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to pristine PMMA. Sainsbury et  al.[7] 
reported the oxygen radical functionaliza-
tion of micrometer-sized hBN nanosheets. 
The resulting surface hydroxyl groups 
could be further reacted with polymers. 
However, for many applications, a stable 
covalent functionalization is desired. 
Unlike graphene,[8] covalent function-
alization of hBN sheets, especially with 
polymer brushes, has rarely been reported 
due to its extremely high chemically sta-
bility and resistance to oxidation even at 

temperatures above 800 °C.[9] Hence, it is particularly chal-
lenging to perform chemical reactions on the hBN lattice 
while preserving its intrinsic properties. Cui et al.[10] reported 
on the covalent functionalization of hydroxylated BN sheets 
with PMMA for enhanced nanofilllers. However, the use of 
very strong oxidation agents to obtain hydroxylated hBN for 
the functionalization is undesirable and a bottleneck for large-
scale production. In general, the functionalization of hBN 
relies on multistep modification procedures with volatile and 
very aggressive chemicals. A more facile and safer chemical 
modification of hBN is therefore desirable. And to date, a 
covalent functionalization of large-area single-layer hBN with 
polymer brushes has not yet reported.

Direct covalent functionalization of large-area single-layer hexagonal boron 
nitride (hBN) with various polymer brushes under mild conditions is pre-
sented. The photopolymerization of vinyl monomers results in the formation 
of thick and homogeneous (micropatterned, gradient) polymer brushes cova-
lently bound to hBN. The brush layer mechanically and chemically stabilizes 
the material and allows facile handling as well as long-term use in water split-
ting hydrogen evolution reactions.
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Progress in graphene research[1] has triggered tremendous 
interest in new types of 2D materials,[2] such as, e.g., hex-
agonal boron nitride (hBN).[3] Widely dubbed as the “white 
graphene,” single-layer (SL) hBN nanosheet gained much 
attention due to their remarkable optical, mechanical, and elec-
tronic properties.[3] Many research efforts have been performed 
to functionalize hBN, either physical or covalent functionali-
zation, to assure a broad range of applications.[4] Noncovalent 
functionalization of micrometer size hBN nanosheets has been 
reported.[5–7] Zhi et  al.[5] demonstrated that mixing BN flakes 
with poly(methylmethacrylate) (PMMA) results in PMMA/BN 
composites with improved mechanical and thermal properties 
but at the expense of lower optical transparency as compared 
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Here, we demonstrate the first example of direct grafting of 
polymer brushes on large-area SL hBN with a variety of vinyl 
monomers. The method is facile, catalyst and initiator free, and 
does not involve harsh reactants or conditions and results in 
homogeneous polymer brush coatings even on large-area SL 
hBN. Furthermore, graded or patterned polymer brushes on 
hBN are realizable. The functionalization of large-area SL-hBN 
with a variety of polymer brushes is realized by self-initiated 
photografting and photopolymerization (SIPGP),[11–13] analog 
to other 2D materials such as cross-linked self-assembled mon-
olayers,[14] graphene oxide and graphene,[15,16] or graphene.[17] 
Herein, several vinyl monomers such as styrene (S), 4-vinylpyri-
dine (4VP), methylmethacrylate (MMA), and N,N-dimethylami-
noethyl methacrylate (DMAEMA) were successfully converted 
to polymer brushes, covalently bonded to SL-hBN. The chem-
ical functionalization was monitored with X-ray photoelectron 
spectroscopy (XPS). The brush thicknesses were determined 
with atomic force microscopy (AFM) and ellipsometry. Contact 
angle measurements were performed to assess the wettability 
before and after the polymer grafting. The versatile SIPGP 
results in homogeneous, gradient and patterned brushes, 

and even consecutive SIPGP with different monomers is pos-
sible (e.g., poly[(styrene)-g-(4-vinylpyridine], PS-g-P4VP). The 
hBN–polymer brush composite was found to be mechanically 
robust as it could be detached from the supporting substrate 
and handled as freestanding polymer carpets. This new com-
posite material may find numerous fields of applications such 
as sensing, actuation, energy storage, catalysis, optoelectronics, 
and others. As a first example of these applications, we further 
demonstrate the use of our hBN–polymer brush composites in 
water splitting hydrogen evolution reactions (HER). The sur-
face-initiated polymerization of vinyl monomers on large-area 
SL-hBN nanosheets by SIPGP is outlined in Figure 1a.

Commercially available large-area (5  cm × 2.5  cm) 
chemical vapor deposition (CVD)-grown SL-hBN on copper 
foil[18] (Figure S1a, Supporting Information) was cut into 
pieces, 5  mm × 5  mm, and was transferred onto a silicon 
wafer (300  nm oxide layer) via PMMA-mediated transfer pro-
cess.[19] Ellipsometry revealed a thickness of 0.5 nm ± 0.2 nm, 
which indicates the presence of an SL-hBN on the wafer sub-
strate. The surface-initiated polymerization of vinyl monomers 
by SIPGP was performed by irradiation of SL-hBN sheets on 
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Figure 1.  a) Schematic illustration of the direct modification of SL-hBN nanosheets by SIPGP of vinyl monomers under UV irradiation (monomers: S, 4VP, 
MMA, and DMAEMA). b) AFM height scans of samples and their corresponding height profiles. c) Contact angles of water on pristine hBN and on 
hBN after SIPGP of respected polymer brushes.
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silicon supports immersed in degassed bulk monomer with UV 
light (W ≈ 5 mW cm−2, λmax = 365 nm). As seen in Figure S1a  
(Supporting Information), only the areas with hBN showed 
significant changes in the optical appearance upon the SIPGP. 
The uniformity observed in the photographic images is a first 
indication of the formation of homogeneous polymer brushes 
over the entire hBN area. AFM measurements have revealed 
the following thicknesses for the brush layers: d =  30 ±  5 nm 
for PS (tSIPGP =  12 h), d =  35 ±  5 nm for P4VP (tSIPGP =  8 h), 
d = 46 ± 3 nm for PMMA (tSIPGP = 6 h), and d = 50 ± 8 nm for 
PDMAEMA (tSIPGP  =  4 h) (Figure  1b). The surface roughness 
of as-grafted polymer brushes (Figure S1b, Supporting Infor-
mation) is 3.08, 2.24, 4.02, and 3.91 nm for PS, P4VP, PMMA, 
and PDMAEMA, respectively, which is in the normal range 
and in good agreement with the literature.[12b] The obtained 
growth rates were m = 2.2 nm h−1 for PS and 13.4 nm h−1 for 
PDMAEMA, respectively (Figure S1b, Table S1, Supporting 
Information, for grafting density). In comparison, the growth 
rate of PS brushes on graphene is only about m = 1 nm h−1[14] 
which indicates a higher grafting probability on hBN by the 
SIPGP mechanism involving surface radical formation on the 
2D material. This difference might be accounted to the pres-
ence of defect sites/radicals in hBN and/or the nitrogen atoms 
in hBN. Previous studies showed the high grafting efficiency 
of SIPGP especially on amino-functionalized surfaces such as 
cross-linked SAMs of 4′-amino-1,1′-biphenyl-4-thiol on gold 
(m = 7 nm h−1)[11] and the same transferred to Si/SiO2 substrates 
(m  =  35  nm h−1).[14] This high grafting efficiency is attributed 
to the low bond dissociation energy of the amino-hydrogen.[11] 
For the polymer grafting on graphene, local chemical defects 
appear to play a major role as the brush layer thickness is a 
direct function of the degree of hydrogenation of graphene.[17] 
Furthermore, the changes of the static water contact angle 
(ΘS) from the pristine SL-hBN (ΘS = 52°) to the brush grafted 
hBN (hBN–PS: ΘS = 91°; –PMMA: ΘS = 63°; –P4VP: ΘS = 57°;  
–PDMAEMA: ΘS = 79°) further corroborate the successful for-
mation of homogeneous polymer brush layers on the SL-hBN 
(Figure 1c).

To study the compositional quality of the polymer brushes 
and their grafting mechanisms, XPS analysis was performed 
on the transferred hBN sheets on SiO2 substrates before and 
after grafting of polymer brushes (Figure  2). To this end, the 
thickness of the brushes was chosen <10 nm, in order to detect 
the N 1s and B 1s signals of the hBN. As shown in Figure 2a, 
for the native SL-hBN, the detected B 1s peak at 190.6  eV 
and the N 1s peak at 398.0  eV are in good agreement with 
previous reports.[18,20] The ratio of 1:1 for both elements con-
firms the high quality of the hBN films used for the polymer 
grafting. The small amount of carbon found in the sample 
fits to the signature of PMMA employed for the transfer of 
the hBN layer. For P4VP brushes (Figure  2b; Figure S2b, 
Supporting Information), the C 1s signal consists of CC 
and CN species as expected. Moreover, the pyridinic type 
of nitrogen at 399.5 eV found in the N 1s signal and the C:N 
ratio of 8 ± 1:1 fit to the chemical structure of the polymer con-
firming a successful grafting. A detailed analysis of the B 1s 
signal shows a shift of ≈0.5 eV of the boron peak toward higher 
binding energies indicated by the arrow in the figure. As this 
observation is found in a similar way for PS (Figure  2c) and 

PDMAEMA brushes (Figure S3, Supporting Information), we 
conclude the covalent binding of the polymer brushes via the 
boron atoms in the hBN film. This mechanism is different for 
PMMA brushes (Figure S4, Supporting Information), as the 
main component of the B 1s signal is not shifted (190.7  eV, 
green) and a significant amount of CN bonds (399.8  eV,  
green) is found. Thus PMMA is most likely bound covalently 
to the N-sites of hBN, whereas the single species in the N 1s 
signal of PS at 398.4 eV do not indicate such binding. Due to 
the presence of other CN species in P4VP and PDMAEMA 
only the grafting at boron sites can be detected. Similar to the 
formation of P4VP brushes, also the C 1s and N 1s spectra of 
PS, PDMAEMA, and PMMA confirm a successful grafting of 
the polymer brushes (Figure 2c; Figures S3 and S4, Supporting 
Information, respectively). Based on these XPS results, the pro-
posed binding mechanism for all polymer brushes is depicted 
in Figure S5 (Supporting Information).

The grafting mechanism reported here corroborates with 
other reports on the functionalization of micrometer-sized hBN 
nanosheets[7,21] and BN nanotubes.[22,23] Wu et  al.[22] demon-
strated that the functionalization of boron nitride nanotubes 
(BNNTs) with NH3 occurs on defect sites where the sidewall B 
atom is slightly pulled out of the surface and thus elongated. 
This structural deformation is attributed to the change of the 
local hybridization of the B atom from sp2 to sp3. A similar 
mechanism was reported by Sainsbury et  al.,[7] who demon-
strated the oxygen radical functionalization of micrometer-sized 
hBN nanosheets. The oxygen radical attacks the B atom and 
concomitant cleavage in the in-plane BN bond occurs, leading 
to the formation of defects in the form of electron-deficient B 
atoms. The defects are further covalently functionalized with 
polymers (polyvinyl alcohol, PVA).

To further confirm the stability of the covalent binding of the 
polymer brushes to the hBN, the Soxhlet extraction experiments 
were performed for all polymer brush systems. As seen in 
Figure S6a (Supporting Information), for PS brushes grafted on 
SL-hBN, no significant changes observed after 80 cycles and the 
thickness are the same, while for physisorbed PS on SL-hBN, 
the layer was completely washed away even after 10 cycles. The 
same results are obtained for P4VP (Figure S6b, Supporting 
Information), PDMAEMA (Figure S6c, Supporting Informa-
tion), and PMMA (Figure S6d, Supporting Information). These 
results clearly indicate that the stable covalent binding between 
the brushes and SL-hBN is formed during the SIPGP.

The chemical functionalization of SL-hBN, as described 
above, significantly broadens the applicability of hBN-based 
materials for device fabrication. However, an additional 
possibility to introduce defined heterogeneities into the 
polymer brush layers such as patterns, brush gradients, and 
multilayered brushes is desirable for advanced technologies.[24] 
Since the SIPGP is a photografting reaction, the preparation of 
micropatterned brushes is trivial and realizable with a photo-
mask (Figure S7, Supporting Information). This direct pat-
terning results in chemically heterogeneous surfaces containing 
the native hBN and the polymer brush. With SIPGP, patterned 
polymer brushes can also be generated from surfaces with 
areas of different probability of surface group abstraction.[14] 
This will result in polymer brushes covering the entire hBN 
surface but with different brush thicknesses.

Small 2019, 15, 1805228
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It has been shown that the carbon templating (CT) method 
is applicable to various substrates[25] including pristine 
single-layer graphene and results in polymer brush height 
gradients.[15] The CT uses focused-electron-beam lithography 
to deposit an amorphous carbonaceous layer as a function of 
the locally applied electron dose. A consecutive SIPGP ampli-
fies the carbonaceous layer into a polymer brush at the irradi-
ated locus and of a brush height that is a direct function of 
the electron dose applied. The CT allows the preparation of 
nano- and micropatterned brushes, brush gradients, and even 
3D polymer structures.[13] Here, CT was used on SL-hBN to 
fabricate gradient (Figure  3a,b) and micropatterned polymer 
brush arrays (Figure  3c,d). A defined polymer brush gradient 
on SL-hBN was prepared by CT.[13] First, a carbon deposition 
was formed on the hBN by focused e-beam writing varying 
the local electron dose density linearly from 0 to 100 mC cm−2 
(Figure  3a, upper image). The template was then amplified 
by SIPGP (1 h) using DMAEMA as the monomer. (Figure 3a, 

lower image). The AFM height image (Figure  3b) shows 
that the resulting brush layer thickness was found to be a 
direct function of the locally applied electron dose between 
0 mC cm−2 (d = 20 nm, same as pristine hBN) and 40 mC cm−2 
(d  ≈  140  nm) and then stays constant. Such a relationship of 
the brush thickness and local electron dose is similar to ear-
lier reports on other substrates and is explained by the local 
density of electron beam–deposited carbon on a respec-
tive substrate.[13] CT was also effective to prepare defined 
micropatterned brushes on SL-hBN over larger areas with an 
electron floodgun (an electron energy of 100  eV and a dose 
of 35 mC cm−2) as the source and a stencil mask. The con-
secutive SIPGP step (styrene, tSIPGP = 3 h) amplified the latent 
carbon pattern to micropatterned PS brushes on SL-hBN with 
a thickness of d = 30 nm (Figure 3c). A consecutive SIPGP step 
(4-vinylpyridine, 4VP, tSIPGP  =  3 h) results in micropatterned 
PS-g-P4VP brushes with a thickness of ≈300 nm (Figure 3d). In 
both cases, the patterning is created because of the preferred 

Small 2019, 15, 1805228

Figure 2.  a–c) XPS analysis of polymer brushes grown on hBN transferred on SiO2 substrates. In comparison to pristine hBN, the B 1s signal shifts 
toward higher binding energy after the polymer is grafted.
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grafting on the carbonaceous areas (or already grafted polymer) 
as compared to native hBN, but please note that a thinner 
brush is also formed on the native hBN (d ≈ 6–7 nm for PS and 
d = 13 nm for P4VP).

One of the main difficulties of large-area 2D materials is 
their handling, especially the transfer of the atomically thin 
2D materials from one to another substrate. Typically, a thin 
PMMA layer is spin-coated onto the 2D material for stabili-
zation; the composite layer is removed from the substrate by 
etching; then transferred onto a desired substrate; and, finally, 
the PMMA layer is removed before further functionalization 
of the 2D materials. The polymer brushes grown on SL-hBN 
already present a chemical functionalization of the 2D mate-
rials and, moreover, the brushes provide mechanical stability 

of the material for further handling. This is demonstrated 
by the preparation of freestanding hBN–PS polymer carpets 
(Figure S8, Supporting Information). An SL-hBN was grafted 
with PS brushes (tSIPGP  =  12 h, d  =  30  nm) by SIPGP then 
detached from the Si/SiO2 substrate and then transferred onto 
a transmission electron microscopy (TEM) grid with 40  µm 
openings for imaging. As apparent from the optical micro-
scopic images (Figure S8a, Supporting Information), the 30 nm 
thin polymer carpet could be transferred as a continuous sheet 
without cracks even by hand. Closer inspection reveals the 
appearance of characteristic wrinkles or buckles[14,26] because 
of the asymmetric carpet morphology and the strain imposed 
by the brush on the rigid 2D materials “substrate” (Figure S8b, 
Supporting Information).

Small 2019, 15, 1805228

Figure 3.  a) Schematic outline of the carbon templating (CT) procedure on SL-hBN. AFM height image of b) the PDMAEMA brush gradient and the 
corresponding height profile. c) AFM images of patterned PS brushes (30 nm) and d) PS-g-P4VP (≈300–400 nm) at the very same array of dots of the 
same sample after a consecutive SIPGP step.
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The prepared hBN–polymer composites can be used for 
various applications.[27] As a first example, we demonstrate the 
application of P4VP-g-hBN for electrocatalytic water splitting 
to generate hydrogen, which is a promising clean and renew-
able energy carrier.[28] For this, the nickel nanoparticles (NiNPs, 
0.1 m) were loaded into the P4VP brush similarly to a previ-
ously reported method.[29] As evidenced by scanning electron 
microscopy (SEM), TEM, and energy-dispersive X-ray spectros-
copy (EDX) images in Figure  4, the NiNPs were successfully 
loaded within the P4VP brushes. NiNPs can be used as an alter-
native catalyst for HER, as they are much cheaper than other 
NP catalysts such as platinum or gold. Different hBN-based 
samples were prepared for the HER studies. NiNPs deposited 
directly on native SL-hBN (Ni-hBN) and NiNPs embedded in a 
P4VP brush grafted on hBN with a thickness of 10 (Ni-P10) or 
100 nm (Ni-P100). The HER measurements were performed in 
1 m KOH aqueous solution with a three-electrode configuration, 
using a Ag/AgCl electrode and a platinum wire as the reference 
electrode and counter electrode, respectively. The NiNP-loaded 
samples were transferred onto a Ti plate. As seen in Figure 5a, 
the prepared samples act as HER catalysts, with a current 
density reaching 10  mA cm−2 at an overpotential of 462  mV 
for Ni–hBN, 475 mV for Ni-P100, and 496 mV for Ni-P10. In 
Figure 5b, Tafel plots of the corresponding polarizations are dis-
played, providing further insights into HER reaction pathways.

These results highlight how the kinetics efficiency of 
water dissociation is facilitated by the catalysts. The Tafel 
slope recorded is 106  mV dec−1 for Ni–hBN, 118  mV dec−1 
for Ni-P100, and 141  mV dec−1 for Ni-P10. These results 

suggest that the catalytic activities are in the following order: 
Ni–hBN > Ni-P100 > Ni-P10. However, during the measure-
ments, the Ni–hBN and Ni-P10 layers detached from the counter 
electrodes and were found to be of insufficient stability, while 
the Ni-P100 remained stable throughout the HER studies. Fur-
ther stability tests were performed with the Ni-P100 samples. 
After 1000 cyclic voltammetry (CV) cycles in 1 m KOH aqueous 
solution, the overpotential required for a current density 
of 10  mA cm−2 increased by only 10  mV (Figure  5c). A dura-
bility long-term HER process was performed at a current density 
of 10 mA cm−2. As shown in Figure 5d, the thick Ni-P100 cata-
lyst retained almost steady HER activity with an insignificant 
increase of 20 mV in the potential observed for hydrogen produc-
tion over a period of 8 h. Additional HER with Ni-P100 performed 
in 0.5 m H2SO4 aqueous solution (inset, Figure  5a) revealed a 
lower performance for hydrogen evolution (cathodic current 
density reached 10 mA cm−2 at an overpotential of ≈621 mV) as 
compared to the catalyst activity in an alkaline solution. Because 
P4VP brushes swell in acidic solution while collapse in alkaline 
solution. When the P4VP brushes collapsed, the NiNPs are more 
compact within the polymer chains than that in swollen state, 
which will significantly enhance charge transfer in the composite 
film (NiNPs–P4VP-g-hBN). In comparison to similar systems 
(Table S2, Supporting Information),[30] a very good stability of the 
nickel-loaded P4VP-g-hBN catalyst allows the HER in alkaline as 
well as in acidic conditions.

In summary, we present the first example of direct function-
alization of single-layer hBN with a broad variety of polymer 
brushes. The method is facile and does not require harsh 

Small 2019, 15, 1805228

Figure 4.  a) SEM and b) TEM images of P4VP-g-hBN. c) EDX spectra of panel (b). d) SEM and e) TEM images of NiNPs/P4VP-g-hBN. f) EDX spectra 
of panel (e).
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reaction conditions or aggressive chemicals. The formed polymer 
layer effectively stabilizes hBN monolayers enabling its handling 
and implementation in devices. Furthermore, graded and micro-
patterned polymer brush patterns can be prepared in this way. 
The implementation of hBN with grafted polymer brushes as a 
matrix material for catalytically active nickel nanoparticles dem-
onstrates a significantly increase of the catalyst stability during 
hydrogen evolution reaction paving the way toward novel hydride 
2D based materials for the electrocatalytic water splitting.

Experimental Section
Experimental methods and materials can be found in the Supporting 
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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