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A B S T R A C T   

Rapid technological advancements have significantly increased the amount of heat generated by electronic de
vices. In addition to heat, electronic devices can malfunction because of electromagnetic (EM) waves. Therefore, 
research is required on heat management materials with high electromagnetic interference shielding effective
ness (EMI SE). In this study, composites were prepared using reduced graphene oxide (rGO) and boron nitride 
(BN) as fillers and epoxy as the matrix. To improve dispersion, BN was surface-treated with hydroxyl groups 
(BN–OH). We have produced amorphous/crystalline novel MnO2 sheets that exhibited strong interactions with 
the hydroxyl groups, forming hydrogen bonds with the fillers and matrix. We utilized the strong hydrogen 
bonding within the amorphous/crystalline domains of novel MnO2 sheets. The novel MnO2 sheets significantly 
enhanced interfacial compatibility between rGO/BN–OH fillers and the epoxy matrix. rGO and BN-OH fillers 
were able to uniformly disperse on the MnO2 sheets. The uniform dispersion of fillers contributed to the for
mation of efficient pathways for heat and electrical conduction, resulting in high electrical conductivity (16.12 
S/cm), EMI SE (83.17 dB), and through-plane thermal conductivity (5.84 W/m•K). Owing to the strong in
teractions between the rGO/BN–OH, MnO2, and Epoxy, the tensile strength improved to 78.36 MPa.   

1. Introduction 

The amount of heat generated by electronic devices increases with 
their advancement. Failure to manage heat properly can negatively 
impact the operation of electronic devices [1,2]. Therefore, the devel
opment of heat management materials is important [3–6]. In addition to 
heat, electromagnetic interference (EMI) can have detrimental effects on 
electronic devices [7–10]. Electromagnetic (EM) waves undergo 
reflection and absorption, ultimately converting to thermal energy 
[11–14]. Therefore, materials with good thermal management and 
electromagnetic interference shielding effectiveness (EMI SE) are 
needed [15–17]. 

Research has been conducted on polymer-based composites to 
develop such materials [18–21]. Polymers have been widely used 
because of their lightweight, excellent processability, corrosion resis
tance, and low cost [22–26]. However, owing to the low electrical and 
thermal conductivities of polymers, their thermal management and EMI 

SE performance are not favorable. Adding fillers with high thermal 
conductivity to the polymer matrix can enhance the thermal conduc
tivity. Such fillers include alumina [27–31], graphene [32–34], boron 
nitride (BN) [35–39], carbon nanotube [40–42], aluminum nitride 
[43–45], and reduced graphene oxide (rGO) [46–48]. BN has a high 
aspect ratio and corrosion resistance, and low dielectric constant [49]. 
In addition, rGO has a low thermal expansion coefficient, superior me
chanical properties, low density, and high thermal conductivity [50]. 
The excellent electrical conductivity and high aspect ratio of rGO 
contribute to the enhancement of the EMI SE. 

In this study, BN and rGO were selected as the hybrid fillers. Ther
mally conductive polymer composites were prepared by utilizing the 
high thermal conductivities of BN and rGO. Thanks to the high electrical 
conductivity of rGO, the composite has high EMI SE. Novel MnO2 sheets 
were introduced to enhance the dispersion of BN and rGO. The amor
phous/crystalline domain of MnO2 sheets exhibited strong compatibility 
with hydroxyl functional groups [51], resulting in high compatibility 
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with oxygen functional groups of rGO. Despite the reduction in the 
number of oxygen functional groups, rGO retained its hydroxyl groups 
and maintained high compatibility with MnO2. Hydroxyl functional 
groups (BN–OH) were introduced to enhance the compatibility of BN. 
Taking this into consideration, epoxy, a hydroxyl-group-rich polymer, 
was selected as the matrix. Epoxy is widely used in various industries 
owing to its numerous outstanding properties, including high chemical 
stability, good mechanical properties, good adhesion, and processability 
[52]. Epoxy was selected as the polymer matrix to exploit these benefits. 

There has been considerable research on polymer composites using 
rGO and BN as fillers. Cho et al. fabricated epoxy composites using rGO/ 
BN hybrid fillers. They achieved a thermal conductivity of up to 4.12 W/ 
m•K through the hot-press method [53]. Muratov et al. fabricated 
polypropylene composites using BN and rGO. Both the thermal con
ductivity (0.867 W/m•K) and strength (50.6 MPa) of the composites 
improved [54]. Hong et al. prepared thermoplastic poly
urethane/rGO/BN composites with high thermal conductivity (6.55 
W/m•K) and EMI SE (69 dB) using melt-mixing and hot-pressing [55]. 
Zhang et al. produced epoxy/BN/rGO composites with a thermal con
ductivity of 1.07 W/m•K and tensile strength of 53.3 MPa. They utilized 
the surface functionalization method on BN [56]. However, there is a 
lack of research that simultaneously enhances the thermal conductivity, 
EMI SE, and tensile strength of composites. Furthermore, there were 
limitations in improving the compatibility between rGO, BN, and 
polymer. 

The interfacial compatibility between the matrix and filler is crucial 
for fabricating composites. The components of the composites must be 
uniformly dispersed for outstanding performance of the composite 
[57–60]. In this study, both matrix and filler contained hydroxyl groups 
and also exhibited hydrophilicity. Therefore, they can form hydrogen 
bonds, thereby enhancing interfacial compatibility. In particular, 
amorphous/crystalline regions of novel MnO2 sheets exhibit strong 
compatibility with hydroxyl groups, which significantly improves the 
dispersion of the filler. In the case of rGO, a decrease in the number of 
OH groups decreased the compatibility with BN–OH. Owing to the 
strong compatibility of the MnO2 sheets with the OH groups, a uniform 
dispersion of both rGO and BN–OH was achieved on the MnO2 sheets 
(rGO/BN–OH/MnO2). Hydroxylated BN and rGO formed a continuous 
pathway, significantly increasing the thermal and electrical conductiv
ities. Because of the uniform dispersion of the fillers and sheet struc
tures, the EMI SE and mechanical properties were also enhanced. 

The composite exhibited high heat dissipation ability and EMI SE. 
The mechanical properties were also enhanced, demonstrating the 
feasibility of practical applications. The rGO/BN– OH/MnO2/epoxy 
composites showed maximum electrical conductivity of 16.12 S/cm and 
through-plane thermal conductivity of 5.84 W/m•K at 50 wt% filler 
content. The tensile strength and elongation at break were enhanced by 
up to 78.36 MPa and 9.71 %, respectively, at 30 wt% filler content. 
Based on these outstanding performances, we anticipate that the com
posite prepared in this study will significantly enhance the heat dissi
pation ability and EMI SE of electronic devices. 

2. Experimental 

2.1. Materials 

The information about materials can be found in the supplementary 
information. 

2.2. Preparation of rGO/BN–OH hybrid fillers 

The detailed experimental procedure is available in the supplemen
tary information. 

2.3. Preparation of novel MnO2 sheets and rGO/BN–OH/MnO2 hybrid 
fillers 

The detailed experimental procedure is available in the supplemen
tary information. 

2.4. Fabrication of composites 

The detailed experimental procedure is available in the supplemen
tary information. 

2.5. Characterization 

Characterization information can be found in the supplementary 
information. 

3. Results and discussion 

3.1. Composites fabrication process 

Fig. 1 depicts the fabrication processes of the fillers and composites. 
The detailed procedure is explained in the Supplementary Information. 

3.2. Fillers characterization 

Fig. 2 shows the morphologies of the fillers. Fig. 2(a) depicts the raw 
GO/BN–OH fillers, showing the GO and BN–OH sheets. The good 
compatibility between the two fillers resulted in good dispersion. The 
hydrophilic functional groups of BN–OH and GO improved the interfa
cial compatibility. By contrast, rGO/BN–OH (Fig. 2(b)) exhibited 
reduced compatibility. This was attributed to the reduction in the 
number of oxygen functional groups as the GO was reduced. The pres
ence of voids and defects spaces is confirmed. Novel MnO2 sheets were 
introduced to enhance the compatibility between the rGO and BN–OH 
(Fig. 2(c)). The amorphous/crystalline MnO2 sheets exhibited strong 
compatibility with hydroxyl groups [51], facilitating the effective 
dispersion of rGO and BN–OH. This is because hydrogen bonds were 
formed between the fillers. Despite the reduced number of oxygen 
functional groups on rGO, the presence of hydroxyl groups allowed 
MnO2 sheets to act as a bridge between rGO and BN–OH. Therefore, 
rGO/BN–OH/MnO2 exhibited improved interfacial compatibility. The 
MnO2 sheets improved the dispersibility of the BN–OH and rGO sheets. 
Therefore, rGO/BN–OH/MnO2 exhibited the most uniform surface 
among the fillers. The FE-SEM images of MnO2 sheets are presented in 
Fig. S3. 

Fig. 3 demonstrates the FTIR spectra of the fillers. Unlike raw BN, 
BN–OH exhibited a broad peak at approximately 3200 cm− 1. This was 
attributed to the stretching vibration of B–OH. A comparison of the raw 
BN and BN–OH can be seen in Fig. S4. Fig. 3(a) depicts that raw GO/ 
BN–OH exhibited peaks corresponding to the stretching vibrations of 
O–H (3200 cm− 1), C––O (1715 cm− 1), C––C (1550 cm− 1), and C–O–C 
(1050 cm− 1); these peaks are associated with GO. Peaks were also 
observed at 1370 and 850 cm− 1, corresponding to the in-plane 
stretching of the B–N bond and the out-of-plane bending of B–N–B, 
respectively; these peaks correspond to BN. This indicated the successful 
preparation of the raw GO/BN–OH filler. Fig. 3(b) is the spectrum of 
rGO/BN–OH. After the reduction of GO, the peaks associated with ox
ygen functional groups weakened or disappeared. In particular, the 
C–O–C peak disappeared completely. However, the broad peak at 
approximately 3200 cm− 1 (corresponding to O–H stretching vibrations) 
still persisted in rGO. The increased intensity of the peaks in rGO/ 
BN–OH is attributed to the addition of the hydroxyl groups of BN–OH. 
The peak at 1588 cm− 1 is due to the stretching vibrations of aromatic 
C––C bonds. The peak at 1317 cm− 1 corresponds to the wagging vi
bration of CH2 groups. A peak at 775 cm− 1 was also observed due to C–H 
bending vibrations. All peaks related to BN were observed. This confirms 
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the successful preparation of rGO/BN–OH. Fig. 3(c) shows the spectrum 
of rGO/BN–OH/MnO2. The broad peak at 3420 cm− 1 is attributed to the 
stretching vibration of hydroxyl groups. The peaks observed at 1632, 
1378, and 1027 cm− 1 correspond to the bending vibrations of Mn–OH 
bonds. Additionally, all peaks related to BN and rGO were observed. This 
confirmed the successful incorporation of MnO2 sheets into rGO/ 
BN–OH. 

An XPS analysis was conducted to verify the chemical bonding of the 

fillers. The survey spectra for all the fillers are provided in Fig. S5. The 
elemental composition was consistent with that provided in a previous 
report [61]. Fig. 4(a) shows the XPS spectra of BN–OH. Peaks are 
observed at 190.7 eV (B–N) and 192.3 eV (B–O) in the B1s spectrum. The 
presence of peaks related to B–O indicates that the hydroxylation of BN 
proceeded well. Peaks were observed only at 398.3 eV in the N1s 
spectrum, which are attributed to the B–N bonds. Two peaks appeared at 
532.8 eV (O–H) and 531.7 eV (B–O) in the O1s spectrum. This also 

Fig. 1. Illustrations of the preparation process of fillers and composites.  

Fig. 2. Morphology of (a) raw GO/BN–OH, (b) rGO/BN–OH, and (c) rGO/BN–OH/MnO2 fillers.  

J. Kim et al.                                                                                                                                                                                                                                      



Polymer Testing 135 (2024) 108470

4

indicates the introduction of hydroxyl groups to BN. For comparison, 
XPS analysis of Raw BN was also conducted (Fig. S6). Fig. 4(b) exhibits 
the spectra of raw GO/BN–OH. The C1s spectrum exhibits peaks corre
sponding to graphitic carbon C––C (284.4 eV), C–C (285.0 eV), C–N 
(285.6 eV), C–O (286.8 eV), and C––O (289.2 eV) bonds. The C–N peak 
confirms the interaction between GO and BN–OH. The B1s spectrum 
exhibits peaks associated with B–N (190.3 eV), B–C (190.4 eV), and B–O 
(191.2 eV). The newly observed B–C and B–O peaks further confirm the 
interaction between GO and BN–OH. Peaks corresponding to B–N 
(397.6 eV) and C–N (397.9 eV) are observed in the N1s spectrum. The 
appearance of the C–N peak indicated the successful fabrication of the 
raw GO/BN–OH hybrid filler. Fig. 4(c) shows XPS spectra of 
rGO/BN–OH filler. All the peaks observed in the C1s spectrum of raw 
GO/BN–OH were present. Owing to the reduction of GO, the intensity of 
the peaks related to the oxygen functional groups decreased. Peaks 
similar to those of raw GO/BN–OH were observed in the B1s spectrum. 
The intensity of the oxygen-containing B–O peak decreased owing to the 
reduction. No significant changes were observed in the peaks of the N1s 
spectrum. The presence of C–N, B–C, and B–O bonds indicated the 
successful preparation of rGO/BN–OH hybrid. Fig. 4(d) shows the 
spectra of rGO/BN–OH/MnO2 filler. Mn2p spectrum exhibited peaks at 
642.0 eV (Mn2p3/2) and 653.3 eV (Mn2p1/2). After deconvolution, 
Mn2p3/2 exhibited peaks at 642.0 eV (Mn3+) and 642.4 eV (Mn4+). 
Mn2p1/2 displayed two peaks at 652.7 and 653.7 eV. This was consistent 
with the findings of a previous research [62]. In the O1s spectrum, peaks 
were observed at 529.4 eV (Mn–O–Mn) and 531.1 eV (Mn–O–H). The 
presence of Mn-containing functional groups confirmed the successful 
incorporation of MnO2. 

Fig. 5(a) presents the XRD patterns of the fillers. For raw GO/BN–OH, 
a strong peak of GO was observed at 2θ = 10.3◦. The peaks of BN and GO 
merged into a single peak at 2θ = 26.5◦ and 41.7◦. The peaks at 2θ =
43.7◦, 50.1◦, 55.1◦, and 76.5◦ correspond to BN. In the case of rGO/ 
BN–OH, changes were observed in the intensity of the peak owing to the 
reduction of GO. The (001) peak intensity at 2θ = 10.3◦ decreased and 
the peak intensity at 2θ = 26.3◦ increased further. This was attributed to 
the reduction in the oxygen content of rGO and graphitization. The peak 
intensity at 2θ = 41.7◦ decreased because the reduction of GO decreased 
the intensity of the (100) peak. Similar to raw GO/BN–OH, the merged 
peaks (26.3◦ and 41.7◦) still appeared. This indicated the presence of 
interactions between fillers. The peaks related to BN are consistent. For 
rGO/BN–OH/MnO2, new peaks corresponding to MnO2 emerged. These 
peaks correspond to 12.7◦, 28.9◦, 36.7◦, 41.9◦, 52.8◦, 56.4◦, and 65.4. 
No changes are observed in the peaks corresponding to BN and rGO. The 
intensity of the peaks related to MnO2 was weaker than those of BN and 
rGO because the BN and rGO sheets covered the MnO2 sheets. These 

observations confirmed the successful formation of the rGO/BN–OH/ 
MnO2 hybrid filler. 

Fig. 5(b) exhibits the TGA curves of the fillers. Both BN and rGO 
exhibited high thermal stabilities, rGO/BN–OH exhibited superior 
thermal stability. There was a slight mass loss at approximately 130 ◦C, 
which was attributed to the decomposition of the hydroxyl groups in 
BN–OH. The gradual decrease observed after 130 ◦C is due to the 
decomposition of oxygen-containing functional groups remaining in 
rGO; the total mass loss was 4.92 %. Furthermore, rGO/BN–OH/MnO2 
exhibited a greater mass loss than rGO/BN–OH (32.84 %). The mass loss 
at approximately 100 ◦C is due to the removal of hydroxyl groups and 
adsorbed water. This reduction continued up to 200 ◦C. Between 200 
and 400 ◦C, a mass loss is observed due to the further decomposition of 
functional groups, such as epoxy and hydroxyl groups, that remain in the 
rGO. The mass loss observed after 550 ◦C is attributed to the decom
position of Mn–O bonds. These observations confirm the successful 
incorporation of MnO2 into rGO/BN–OH. Raw GO/BN–OH exhibited the 
lowest thermal stability. The total mass loss was 41.51 %, which was the 
highest among all the fillers. The mass loss observed below 100 ◦C is 
attributed to the evaporation of water molecules. The weight reduction 
between 100 and 400 ◦C is due to the removal of hydroxyl groups in 
BN–OH and oxygen-containing functional groups of GO. After 400 ◦C, a 
significant weight loss is observed due to the further removal of oxygen- 
containing functional groups that remain in GO. These differences 
confirmed the successful preparation of the fillers. 

3.3. Composites morphology 

Fig. 6 demonstrates the morphologies of the epoxy matrix and the 
composites. Fig. 6(a) shows an image of the epoxy matrix. It exhibits a 
smooth surface compared with that of the composites. Fig. 6(b) depicts 
the appearance of the composite with the addition of raw GO/BN–OH 
fillers. Compared to the epoxy matrix, the presence of many sheets (rGO, 
BN) is evident. Although some smooth areas were present on the surface, 
there were regions where the sheets were not evenly dispersed. 
Although hydroxylation of BN improved its compatibility with GO, it did 
not significantly enhance its dispersibility. Fig. 6(c) shows the 
morphology of the rGO/BN–OH/epoxy composite. After the reduction of 
GO, its hydrophilicity decreases, reducing the interfacial compatibility 
with BN–OH. Consequently, defects, cracks, and agglomerations 
occurred. These defects cause phonon scattering, which adversely af
fects phonon transport and ultimately reduces thermal conductivity. The 
introduction of the amorphous/crystalline MnO2 sheets significantly 
improved the dispersibility. Fig. 6(d) depicts the morphology of rGO/ 
BN–OH/MnO2/epoxy composites. No defects or agglomerations are 

Fig. 3. FT-IR spectra of (a) raw GO/BN–OH, (b) rGO/BN–OH, and (c) rGO/BN–OH/MnO2 fillers.  
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Fig. 4. XPS spectra of (a) BN–OH, (b) raw GO/BN–OH, (c) rGO/BN–OH, and (d) rGO/BN–OH/MnO2 fillers.  
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observed. It exhibited the smoothest surface among all the composites. 
The amorphous/crystalline region of MnO2 sheets exhibited strong 
compatibility with hydroxyl groups, enabling it to form hydrogen bonds 
with both rGO and BN–OH. This improved dispersibility can be 

attributed to the MnO2 sheets, which enhanced the compatibility of the 
rGO and BN–OH sheets. Furthermore, MnO2 sheets form hydrogen 
bonds with the epoxy matrix. MnO2 served as a link between the rGO/ 
BN–OH and the epoxy. Hence, the amorphous/crystalline novel MnO2 

Fig. 5. (a) XRD pattern and (b) TGA graph of the various fillers.  

Fig. 6. Morphologies of cross-sectional of (a) epoxy matrix, (b) raw GO/BN–OH/epoxy, (c) rGO/BN–OH/epoxy, and (d) rGO/BN–OH/MnO2/epoxy.  
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sheets enhanced not only the interfacial adhesion between the fillers but 
also that between the fillers and the matrix. 

3.4. Properties of composites 

F ig. 7(a) and (b) show the electrical conductivities of the compos
ites. The raw GO/BN–OH/epoxy composite did not exhibit electrical 
conduction properties. Both raw GO and BN–OH are electrically insu
lating and exhibit low compatibility. Thus, raw GO/BN–OH/epoxy 
exhibited electrical insulation regardless of the filler content. As GO was 
reduced, the number of oxygen functional groups decreased, reducing 
the number of defects. The restoration of sp2 hybridized carbon and 
π-conjugated structures enhanced electron transfer. Consequently, the 
rGO/BN-OH/epoxy composites have high electrical conductivity. Elec
trical conductivity increased with increasing filler content. Both com
posites exhibited the most significant enhancement in the electrical 
conductivity at 30 wt%. This is because filler content exceeded the 
percolation threshold, resulting in the formation of a continuous elec
trical conduction pathway. The electrical conductivity of the rGO/ 
BN–OH/MnO2/epoxy was higher than that of the rGO/BN–OH/epoxy. 
Novel MnO2 sheets improved dispersion, resulting in the formation of 
more effective electrical conduction pathways. The interfacial resistance 
decreased by the enhanced interfacial compatibility. These positive ef
fects of MnO2 increased the electrical conductivity. Table S1 lists the 
electrical conductivity and resistivity of the composites. To verify the 
effectiveness of BN surface treatment, we measured the electrical con
ductivity of rGO/Raw BN/epoxy and rGO/Raw BN/MnO2/epoxy com
posites (Table S2). Due to the poor compatibility between raw BN and 
rGO, the electrical conductivity decreased. The percolation threshold 
was similarly observed between 20 and 30 wt%. The rate of increase in 
electrical conductivity also decreased. This is because the reduced 
interfacial compatibility prevented the effective formation of electrical 
conduction pathways. After the addition of MnO2 sheets, the electrical 
conductivity significantly improved. This is because the MnO2 sheets 
complemented the weak interaction between rGO and raw BN. These 
results confirm the reinforcing effect of surface treatment of BN and 
MnO2 sheets. 

F ig. 7(c) and (d) present the EMI SE values of the composites 
measured in the X band range of 8.2–12.4 GHz. The EMI SE values of the 
composites were high owing to their high electrical conductivities. The 
electrically insulated raw GO/BN–OH/epoxy exhibited poor EMI SE 
performance below 20 dB, which is the minimum threshold required for 
practical use. As the filler content increased, the EMI SE improved, with 
the most significant increase observed at 30 wt%. An increase in the 
filler content increased the probability of encountering incident EM 
waves. Consequently, EM wave reflections occurred more frequently. 
The significant improvement in electrical conductivity due to the for
mation of electrical pathways leads to a substantial increase in the 
Ohmic loss. The rGO/BN–OH/MnO2/epoxy exhibited superior EMI SE 
performance compared to that of rGO/BN–OH/epoxy because of the 
reinforcing effect of MnO2. The high electrical conductivity of the 
composites increased the absorption and reflection losses, resulting in 
enhanced EMI SE performance. Fig. 7(e) and (f) demonstrate the total 
EMI SE (SET), EMI SE by absorption (SEA), and EMI SE by reflection 
(SER). The SEA was significantly larger than the SER for all composites. 
This is because rGO can effectively absorb EM waves [63]. Values for 
SET, SEA, and SER are summarized in Table S3. We also measured the 
SER, SEA, and SET values of the rGO/Raw BN/epoxy and rGO/Raw 
BN/MnO2/epoxy composites (Table S4). Because BN is electrically 
insulating, it does not directly impact the EMI SE. However, the EMI SE 
of composites containing Raw BN and BN-OH differed. This is because 
the reduced interfacial compatibility between rGO and raw BN hindered 
the formation of electrical conduction pathways by rGO. This led to 
aggregation among rGO, resulting in decreased performance. This sig
nifies that raw BN indirectly impacted the EMI SE. After the addition of 
MnO2 sheets, the EMI SE improved. This confirms the reinforcing effect 

of MnO2 sheets. Fig. 8 shows the EMI SE mechanisms of the composites. 
The highly conductive rGO sheets effectively reflect the incident EM 
waves owing to their large aspect ratio. The impedance mismatch be
tween air and the composites caused reflections. The EM waves were 
either reflected or absorbed. Because the composites developed in this 
study have very low reflection losses, they can effectively reduce the 
re-reflection, which reduces secondary contamination. Multiple re
flections and interfacial polarizations occur because of the various sheet 
structures and interfaces. As reflection occurred, the EM waves weak
ened and were eventually absorbed by the rGO sheets. The EM waves 
were attenuated by continuously repeating this process. The EM waves 
were converted into thermal energy and then emitted. 

Fig. 9(a) is a graph depicting the through-plane thermal conductiv
ities of the composites as a function of filler content. The thermal con
ductivity values of the composites are provided in Table S5. Fig. 9(b) 
shows the thermal conductivity values predicted using the Agari–Uno 
model. The experimental values were consistent with those obtained 
from the model, confirming the accuracy of the predictions. A detailed 
explanation of the Agari–Uno modeling process can be found in the 
extended discussion section of the Supporting Information. The thermal 
conductivity increased with increasing filler content, with the most 
significant increase observed at 30 wt%. Similar to electrical conduc
tivity, the filler created thermal conduction pathways by surpassing the 
percolation threshold. The raw GO/BN–OH/epoxy composites showed 
the lowest thermal conductivity among the composites, attributed to the 
low thermal conductivity of GO. Furthermore, rGO shows significantly 
improved thermal conductivity owing to the reduction in oxygen func
tional groups, which enhanced the heat transfer efficiency. While the 
interfacial compatibility between rGO and BN–OH decreased, the in
fluence of rGO was dominant, leading to a high thermal conductivity in 
the rGO/BN–OH/epoxy composites. The thermal conductivity values of 
the rGO/Raw BN/epoxy and rGO/Raw BN/MnO2/epoxy composites 
were also measured (Table S6). The thermal conductivity values of these 
composites were lower than those of the rGO/BN-OH/epoxy and rGO/ 
BN-OH/MnO2/epoxy composites. This is because the decreased inter
facial compatibility between rGO and raw BN led to an increase in 
interfacial thermal resistance. This resulted in phonon scattering, 
negatively impacting phonon transport. After the addition of MnO2 
sheets, the thermal conductivity improved. This is because MnO2 sheets 
enhanced interfacial adhesion between rGO and raw BN sheets. This 
allowed us to recognize the contribution of BN surface treatment and 
MnO2 sheets to the improvement in thermal conductivity. Fig. 9(c) 
shows a schematic of the heat transfer mechanism of the rGO/BN–OH/ 
MnO2/epoxy composite. The introduction of MnO2 sheets further 
enhanced the thermal conductivity. The rGO and BN–OH sheets are 
evenly dispersed on the MnO2 sheets. The reduced hydrophilicity of rGO 
results in its poor compatibility with epoxy. The MnO2 sheets enhanced 
the interfacial adhesion by serving as a connecting agent. Owing to its 
strong compatibility with hydroxyl groups, MnO2 forms hydrogen bonds 
with rGO, BN–OH, and epoxy. The improved interfacial compatibility of 
the fillers and matrix–fillers reduced the interfacial thermal resistance. 
The rGO and BN sheets created continuous pathways on the MnO2 
sheets, which reduces the phonon scattering, leading to efficient phonon 
transport. Free electrons in the rGO also contribute to heat conduction. 
Hence, the rGO/BN–OH/MnO2/epoxy composite exhibits excellent 
thermal dissipation performance. 

Tensile strength and strain were measured to assess the mechanical 
properties of the composites. The epoxy matrix exhibited a maximum 
tensile strength of 30.64 MPa at a strain of 2.9 %. After the addition of 
the rGO/BN–OH/MnO2 hybrid filler (Fig. 10(a)), both strength and 
strain significantly improved. The results for the tensile strength and 
strain are listed in Table S7. At the filler content of 30 wt%, the tensile 
strength and strain were the highest, measuring 78.36 MPa and 9.71 %, 
respectively. The enhanced interfacial compatibility between the fillers 
is mainly attributed to the hydrogen bonds formed between the fillers. 
The significant improvement in the interfacial adhesion between the 
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Fig. 7. Electrical conductivities of (a) rGO/BN–OH/epoxy and (b) rGO/BN–OH/MnO2/epoxy. Total EMI SE of (c) rGO/BN–OH/epoxy and (d) rGO/BN–OH/MnO2/ 
epoxy. SET, SEA, and SER values of (e) rGO/BN–OH/epoxy and (f) rGO/BN–OH/MnO2/epoxy. 
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epoxy matrix and fillers can be attributed to the hydrogen bonds and 
cross-linking between them. The even dispersion of the fillers contrib
utes to an even distribution of stress within the composites, which in 

turn improves their mechanical properties. However, when the filler 
content increased further, the mechanical properties deteriorated. This 
is because the aggregation of the fillers led to the generation of stress 

Fig. 8. EMI shielding mechanism of rGO/BN–OH/MnO2/epoxy composite.  

Fig. 9. (a) Through-plane thermal conductivity values. (b) Prediction of thermal conductivity using Agari–Uno modeling. (c) Heat transport mechanism of rGO/ 
BN–OH/MnO2/epoxy composites. 
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concentration points. The uneven distribution of stress hindered the 
effective stress transfer, negatively affecting the tensile strength. The 
tensile strengths and strains of the composites are presented in Fig. 10 
(b). The mechanical properties of the composites are listed in Table S8. 
The rGO/BN–OH/epoxy composite exhibited the lowest performance 
due to the poor compatibility between different fillers, and between the 
fillers and matrix. Raw GO/BN–OH/epoxy showed improved mechani
cal properties compared to rGO/BN–OH/epoxy. The hydrophilic GO and 
BN–OH exhibited strong interactions owing to hydrogen bonding. 
Interfacial adhesion was also strengthened through hydrogen bonding 
with the epoxy. We evaluated the mechanical properties when BN sur
face treatment was not applied (Table S9). Both tensile strength and 
strain decreased compared to composites containing surface-treated BN. 
This is because the interfacial interaction between fillers was reduced, 
leading to a decrease in interfacial adhesion. The tensile strength and 
strain of the composite were the highest when MnO2 was included. This 
is because MnO2 strengthened the interfacial adhesion. The dispersing 
effect of MnO2 prevented filler aggregation. The reinforcing effect of 
MnO2 was limited due to the absence of hydroxyl functional groups on 
raw BN. These results suggest that BN-OH and MnO2 sheets enhance 
mechanical properties. Thus, the surface treatment of BN enhanced the 
mechanical properties of the composites. However, surface treatment 
alone was not sufficient to significantly improve the compatibility. The 
addition of MnO2 sheets further improved the mechanical properties of 
the composites. MnO2 sheets present between rGO/BN–OH and epoxy 
significantly improved the compatibility. Furthermore, strong in
teractions were formed, leading to a significant enhancement in inter
facial adhesion. The improved compatibility led to uniform filler 
dispersion and suppressed the occurrence of stress concentration spots. 
Owing to uniform stress transfer, rGO/BN–OH/MnO2/epoxy exhibited 
the best mechanical properties. 

4. Conclusion 

In this study, amorphous/crystalline novel MnO2 sheets were used to 
enhance interfacial compatibility. The hydroxylation of BN resulted in 
the formation of hydrogen bonds between rGO and BN–OH, as well as 
MnO2 sheets and epoxy, significantly improving the interfacial adhe
sion. The MnO2 sheets connected the rGO, BN–OH, and epoxy groups, 
enhancing their compatibility. Thanks to the enhanced interfacial 
compatibility, the interfacial thermal resistance decreased; therefore, 

the composites exhibited a maximum through-plane thermal conduc
tivity of 5.84 W/m•K. Owing to the uniform dispersion of fillers and the 
excellent electrical conductivity of rGO, electrical flow pathways were 
established. Consequently, the composites exhibited high electrical 
conductivity and an EMI SE of up to 83.17 dB. The reinforced filler–filler 
and filler–matrix interactions enhanced the tensile strength, reaching a 
maximum of 78.36 MPa. Thus, the fabricated rGO/BN–OH/MnO2/ 
epoxy composites exhibited excellent heat-dissipation performance and 
EMI SE. These composites are expected to be useful in devices requiring 
heat management or EMI shielding. 
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MnO2/epoxy composites. 
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