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a b s t r a c t

Most catalytic processes are achieved by heating the whole reaction systems including the entire reactor,

substrate and solvent, which leads to energy loss and obvious heat transfer limits. In this study, induction

heating was employed to boost the catalytic Suzuki-Miyaura cross-coupling reactions by using conductive

superparamagnetic microspheres with loaded Pd nanoparticles as heterogeneous catalysts. It was found

that, at the same apparent reaction temperatures, the reactions by adopting the induction heating all ex-

hibit better catalytic performance with higher conversion and yield, as compared to the reactions using

conventional joule heating. The improvement is mainly attributed to the localized heating effect endowed

by high efficiency of the heat transfer from the heat source to catalytic sites, which dissipates the electro-

magnetic energy through Néel relaxation mechanism. Moreover, it has be found that the reactions have

been largely accelerated, resulting in much shorter reaction time required to approach a given value of

reactant conversion. These results indicate that the unique heating method based on the superparamag-

netic nanomaterials as both the inductive component and catalyst support holds a promising application

for fast and efficient heterogeneous catalytic process, and exhibits potential for improving energy transfer

efficiency and reducing the side reactions attributed to the uneven temperature profile.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Catalysis is a crucial route to improve process efficiency for

chemical and material production in various industry sectors. Sev-

eral factors, such as by-products formation, energy efficiency, reac-

tor optimization, and cost-effectiveness, have long been considered

momentous restrictions during the development of the traditional

catalytic processes [1–4]. In the last decades, advances in cataly-

sis were mainly achieved through the development of high activ-

ity multifunctional catalysts, as well as innovative process design.

For the latter, improving the heat and mass transfer in the cat-

alytic process is one of the most strategic ways. The conventional

heating method such as the joule heating (JH) for catalysis usu-

ally heats the overall reactor based on heat conduction, convection

and radiation such as the situation in a tube furnace for gas-solid

reactions. Such heating scheme always results in an obvious tem-

perature gradient from the heat source to the solid catalysts and

further to the surface active sites, accompanied by a considerable
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energy loss and potential by-products generation [5]. Recently, new

schemes including microwave heating [6,7], laser heating [8,9] and

plasma technology [10], have been reported to improve the heat

transfer process so as to reduce adverse effects in heating the cat-

alytic reactions.

Induction heating (IH) recently has become a unique heating

scheme for catalysis, in which the heat generates directly from the

inductive materials, usually the solid catalysts, and is immediately

transferred outward to reactants and reaction media. Such a con-

tactless heating method exhibits significant advantages in main-

taining heterogeneous catalytic reactions. On one hand, the heat

generates almost instantaneously from the electrically conductive

or magnetic catalysts due to the selective absorption of radiofre-

quency energy, which significantly reduces thermal inertia and im-

proves the uniformity of temperature distribution in the reaction

media. On the other hand, the IH provides only the energy of heat

that is necessary to induce the catalytic reaction on the active sites

of catalysts, thus avoiding heating the whole reactor/reaction me-

dia and minimizing considerably the heat loss and energy input.

During the induction heating, the heat generated under the high-
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Fig. 1. Schematic for the catalytic cross-coupling reaction sustained by induction heating under alternative magnetic fields leading to a more accurate and even temperature

control over the nanocatalyst and reaction media.

frequency alternating magnetic fields (AMF) mainly follows three

mechanisms: eddy currents, hysteresis or relaxation losses induced

in metals and ferromagnetic materials [11–13]. Several pioneer-

ing study on the use of induction heating for catalysis have been

done by the Kirschning’s group [14–16]. They have employed the

magnetic nanoparticles loaded with specific active sites as an in-

ductively heatable catalyst to support a series of liquid-solid cat-

alytic reactions under continuous-flow conditions. Henceforth, var-

ious inductive catalysts with enhanced magnetic properties, op-

timized curie temperature and improved specific absorption rate

have been designed and applied also for gas-solid catalytic reac-

tions such as dry and steam methane reforming [17–21], Fischer-

Tropsch syntheses [22], methanation reactions [23–27], volatile or-

ganic compounds (VOCs) degradation [28,29].

The liquid-solid catalytic reactions are usually conducted un-

der batch-by-batch reaction mode, thus the whole reactor in con-

ventional catalytic process has to be heated. The direction of en-

ergy transmission during heating is generally from the external

energy generator to the liquid phase, then to the catalyst. In fact,

the catalyst surface temperature is lower than the temperature of

the solvent and reactor container, especially for endothermic reac-

tions. When the catalyst surface reaches the critical temperature

that can trigger the target catalytic reaction, the temperature of

the whole container or the solvent will be higher, which may lead

to negative effects such as the degradation of reactants, accelera-

tion of by-products generation and also the waste of heat. While,

the introduction of the IH can reversely switch the energy trans-

mission direction in conventional catalytic process, which is an-

ticipated to provide a higher temperature on the catalyst surface

but keep the temperature of reaction media and reactor lower. In

such a sense, when maintaining the same catalytic activity of a

given reaction, temperature of the overall reaction media or re-

actor sustained by IH can be kept lower compared to those sus-

tained by conventional external heating. In this study, we have

conducted a comprehensive investigation on the effectiveness of

the IH in lower the temperature of reaction media and improv-

ing the reaction performance of liquid-solid reactions, when com-

pared to the conventional JH. As shown in Fig. 1, the well-known

Suzuki-Miyaura cross-coupling reaction has been selected as a

probe liquid-solid catalytic reaction. Meanwhile, the Pd-decorated

core-shell structured magnetic microspheres have been adopted as

an effective conductive catalyst by virtue of advantages of core-

shell structure in combining magnetic material and active sites as a

whole.

Fig. 2. (a) The synthesis route for Fe3O4@C-Pd microspheres. (b–g) TEM and (h-j)

SEM images of (b, e and h) magnetic Fe3O4 particles, (c, f and i) the Fe3O4 particles

coated with a carbon layer, and (d, g and j) the obtained catalyst of Fe3O4@C-Pd

microspheres.

The procedure for synthesizing the catalyst of Pd-decorated

magnetic microspheres, designated as Fe3O4@C-Pd, can be found

in Fig. 2a [30,31]. In particular, the magnetic cores of Fe3O4 parti-

cles were firstly prepared via a robust solvothermal reaction based

on a high-temperature reduction of Fe(III) salts with ethylene gly-

col in the presence of trisodium citrate. Transmission electron mi-

croscopy (TEM) images (Figs. 2b and e) show that the synthesized

magnetic cores are loose clusters with a nearly uniform size of

about ∼200nm. The particles are composed of ultrafine nanocrys-

tals with the size of about ∼10nm estimated from the TEM image.

Selected area electron diffraction (SAED) exhibits spotty diffraction

rings indicating a polycrystalline-like diffraction and suggests that

it consists of many magnetite nanocrystals (Fig. 2b, inset). Scan-

ning electron microscopy (SEM) (Fig. 2h) demonstrates the uni-

form size and the nearly spherical shape of the magnetic core,

which is in good agreement to the TEM results. Then, a uniform
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Table 1

Suzuki-Miyaura cross-coupling results of iodobenzene and phenylboronic acid with induction heating (IH) and joule heating (JH) using Fe3O4@C-Pd as catalyst.a

Entry Temperature (°C) Catalyst mass (mg) Reactant equiv. Conversion (%)e Yield (%)e

IH JH IH JH

1 38 100 1 28.5 25.5 12.0 10.2

2b 54 0 1 − 4.2 − 0

3 54 50 1 52.7 42.3 37.4 29.4

4c 54 100 (Fe3O4) 1 19.1 11.4 0 0

5 54 100 1 63.5 49.4 38.5 30.7

6 54 200 1 64.0 50.4 48.1 32.5

7d 54 200 0.5 69.4 61.9 26.5 25.9

8 54 400 1 71.9 54.5 52.5 40.7

9 72 100 1 100 83.8 80.8 74.3

a Reaction conditions: phenylboronic acid (1.5 equiv.), iodobenzene (1 equiv.), TBAB (2 equiv.), Na2CO3 (2 equiv.), H2O (10mL), reaction time (1h).
b The control entry without using and catalyst is unable to be conducted experiment under IH mode because of no magnetic core.
c The control entry using solid without and catalytic Pd nanoparticles.
d The dosage of all reactants is reduced to half of the original, but the amount of solvent is still 10mL.
e Conversion of iodobenzene and yield of biphenyl are determined by GC analysis.

carbon layer was coated on the surface of Fe3O4 particles through

a hydrothermal treatment in the presence of glucose, resulting in

core-shell particles denoted as Fe3O4@C. TEM observation indi-

cates that a uniform carbonaceous layer of about ∼10nm thickness

was formed on individual magnetic cores, leading to a core-shell

structure (Figs. 2c and f). In addition, SEM image reveals that the

Fe3O4@C shows a more regular spherical shape with a smoother

surface than the Fe3O4 core (Fig. 2i). Finally, Pd nanoparticles were

decorated on the surface of Fe3O4@C particles through a reflux-

ing treatment of the materials in a water/ethanol solution in the

presence of Na2PdCl4 as the Pd precursor without using any ex-

tra reducing agents. According to the TEM and SEM results, nu-

merous monodispersed Pd nanoparticles are uniformly formed on

the carbon shell (Figs. 2d and g), and the obtained Fe3O4@C-Pd

microspheres show a discrete spherical morphology (Fig. 2j). As

shown in Figs. S3a and b (Supporting information), the fine dots

pointed out by red arrows on the carbon layer are the Pd NPs.

Fig. S3c (Supporting information) shows the high-angle annular

dark field (HAADF) images combined with electron dispersive X-

ray spectroscopy (EDS) mapping images for Fe3O4@C-Pd, which

further affirm the successful decoration of the microspheres with

Pd NPs. According to the analysis of inductively coupled plasma

optical emission spectroscopy (ICP-OES), the contents Fe and Pd

in the obtained Fe3O4@C-Pd microspheres are 49.0 and 1.20 wt%,

respectively. Fig. S4 (Supporting information) exhibits wide angle

XRD patterns of the catalyst during each synthesis step. It can be

seen that all peaks are corresponding to the Fe3O4 phase. The char-

acteristic diffraction peak associated to Pd phase is not observed

because of the low Pd content. Fig. S5 (Supporting information)

shows the XPS spectrum of the Fe3O4@C-Pd catalyst and the cor-

responding Fe 2p and Pd 3d spectra, which confirms the presence

of Pd in the Fe3O4@C-Pd catalyst.

The Suzuki-Miyaura cross-coupling reaction involves the reac-

tion between phenylboronic acid and iodobenzene, which is one of

the premier routes for the formation of carbon-carbon bonds be-

tween aromatics [32]. In this study, the water was selected as sol-

vent due to its environmentally benign and fine dispersive ability

provided to the reactants and Fe3O4@C-Pd microsphere catalysts.

During IH process, the magnetic core in the Fe3O4@C-Pd catalyst

acts as a susceptor for the conversion of electromagnetic energy

into heat. The heat generated in the interior of the Fe3O4@C-Pd

microspheres can be transferred to the catalytic sites of surface Pd

nanoparticles, and subsequently to the aqueous solvent. Three rep-

resentative reaction media temperatures of 38, 54 and 72 °C have

been calibrated under steady-state heat balance and selected for

conducting the reaction under IH for sustaining the reaction. For

a contrast, the same reaction with using the same reactor at the

same temperatures but under JH was conducted in a water bath.

The schematic representation of the both processes is presented in

Fig. S1 (Supporting information).

All the test entries have been listed in Table 1. Fig. 3 shows

the performance of the reaction between iodobenzene and phenyl-

boronic acid catalyzed by the Fe3O4@C-Pd microspheres at differ-

ent temperatures (Figs. 3a and b) under IH or JH by using dif-

ferent amounts of catalyst (Figs. 3c and d). It can be seen from

Figs. 3a and b that the reaction supported by IH always exhibits

a higher conversion of iodobenzene and yield of biphenyl, when

compared to the same reaction supported by JH regardless of reac-

tion temperatures. In particular, the substrate of iodobenzene can

be fully converted at 72 °C under IH, while a conversion of only

83% is achieved under JH at the same temperature. Undoubtedly, if

the iodobenzene has to be fully converted under the JH, the tem-

perature of reaction media should be higher than 72 °C. This has

demonstrated that the IH can effectively lower the temperature of

the reaction media. The difference in conversion and yield between

using different heating methods of IH and JH is attributed to the

difference between the temperature of overall reaction media and

that of the catalytically active sites, i.e., Pd nanoparticles. Since the

heat is generated on the catalyst core of inductive Fe3O4@C parti-

cles, the reaction media can only be heated to the setting tempera-

ture, such as 54 °C, until enough heat is transferred from the cata-

lyst to the reaction media. In such a way, when the reaction media

reach 54 °C, the local temperature on the surface of the Fe3O4@C-

Pd microsphere should be much higher. Therefore, the active sites

of Pd nanoparticles sitting on the surface of Fe3O4@C-Pd can cat-

alyze the reaction at a temperature higher than 54 °C at the liquid-

solid interface. Differently, during the reaction supported by the JH

via a water bath, the heat is generated outside the reactor, and the

temperature of the Pd nanoparticles on Fe3O4@C-Pd microspheres

cannot be higher than the overall temperature of the reaction me-

dia since the heat should be transferred from the reaction media

to the catalyst. As a result, the conversion of iodobenzene is higher

under IH than under JH due to the higher local temperature of the

Pd active sites during the reaction.

Figs. 3c and d show the conversion of iodobenzene and yield of

biphenyl, respectively, during the reaction at 54 °C by using differ-

ent amounts of catalyst under either IH or JH. It can be seen that

the heating method of IH leads to iodobenzene conversions in the
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Fig. 3. The catalytic performance of the reaction for 1 h between iodobenzene and phenylboronic acid: (a) The conversion of iodobenzene during the reaction at 38, 54 and

72 °C, supported by IH and JH, respectively, and (b) the corresponding yield of biphenyl. (c) The conversation of iodobenzene and (d) the corresponding yield of biphenyl

during the reaction at 54 °C supported by IH and JH, respectively, by using different amounts of catalyst.

range of 52.7%–71.9% and biphenyl yields of 37.4%–52.5%, whereas,

iodobenzene conversions of only 42.3%–54.5% and biphenyl yields

of 29.4%–40.7% are obtained by using JH (Figs. 3c and d). Mean-

while, the iodobenzene conversion and biphenyl yield all decrease

monotonously with the decrease of catalyst mass from 400mg

to 50mg for both the reactions under IH and JH. However, both

the iodobenzene conversion and biphenyl yield are higher in the

reaction under IH than that under JH, regardless of catalyst mass.

This observation can be attributed to two factors. Firstly, it can

be envisaged that reducing the amount of catalyst leads to the

decrease of numbers of catalytically active site, which will lower

the reactant conversion and product yield under a given reaction

conditions. On the contrary, higher catalyst mass will improve

the reaction performance in terms of higher conversion and

yield. During the reaction under IH, in order to keep the reaction

media constant at 54 °C, the temperature on the surface of the

Fe3O4@C-Pd catalyst should be much higher when using less

catalyst since less inductively heatable materials in the reaction

media. The higher catalyst surface temperature during the reaction

using less catalyst should improve the reactant conversion and

product yield compared to the reaction containing catalyst with

lower surface temperature. Obviously, the promotion effect of

higher catalyst surface temperature over the reaction when using

less inductively heatable catalyst is overwhelmed by the negative

effect imposed by reducing the number of catalytically active sites.

As a result, the conversion and yield both decrease with using

less catalyst. Secondly, the carbon middle layer of the Fe3O4@C-Pd

microsphere catalyst provides a heat shielding effect which nar-

rows the temperature difference between the catalyst surface and

the reaction media. As a result, the promotion effect imposed by

the temperature difference between catalyst and reaction media

is largely weakened in the existence of the carbon middle layer.

More recently, Dorman et al. have reported a quantitative test on

the temperature of Fe3O4 and Fe3O4@SiO2 surfaces under IH in

liquid media via a newly established method of using inorganic

luminescent probes. It has been found that the temperature at

surface of the Fe3O4@SiO2 can be 64 °C lower than that at surface

of uncoated Fe3O4 under the same applied AMF [33].

To investigate further, the mass ratio of reactant substrate to

solvent has been varied. The experiment has been conducted by

using half equivalent substrate with 200mg catalysts in the same

volume of water solvent. The corresponding catalytic performance

is listed in Table 1 (entry 7). Compared with entry 8 which pro-

vides 400mg catalysts for 1 equiv. substrate, it should exhibit

a similar theoretically collision probability between catalytic ele-

ments and substrate since only solvent is excessive for the test.

Compared with entry 6 which provides 200mg catalysts for 1

equiv. substrate, it has a relatively excessive amount of catalyst. Fig.

S6 (Supporting information) shows the comparison of the conver-

sions and yields among the three. It can be seen that the iodoben-

zene is transformed in 69.4% under IH and 61.9% under JH, which

is close to entry 8 without further improvement. It further proves

the conclusion above that the magnetic core presents higher sur-

face temperature in excessive solvent. It is worth noting that the

biphenyl yields of only 26.5% and 25.9% in both heating cases,

which are far lower than the other two conditions. It may be at-

tributed to the low concentration of the base, which limits the ac-

tivation process of phenylboric acid and neutralization reaction of

boric acid from cross-coupling [34].

Additionally, the experiment entries for different reaction time

have been listed in Table S1 (Supporting information). Fig. S7 (Sup-

porting information) shows the conversion of iodobenzene and

yield of biphenyl, respectively, during the reaction at 54 °C by in-

creasing the reaction time under the both cases. Interestingly, the

IH scheme shows only a slight increase of iodobenzene conver-

sions in the range of 63.5%–66.6% with prolonging the reaction

time, compared with 49.4%−60.3% by using JH. And more than

7% difference between both cases on yield is also observed un-

der the three reaction periods. A clear improvement in terms of

the reaction rate is observed when operating the reaction under

IH, evidenced by the higher iodobenzene conversion (63.5%) and

biphenyl yield (49.4%) obtained in 1h of reaction than those under

JH within 3 h. Therefore, it can be confirmed that the reaction can

reach the peak conversion with higher yield much more rapidly

under IH than under JH. Such a result can be ascribed to the effec-

tiveness of the IH approach, which supplies the heat for the cata-

lyst directly and increases the localized temperature of the active

sites at the same overall reaction media temperature. In fact, for

many catalytic processes requiring heat to be supported, the lim-

iting factor for the reaction rate is not the catalyst activity but the
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Table 2

Suzuki-Miyaura cross-coupling results of other substrates in both cases using

Fe3O4@C-Pd as catalyst.a

Entry Aryl iodide Arylboronic acid Conversion (%)b

IH JH

1 42.2 35.6

2 68.2 59.3

3 83.4 79.0

a Reaction conditions: arylboronic acid (1.5 equiv.), aryl iodide (1 equiv.), TBAB

(2 equiv.), Na2CO3 (2 equiv.), H2O (10mL), catalyst (100mg), reaction time (1h),

temperature (54 °C).
b Conversion of substrate and yield of biphenyl are determined by GC analysis.

heat transfer. Mortensen et al. [17,21] reported a series of dual-

function Ni-Co catalysts with high-temperature characteristics for

realizing steam methane reforming. They have also concluded that

the induction-heated catalyst combining with the internal heat-

ing approach overcame the heat transfer from the heat source to

the active sites, and would favor pushing the transformation pro-

cess to the bounds of its intrinsic kinetics. Potentially, this unique

approach enables catalytic transformation to utilize heat at a rate

equivalent to the chemical reaction rate.

A control reaction without using any solid catalyst as a con-

trol (Table 1, entry 2) and a control reaction with only loading the

naked Fe3O4 particles (Table 1, entry 4) were also conducted un-

der JH at 54 °C as listed in Table 1. Minor performance (only 4.2%

iodobenzene conversion and zero biphenyl yield) is found in the

control reaction without using any solid (Table 1, entry 2). The

same control test entry cannot be operated under IH as no in-

ductive magnetic solid in the reaction media. While conversions

of 19.1% under IH and 11.4% under JH are obtained for the control

reactions conducted with using the naked Fe3O4 particles without

Pd decoration (Table 1, entry 4). This suggests that the reaction

performance is largely attributed to the catalytic activity of the Pd

nanoparticles.

The experiments of using extended substrates for Suzuki-

Miyaura cross-coupling reactions have been conducted, and the

corresponding results are listed in Table 2. The substituted aryl io-

dide, such as 4-iodoanisole, 4-iodoacetophenone, and other aryl-

boronic acid, such as 1-naphthylboronic acid, were used as sub-

strates (Table 2, entries 1–3). The aryl iodide used in entry 1 (Table

2) contains an electron-rich group. Such substrates are relatively

difficult to realize oxidative addition reaction, thus the catalytic

performance is lower than that of unsubstituted iodobenzene as

shown in Table 1. Conversely, the substrate in entries 2 and 3

(Table 2) provides electron-deficient groups due to formyl group,

which are more prone to oxidative addition reaction. Similarly, the

reactions supported by IH exhibit relatively high conversion of the

substrates.

Fig. S8 and Table S2 (Supporting information) show the EDS

mapping, SEM images and ICP-OES result of the used Fe3O4@C-Pd.

It can be seen that the Pd content of the used catalyst in this study

decreases obviously regardless of heating modes, evidenced by the

ICP-OES result (Table S2) and EDS mapping images (Figs. S8a–c and

e–g). This is mainly attributed to the lack of confinement on the

active sites. We believe in the future work, a well materials design

for encapsulating the Pd particles with an accessible solid layer is

highly necessary, which will maximize the exposure of active sites

and reduces the activity loss so as to increase the cyclic stability.

Since the focus of the present study is to verify the effectiveness of

IH in improving the catalytic performance compared with JH, thus

the further functionalization of the microsphere catalyst in improv-

ing the stability has not been carried out.

In summary, efficient catalytic Suzuki-Miyaura cross-coupling

reactions were achieved through novel IH manner enabled by

using conductive superparamagnetic core-shell microsphere with

supported Pd nanoparticles as catalysts. In the meantime, the same

reaction sustained by JH has been conducted as a reference. Re-

sults show that, at the same apparent temperatures, the reactions

supported by the IH all exhibit the better catalytic performance in

terms of higher conversion and yield, when compared to the re-

actions sustained by conventional JH. The improvement is mainly

attributed to the high efficiency of the heat transfer from the su-

perparamagnetic core to the surface catalytic sites of microsphere

catalyst. Moreover, it has be found that the reactions have been

largely accelerated, resulting in much shorter reaction time re-

quired to approach a given value of reactant conversion. It has

been demonstrated that such a unique heating method of IH com-

bined with using superparamagnetic nanocatalysts is highly effec-

tive for supporting the heterogeneous liquid-solid catalytic reac-

tions, which enables the reaction to achieve the same performance

but maintain the reaction media at a much lower temperature.

Specifically, for a given catalytic reaction which is sensitive to the

temperature of the reactive sites, on the one hand, the heat gener-

ated directly around active sites within the catalyst particle makes

the intrinsic reaction temperature uniform, thus reducing the by-

products caused by high temperature gradient under conventional

heating. On the other hand, such an IH method leads to relatively

lower overall temperature of the reaction media, which can re-

duce energy input. Additionally, it can be envisaged that through

precise nanocatalyst design, other inductive catalysts based on us-

ing either magnetic metals of Ni, Co or non-magnetic but conduc-

tive materials can also be developed, which will provide a largely

expanded application scenarios for both liquid-solid and gas-solid

heterogeneous reactions. We anticipate that the IH strategy with

its unique outwards heat transfer properties, in the future, holds

remarkable potential in achieving highly efficient industrial cataly-

sis with improved energy efficiency, simplified reactor design and

safety-enhanced operation.
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