 19d, 27] 

Comparatively, previous reports[19b, 19c] using Fe3O4 as a 

dehydrogenation catalyst display low yields (1%) at much higher 

temperatures (345 °C, via thermal heating), suggesting that the 

required amount of energy for initial activation of Fe3O4 can be 
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achieved at lower bulk temperatures via induction heating. 

Interestingly, the TMAOH treated sample showed no conversion 

under induction heating. It was not immediately clear why the 

TMAOH samples performed worse than the as-synthesized NPs, 

since they exhibited a higher heating response to magnetic fields 

(Figure S2), encouraging further surface characterizations. 

Additionally, commercial NPS (Figure S5), which are 

agglomerated and randomly shaped, showed 40% smaller 

aldehyde yield than pyridine treated samples, despite not having 

bulky ligands on its surface (Figure S6). Uncapped co-

precipitated NPs also performed poorly via conventional thermal 

reactions, indicating that improved yield is not only due to reactant 

accessibility to the NP surface, but also to enhanced energy 

transfer via induction heating. Co-precipitated nanoparticles were 

not tested inductively given their small size (6.6 ± 2.4 nm) places 

them in the superparamagnetic regime.[26, 28]  These results 

emphasize that although large NPs (commercial), or small and 

uncapped (co-precipitated) are easier to produce, they cannot 

outperform the magnetic and catalytic properties achieved via a 

controlled synthesis. Therefore, further surface characterization 

studies are needed to determine the surface chemistries of each 

sample and how the molecular motifs interfere on catalytic activity 

and heat transfer.  

Table 1. Octyl aldehyde yield calculated from GC-FID for various catalysts and 

control conditions, all performed with the same amount of octanol (1 mL) and 

duration (6 h).  

Type of Passivation Aldehyde Yield via 

Thermal Heating (%) 

Aldehyde Yield via 

Induction Heating (%) 

As-Synthesized 0.37 0.93 

TMAOH 0.47 0.22 

Pyridine 0.61 1.5 

Commercial NPs - 0.62 

No Catalyst Control 0.23 - 

Co-precipitation NPs 0.24 - 

 

 To elucidate the difference in performance between the two 

phase transfer processes, a series of surface characterizations 

(TGA, FTIR, neutron scattering, and XPS) were performed. TGA 

can quantify the extent of the phase transfer since it is known that 

hydrophilic films can be deposited around colloidal NPs for certain 

phase transfer agents, such as polydopamine.[29] The TGA results 

are shown in Table 2 and Figure S7 for the as-synthesized and 

phase transferred samples. All samples show a slight oxidation to 

Fe2O3 below 250 °C, consistent with partial removal of OA. As 

expected from the catalysis results, the pyridine treatment 

decreased the weight loss upon heating to 450 °C (5%), 

corresponding to a 2.5x decrease in surface ligand density 

(calculated from TGA weight loss) when compared with as-

synthesized samples. However, the TMAOH treated sample 

showed a much larger weight loss (an additional 14%) compared 

to the as-synthesized, suggesting more TMAOH species are 

physisorbed after treatment. 

 

 

Table 2. Weight loss associated to oleic acid from TGA analysis and the 

respective calculated surfactant coverage compared to BET surface area. 

Type of 

Passivation 

Weight Loss 

(%) 

Surfactant 

Coverage 

(molecules/nm2) 

BET Surface 

Area (m2/g) 

As-

Synthesized 

10 3.2 - 

TMAOH 24 9.7 9.6 

Pyridine 5 1.1 43.4 

 

The surface areas of the phase transferred samples showed a 

>4x improvement for the pyridine over the TMAOH treated 

samples, the former at nearly 65% of the theoretical surface area 

based on the NP diameter (Table S2). Therefore, pyridine 

treatment improves OA removal and yields more surface area and 

available active sites. In contrast, the TMAOH exposure weakens 

the OA interaction with the surface without removing the ligand, 

resulting in OA decomposition at high temperatures and low 

catalytic product conversion for TMAOH treated samples.   

To further understand the ligand chemistry on the NP 

surface, complementary FTIR and INS characterization were 

employed to identify residual organic groups. Figure 2 shows the 

offset FTIR spectra of the Fe3O4 NPs after the phase transfer 

treatments. All samples exhibited characteristic methyl C-H 

vibrations around 2900 cm-1 attributed to OA ligands and TMAOH 

(when applicable).[17, 24b, 30] However, the overlap of the C-H (O-

H) mode regions corresponding to pyridine and TMAOH limit the 

identification of the surface species. Nonetheless, vibrational 

modes at 1255, 1089, and 783 cm-1 appear after the pyridine 

treatment (arrows in Figure 2), and are attributed to pyridine, 

which are removed via a methanol wash (green curve in Figure 

2).  

 

Figure 2. FTIR spectra for as-synthesized and phase transferred samples 

mixed with KBr at 1:9 ratio (except for as-synthesized). The samples were 

analyzed on ATR mode, and they show the presence of remaining oleic acid 

ligands after treatment though the surface is made partially hydrophilic by the 

presence of hydroxyl groups. 
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Their easy removal suggests weak physisorption, which is not 

possible for the strongly bonded OA groups. In an attempt to 

quantify the ligand coverage and exchange, the ratio of the C-H 

modes (2900 cm-1) to one for Fe3O4 (600 cm-1 Fe-O vibrational 

mode) were compared.[31] The TMAOH-treated sample shows a 

higher ratio (0.25) than with the pyridine-treatment (0.10), which 

can be further decreased to 0.04 after methanol wash, confirming 

that pyridine exchange lowers the OA ligand density. More 

importantly, TMAOH significantly alters the C-H/O-H signature at 

~3300 cm-1, which is responsible for the hydrophilic nature of the 

catalysts that allow for dispersion in octanol. However, the FTIR 

analysis still does not allow for a full picture of the surface-ligand 

interactions given the spectral overlap and is unable to provide an 

explanation for the reduced catalytic activity for TMAOH treated 

samples.[23b] Furthermore, the quantification of the ligand density 

may be affected by the strong IR absorption of Fe3O4, and 

consequently, chemically specific features of the ligands cannot 

be identified beyond long akyl chains. For example, a weak C=O 

mode characteristic of oleic acid at 1700 cm-1 is observed for the 

as-synthesized samples instead of the traditional sharp peak.[32]  

Neutron scattering measurements were performed on the 

TMAOH treated particles to better understand the bonding 

structure.  In general, OA ligands are expected to dissociate (R-

COO-) during NP growth to bond to the surface.[24, 33] Alternatively, 

when OA is substituted for oleate ions (NaOL), highly {100} 

faceted nanocubes are produced.[34] To determine whether 

residual OA exists in protonated or deprotonated form, INS 

analysis of the NPs after TMAOH phase transfer is compared to 

surfactant-free Fe3O4 NPs (made by co-precipitation), bulk OA, 

and a NaOL treated surface (nanocubes). With INS, not only can 

the ligand be identified with higher specificity than by FTIR, but 

also the affinity between the native ligand and the displacement 

agent can be elucidated.  

Figure 3.  INS spectra for TMAOH phase transferred samples compared to bulk 

OA. Key vibrational (dashed boxes) modes that involve O-H in the carbonyl 

group are highlighted to point out their presence on spherical NPs and absence 

on the cubic NPs. Inset shows a zoomed in image of the vribrational mode at 

328 cm-1, shifted due to adsorption. 

As expected, the spectra for the TMAOH treated 

nanospheres and nanocubes are nearly identical to that of the 

bulk OA sample (Figure 3), emphasizing the inefficiency of 

TMAOH in removing the native surface ligands. Unlike FTIR 

spectra, the strong OA signal suggests a high concentration of 

this ligand on the TMAOH treated NP surface. These high OA 

concentrations have not been previously identified, likely due to 

the generation of other hydrophilic groups and their overlap in 

FTIR vibrational modes with OA, leading to an erroneous 

assumption of complete ligand removal.[10a, 21b, 22d, 30b] Since the 

concentration of OA after pyridine treatment decreased by one 

order of magnitude, INS experiments for these samples could not 

be performed, given that the OA signal would be below the 

detection limit for the instrument. Therefore, based on signal 

intensity alone, it is clear that INS reveals how inefficient the 

ligand removal is via TMAOH treatment.  

A total scattering simulation of the INS spectra for a single-

molecule was performed for OA (in vacuum) and compared to 

bulk OA (Figure S8) to identify the vibrational modes and the 

possible binding configurations. The simulated vibrational modes 

are indexed to the bulk OA and compared to the bonded OA on 

the NP surface. Although the molecular vibrational modes shift 

upon adsorption and interparticle interaction[35], a qualitative 

identification could be obtained. The analysis of the simulated 

spectra focused on the terminal hydroxyl group to differentiate 

between OA and OL binding. The rocking (328, 360 cm-1), 

scissoring (1211 cm-1), and asymmetric stretching (3756 cm-1 ) 

vibrations were used to explore the ligand binding (dashed boxes 

in Figure 3 and Figure S9). The presence of terminal -OH 

vibrations is evident on spherical NPs, but not on cubic NPs 

(Figure 3), suggesting the presence of non-dissociated OA on 

spherical NPs. More specifically, the vibrational mode at 3756 cm-

1 indicates that OA retains its proton. As anticipated, this mode is 

not observed in the surfactant-free co-precipitated NPs, 

demonstrating that the terminal -OH is specific to the OA group 

and not acquired from ambient moisture. More evidence of non-

deprotonation can be drawn from the estimation of the number of 

hydrogens in a given mode since INS signal intensity increases 

with total hydrogen cross-section.[36] From the INS peak height, 

the ratio between the height of the peak at 3756 cm-1 (-OH on the 

carbonyl group) and 730 cm-1 (hybrid mode involving the 

backbone of OA) is used to represent the ratio of -OH to the other 

hydrogens of OA. For nanospheres, this ratio is 0.028 (0.03 for 

intact OA), while the nanocubes show a negligible peak at 3756 

cm-1. These observations suggest that nanospheres treated with 

TMAOH are surrounded by OA groups that are primarily 

undissociated and covalently interact with the lattice oxygen 

(Binding Mode III in Figure 4).  

 

 

 

 

 

 

 

 

Figure 4.  Schematic of the possible binding of OA onto the Fe3O4 NP surface. 

Adapted from Deacon and Philips.64  
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Figure 5. XPS spectra for the O1s of nanospheres treated with TMAOH and 

pyridine. The C-O bonding composition shown remaining OA ligands on the 

surface and the shift in OH peak position determines it is located on the NP 

surface (pyridine) and on the OA layer (TMAOH). 

The carboxylate groups on nanospheres can also be coordinated 

to the metal center in a bidentate form (Structure I in Figure 4)[37], 

which constrains the C=O and -OH vibrations, explaining why 

these are not seen in FTIR but are in INS. In the proposed Binding 

Mode II, the C=O and -OH vibrations are not constrained and 

should be visible in FTIR if present. In Binding Mode III, the proton 

is not released, but interacts directly with a surface oxygen of 

Fe3O4, limiting the effectiveness of the ionic TMAOH to displace 

the covalently interacting OA. In contrast, pyridine has a lone 

electron pair with strong affinity to a metal center[38], and is more 

likely to displace adsorbed OA.Consequently, the as-synthesized 

samples are likely represented by Binding Mode I, and, after 

TMAOH treatment, only a partial recovery of the surface area is 

possible through rearrangement to Binding Mode III (deduced 

from INS). This configuration likely allows for further adsorption of 

TMAOH species, explaining the increased weight loss and 

reduced surface area. Additionally, the literature suggests that a 

secondary OA layer can form around the NP, resulting in other 

non-dissociated vibrational modes and an IR- active peak for the 

carbonyl at 1710 cm-1 when excess OA is used. Otherwise, these 

are absent, demonstrating that the binding modes identified by 

INS are not due to excess OA.[39] These proposed binding modes 

provide insight on the catalytic results, where as-synthesized NPs 

are in a bidentate mode, which are more robust binding and 

hinders active sites[40], resulting in reduced product conversion. In 

contrast, pyridine treated samples are stronger displacement 

agents, resulting in a “cleaner” surface for catalysis. 

XPS measurements were performed as a final verification 

of the phase transfer effectiveness in generating a bare catalytic 

surface. The O 1s spectra for the TMAOH and pyridine treated 

samples are shown in Figure 5. After peak deconvolution, it can 

be noted that the relative areas of C-O bonding to Fe3O4 are much 

higher for TMAOH treated samples, confirming the inefficient 

removal of OA as also seen from the TGA and INS results. 

Additionally, the adsorbed hydroxyl group peak shifts with surface 

treatments, from near 531.1 eV[41] upon pyridine treatment (Figure 

5b) to near 535 eV[42] for TMAOH treatment (Figure 5a). The 

former is consistent with hydroxylated Fe3O4, the latter with 

organic hydroxyls adsorbed on carbonaceous species, such as in 

OA. These results also indicate the NP surface is still covered by 

OA groups after TMAOH treatments. Furthermore, the Fe 2p peak 

upon pyridine treatment is intense, but there is almost no Fe 2p 

signal detected from the TMAOH treated sample (Figure S10). 

The pyridine treated samples also show trace Fe2O3 (satellite 

peak around 718.5 eV)[43], attributed to slight oxidation of the 

uncapped surface under ambient conditions. However, this 

oxidation did not affect the induction heating (discussed below) or 

catalytic results. With respect to the ratio of Fe2+/Fe3+, a complete 

quantitative deconvolution is necessary, and while such analyses 

have been performed by other groups[44],  it is outside of the scope 

of this work. 

Figure 6. Specific Loss magnet (SLP) for Fe3O4 (10 mg/ml) spheres in water 

with increasing external applied field. Pyridine ligand exchanged particles show 

higher numbers due to the decreased ligand barrier that can act as heat sinks.  
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The magnetic hyperthermia (heating) properties of Fe3O4 

NPs were probed to quantify the effect of ligand removal on the 

efficiency of heat transfer to the active molecule (octanol). The 

rate of temperature increase was measured for the spherical NPs 

treated with TMAOH and pyridine in an aqueous solution (Figure 

S11) under applied magnetic fields (up to 54 mT). The 

temperature measurement in solution reflects energy transfer 

from the NP surface to the aqueous media, since the temperature 

at the surface of the NP is believed to be much higher (> 30°C) 

than bulk.[45] Figure 6 shows that the SLP for pyridine ligand-

exchanged nanospheres is higher than for TMAOH and uncapped 

(co-precipitation) NPs, at all applied fields. While the magnetic 

properties of uncapped and capped NPs has already been shown 

by other groups[46], this work emphasizes the significant 

improvement in SLP for particles of nearly the same size and 

identical shape, by simply treating the surface. Co-precipitated 

NPs are smaller (6.6 nm) and in a distinct heat generation regime, 

achieving lower temperatures that are not comparable to colloidal 

synthesis. The pyridine treatment increases the SLP on average 

by 2.3x over all applied field, maintaining a linear increase in SLP 

with the applied field. At higher concentrations, the heating rate 

drastically changes, increasing the temperature in the media for 

the same weight of Fe3O4 nanoparticles (Figure S11), allowing 

tunable reaction temperatures. This concentration dependence 

has also been observed by other research groups.[47] Therefore, 

with pyridine treated samples, heat transfer to octanol is improved 

proportional to the increase in heat generation, allowing higher 

temperatures to be reached at the same applied field.  

Conclusion 

This work demonstrates a direct relationship between ligand 

density and heat transfer in induction heating catalysis. Notably, 

the utilization of TMAOH or pyridine on the surface treatment of 

Fe3O4 plays a crucial role in the induction heating catalysis of 1-

octanol oxidation. A 2.5x improvement in product conversion for 

the oxidation of 1-octanol was observed when the nanocatalyst 

was treated with pyridine to remove surface ligands and increase 

surface area. Additionally,  a 2.5x decrease in ligand density 

resulted in equivalent heat generation improvement for the same 

sample. While FTIR characterization suggested low OA surface 

coverages given the weak signal intensity, INS revealed high 

concentrations on TMAOH-treated samples. This was further 

confirmed via XPS, which showed a range of C 1s signatures and 

a reduced Fe 2p signal intensity. For pyridine-treated samples, 

the OA displacement improved surface areas by a factor of 4.5 

enabling improved oxidation of 1-octanol via induction heating. 

The reactant's proximity to the heat source, also acting as a 

catalyst, enabled fast heat transfer to reactants and higher 

conversion to aldehydes compared to thermally driven reactions. 

Therefore, the SLP improvement is attributed to a diminished 

insulating layer of ligands that previously acted as a heat sink and 

hindered the transfer of heat from the NP surface to the liquid 

media. The ability to successfully remove the ligand is vital to 

other catalytic reactions where direct transport of heat to noble 

metals is necessary to control the conversion and selectivity of a 

reaction and is the next step in improving energy efficiency in 

induction heating catalysis. 

Experimental Section 

Chemicals 

1-Octanol (99%, anhydrous, Acros Organics), 1-octene (>99%, TCI), 1-

octadecene (90% technical grade, Alfa Aesar), reagent alcohol (94-96%, 

ACS grade ethanol + methanol, VWR), acetone (99.5%, VWR), dibenzyl 

ether (98%, Alfa Aesar), n-tetracosane  (99%, Alfa Aesar), toluene (99.5%, 

VWR), hexane (98.5% ACS grade, VWR), iron (III) chloride hexahydrate 

99% (FeCl3.6H2O, Acros Organics), isopropyl alcohol ( 99.5% ACS grade, 

VWR), methanol (99.8% ACS grade, VWR), oleic acid (90% technical 

grade, Alfa Aesar), pyridine (99.8% anhydrous, Honeywell), sodium oleate 

(> 97.0%, TCI), and tetramethylammonium hydroxide (25 wt% solution in 

methanol, BTC) were all used without further purification. 

Nanoparticle Synthesis 

The synthesis of Fe3O4 nanospheres (~18 nm) and nanocubes (~13 

nm) was performed according to procedures described elsewhere.[11b],[34a] 

Nanocubes were used solely as a control sample where the OA is found 

on its undissociated form, allowing ligand identification through INS. 

Briefly, an iron oleate (FeOL) precursor is prepared as described in 

reference 19, washed three times with 100 mL of distilled water, and dried 

overnight at 110 °C. The resultant dry metal oleate complex is used 

immediately to prevent oleate polymerization and aging.[40, 48] For 

nanospheres, 5 mmol of the FeOL was mixed with 13 mmol of OA and 15 

mL of a 1:2 v/v benzyl ether:1-octadecene in a 250 mL three-neck round 

bottom flask. The precursor was degassed at 90 °C for 30 min and heated 

to 325 °C (3.3 °C/min ramp) under nitrogen atmosphere for 30 min. 

Similarly, the nanocubes were synthesized by replacing the OA surfactant 

with sodium oleate (NaOL) at a 1:1 molar FeOL:NaOL ratio in 2:1 w/w 

mixture of octadecene:n-tetracosane (TCE).[34a] The solution was 

degassed at 120 °C and refluxed at 337 °C.[34a] The NPs were precipitated 

with acetone and washed until the supernatant was clear in a 1:4 v/v 

toluene:acetone solution.  As a surfactant-free standard, co-precipitated 

NPs were also synthesized (see Supporting Information). 

Phase Transfer 

The hydrophilic NPs were obtained by mixing 3 mL of NP suspension (~3-

5 mg/mL, in hexane) with 3 mL of TMAOH and 10 mL of methanol and 

sonicated for 30 min. The particles were magnetically separated from the 

solution and washed five times with a 1:4 v/v water:methanol solution to 

remove the excess TMAOH.[17] Alternatively, the particle suspension was 

degassed to remove all hexane, resuspended in an equal volume of 

pyridine[49], and stirred overnight at 50 °C. The particles were then 

precipitated with hexane and subsequently washed four times with 

isopropanol (IPA) at a 1:4 v/v hexane suspension:IPA ratio. Finally, the 

precipitate was dispersed in water or methanol and dried under vacuum at 

115 °C for 90 min. It is important to remove excess water to decrease the 

drying time and reduce particle oxidation.[22a]] 

Catalytic Reactions 

After surface treatment, spherical NPs were used to probe the induction 

heating properties of Fe3O4 under an alternating magnetic field. For 

thermal and induction heating reactions, the conditions were the same. In 

a 4-mL ampule, 1 mL of 1-octanol was mixed with 50 mg of the fresh 

catalyst. For the induction heating reaction, the magnetic field is calibrated 

such that the temperature in the thermal and the induction heating 

reactions are the same. Literature shows that once magnetic particles are 

placed in an alternating magnetic field, their surface temperature is higher 

than the measured bulk temperature.[45] Given that the 1-octanol boiling 

point is 195 °C, the solution should boil if a temperature of  ~ 200 °C is 

achieved. For this experimental set-up, boiling was observed when the 



FULL PAPER  
  

7 

 

 

bulk temperature measurement was 170 °C, necessitating a thermal 

reaction temperature of 200 °C for equivalent conditions. Consequently, to 

account for variations between catalyst syntheses, before each induction 

heating reaction, the field was set to achieve solvent boiling and a bulk 

liquid temperature of ~170 °C (Figure S1). The ampule was then sealed in 

air and placed in an oven (for thermal reaction) at 200 °C or in a three-turn 

coil at the calibrated field of 343 kHz, for 6 hr (Figure S2). After the catalytic 

reaction, Fe3O4 was separated from the product magnetically, and the 

liquid was analyzed via Gas-Chromatography using a Flame Ionization 

Detector (GC-FID). The column used for separation was an Agilent DB-1 

(15m x 530 μm x 1.5 μm), and a split-flow of 15:1 with He as the carrier 

gas. 

Nanoparticle Characterization 

The NP phase was confirmed by X-ray diffraction (XRD) using a 

PANalytical X-ray diffractometer, operating at 45 kV and 40 mA, with a Cu 

Kα1 (λ = 1.54 Å) as a radiation source. The θ−2θ radial scan was performed 

over the range 20−70° with a step size of 0.04° and a dwell time of 60 s. 

The NP size and shape were characterized by transmission electron 

microscopy (TEM) using a JEOL JEM-1400 operating at 120 kV, and using 

an Orius Camera SC1000A 1, with a 0.20 nm lattice image resolution and 

0.38 nm point image resolution. The surface ligands were characterized 

using Attenuated Total Reflectance Fourier-Transform Infrared 

Spectroscopy (ATR-FTIR), where samples were mixed at 1:9 (w/w) with 

KBr. X-ray Photoelectron Spectroscopy (XPS) was performed to 

determine the surface changes (e.g., oxidation) after phase transfer. The 

spectra were collected for O 1s and Fe 2p in the surface-treated 

nanospheres using a Scienta Omicron ESCA 2SR XPS system equipped 

with a monochromatic Al Kα (hν = 1486.6 eV) X-ray source and a 

hemispherical analyzer with a 128-channel detector. The inherent 

Gaussian width of the photon source was 0.2 eV and the pressure inside 

the chamber was 1.5 × 10–9 Torr. The XPS spectra were calibrated to the 

adventitious C 1s peak at 284.6 eV. All peaks were fit (using CasaXPS 

software32) to symmetric Voigt functions (70% Gaussian and 30% 

Lorentzian) and a Shirley background to determine peak positions and 

areas. The fitting parameters were generated with a Levenberg-Marquardt 

optimization algorithm.   

Additionally, nitrogen physisorption measurements were performed using 

a Micromeritics Gemini VII 2390 Surface Area Analyzer at -196 °C to 

quantify the active surface area. Thermal Gravimetric Analysis (TGA) was 

performed with a TA SDT Q600 DSC–TGA under air to quantify the total 

organic mass. The initial temperature was set to 50 °C and ramped to 

500 °C at 10 °C/min. Surface coverages were calculated based on the 

estimated NP surface area from TEM, and the TGA weight loss attributed 

to OA molecules. The total amount of OA molecules are estimated using 

Avogadro’s number and divided by the total NP surface area.[22d]Lastly, 

inelastic neutron scattering (INS) spectra were collected at the Spallation 

Neutron Source (SNS) at Oak Ridge National Lab on beamline 16B 

(VISION). This characterization enabled the identification of molecular 

vibrations even for small sample quantities due to the equipment’s high-

flux (~5x107 neutrons/cm2/s) and high resolution (~1.5% of energy 

transfer). The spectrum of the empty vanadium sample holder was 

subtracted from that of the NP powders. For each NP powder analysis, the 

sample holder was filled with inert gas, sealed, and placed in the beamline. 

The samples were then cooled to 5 K, and data collected for several hours. 

The analysis of the vibrational modes of the capping ligands was 

performed by comparing the NP data to that of pure OA, and indexed using 

single-molecule Density Functional Theory (DFT) simulations performed 

using Gaussian software with a 6-311G++(d, p) basis set and B3LYP 

functional for geometry optimization and frequency calculation. To model 

the INS spectra, the phonon frequencies are extracted from the single-

molecule calculations automatically by the OCLIMAX package.[50] A single 

molecule calculation agrees well with the experimental data on the peak 

positions. 

 

Induction Heating Characterization   

The Specific Loss Power (SLP) was extracted by measuring the time-

dependent temperature change of water with suspended Fe3O4 (10, 20, 

and 40 mg/mL). The solutions were placed in a 3-turn coil, 1 in in diameter, 

under 0-600 A in an Ambrell EASYHEAT 8130LI 10 kW induction heater, 

at a constant frequency of 343 kHz, yielding magnetic fields up to 60 mT. 

The SLP was extracted from the region with the highest slope, prior to 

plateauing, using the following equation: 

𝑆𝐿𝑃 =  (
𝐶𝑝,𝑛𝑝 𝑚𝑛𝑝 +𝐶𝑝,𝑤 𝑚𝑤

𝑚𝑛𝑝
)

𝛥𝑇

𝛥𝑡
                                                       Equation 1 

Where 𝛥𝑇/𝛥𝑡 is the slope ot Temperature change with time, and 𝐶𝑝,𝑛𝑝 𝑚𝑛𝑝 

and 𝐶𝑝,𝑤 𝑚𝑤 are the products of heat capacity and mass for the NPs and 

water, respectively. 
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Scheme 1: Illustration of the effect of ligand removal on heat transfer when a magnetic NP is activated with an alternating magnetic 

field using Radio-Frequency. While TMAOH treatment resulted in higher surface ligand density, acting as heat sink, pyridine 

treatment reduced ligand density and improved the extent of heat transfer. 

 

 

 


