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ABSTRACT Two-dimensional (2D) materials possess unique
thickness- and lateral-size-dependent properties. Many efforts
have been devoted to obtaining 2D materials with narrow
structure heterogeneity while it is still challenging to in-
dependently control their thickness and lateral size, limiting
their widespread applications. Here, we develop a three-step
method which achieves independent thickness and lateral size
sorting of 2D materials. Taking 2D h-BN flakes as an example,
their thickness and lateral size are independently sorted to
different fractions with thicknesses smaller than 6 nm. In
addition, the 2D h-BN flakes possess narrow distributions of
both thickness and lateral size. We further develop a force
field extraction method and achieve scalable size sorting of 2D
h-BN, which is universal for sorting other 2D materials in-
cluding MoS2 and graphene oxide. This work reports an ef-
fective method to produce structure homogenous 2D
materials and will help fundamental studies and applications
of 2Dmaterials where thickness and lateral size are of concern.

Keywords: two-dimensional materials, sorting, h-BN, MoS2,
graphene oxide, thickness, lateral size

INTRODUCTION
Two-dimensional (2D) materials have received intense
interest due to their unique layered structure and thick-
ness- and lateral-size-dependent properties [1–4]. Physi-
cal properties such as band structure, usually vary greatly
regarding to the thickness of 2D materials [5,6]. MoS2, for
example, shows an indirect (1.2 eV) to direct (1.9 eV)
band gap transformation with thickness decreasing from
bulk to monolayer. Top-down exfoliation is powerful to
produce 2D materials in a large quantity. Typically, the
as-prepared 2D materials have broad distributions in
lateral size (L) and thickness (T), which is not desirable

for their applications. Besides lateral size and thickness,
their aspect ratio, i.e., L/T, also plays a key role in the
quality and applications of 2D material-assembled thin
films [7–10], active site exposure of 2D material catalysts
[11–13], functionalization of 2D material flakes [14–17]
as well as the field-induced alignment order of 2D ma-
terial liquid crystals [18,19]. For example, 2D materials
with larger aspect ratios have more sensitive responses to
external stimulation than smaller ones, which would fa-
cilitate applications in light modulation and display
technology [20,21]. Achieving monodispersity in both
lateral size and thickness of 2D materials is important to
realize the full potential of their unique electronic, optical
and catalytic properties [7].

Many efforts have been devoted to controlling the
thickness and lateral size of 2D materials. For example,
Hersam et al. [22–25] have reported that isopycnic den-
sity gradient ultracentrifugation (iDGU) method can
precisely control the thickness (layer number) of 2D
materials, while their lateral sizes are still broad. On the
other hand, Coleman et al. reported the sedimentation
rate based DGU (sDGU) [2,26] and liquid cascade cen-
trifugation (LCC) [15,27–29] method for lateral size
sorting of 2D materials. For the sDGU and LCC sorted
2D materials, their lateral size and thickness are usually
correlated. In addition, the LCC method can realize size
selection in terms of mean length (L ), while the dis-
tribution range (i.e., the standard deviation: L( )) of each
fraction is relatively large ( L L( ) / = 0.46) [28]. Note that
current sorting methods can either control the thickness
or lateral size of 2D materials rather than both. Therefore,
precisely sorting 2D materials with a narrow distribution
of both thickness and lateral size remains challenging.
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Here, we report a method to finely sort both the
thickness and the lateral size of 2D materials. The method
consists of three steps including coarse size sorting, fine
size sorting, and thickness sorting. The thickness and
lateral size of the as-prepared 2D h-BN are independently
sorted to different fractions with their thickness smaller
than 6 nm. And narrow distributions of both thickness

T T( ( ) / = 0.22) as well as lateral size ( L L( ) / = 0.32)
are achieved in the three-step sorted 2D h-BN. In addi-
tion, we develop a force field extraction (FFE) method to
realize fine size sorting of 2D h-BN in large quantities,
without the use of density gradient. We further verify the
universality and efficiency of the FFE method in fine
lateral size sorting of various 2D materials including
MoS2 and graphene oxide (GO). This work provides an
effective way to obtain homogenous 2D materials in
terms of both thickness and lateral size, and may impact
applications that require 2D materials with defined
structures and properties.

RESULTS AND DISCUSSION
To achieve fine and independent thickness and lateral size
control of exfoliated 2D materials, we develop a three-
step sorting method. As shown in Fig. 1, the first step is to
achieve coarse lateral size sorting by systematically
changing the centrifugation speed and collecting the re-
sulting sedimentations, which is based on the differences
in sedimentation rates among various-sized flakes. After
this step, each precipitated fraction of 2D materials has a
relative narrow lateral size distribution. These pre-
cipitated fractions from the first step are subsequently re-
dispersed in Pluronic F68 aqueous solution and subjected
to the second step for fine size sorting. The Step 2 refines
the lateral size distribution of 2D materials by retaining
large flakes as sedimentations and achieves narrow dis-
tribution of lateral size. The long molecule chains of
Pluronic F68 are efficient in providing steric hindrance
and forming anhydrous shells to prevent 2D h-BN flakes

from restacking in aqueous solution. The mechanism has
been well-established with Pluronic F68 as surfactant in
iDGU sorting [22,24]. Then, as the third step, the bottom
part collected from the Step 2 is re-dispersed and goes
through tens hours of iDGU sorting, and the distribution
of the thickness of 2D materials is narrowed. We find that
the sequence of the three-step sorting process is im-
portant, and changes of the sequence lead to a low
throughput and ineffective sorting process. Overall, the
developed three-step sorting method is capable of fine
sorting of 2D materials in both thickness and lateral size.

We show the effectiveness of the developed three-step
sorting method by using tip-sonication exfoliated 2D h-
BN as an example (see methods for details). The as-pre-
pared 2D h-BN sample shows wide distributions in both
thickness (from 0.6 to 20 nm) and lateral size (from 20 to
1500 nm) (Fig. 2a). Atomic force microscopy (AFM)
images (Fig. 2b–d) of 2D h-BN samples after each sorting
step evidently reflect the improvement in distributions of
both thickness and lateral size. The as-prepared 2D h-BN
sample with an average length of 324.7 ± 233.4 nm
(Fig. 2e) is firstly coarse size sorted through the Step 1 by
collecting sedimentations in sequence after each round of
centrifugation. For 6,000–8,000 rpm sedimentation from
the Step 1, this fraction with an average length at 218.7 ±
97.6 nm with L L( ) / = 0.45, confirms the effectiveness
of size sorting of the LCC method (Fig. 2f). The collected
sedimentation is re-dispersed and subjected to cen-
trifugation twice with the same centrifugation time and
speed as the Step 1. This step (FFE) aims at narrowing the
distribution range of lateral size of 2D h-BN by collecting
sedimentation again. After the Step 2, the lateral size of
the 6,000–8,000 rpm sedimentation is further refined with
a narrower size distribution range (L = 237.4 ± 68.2 nm)
(Fig. 2g). Meanwhile, the distribution of the thickness of
2D h-BN also improves from 10.6 ± 4.6 nm in the as-
prepared 2D h-BN to 5.8 ± 2.1 nm after the Step 2 sorting
(Fig. S1). Then iDGU is needed as the third step to realize

Figure 1 Schematic of the three-step sorting method for fine and independent thickness and lateral size sorting of 2D materials. The method
consists of coarse lateral size sorting by LCC (Step 1), fine lateral size sorting by FFE (Step 2), and thickness sorting by iDGU (Step 3).
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precise thickness sorting. With the 6,000–8,000 rpm se-
dimentation from the Step 2 as an example, by re-dis-
persing in Pluronic F68 aqueous solution and going
through tens hours of iDGU sorting with iodixanol as the
density gradient, two clear white bands in snapshot re-
present the success of thickness sorting of 2D h-BN
(Fig. S2a). These bands are recovered in 1 mm steps using
a piston gradient fractionator. These fractions are labeled
as fn, in which n represents the depth position in the
centrifuge tube. AFM statistical analyses show that these
flakes are sorted into two separate fractions with the

mean thickness value of 1.9 ± 0.42 nm (f14) and 3.6 ±
0.91 nm (f16) (Fig. 2h and Fig. S2b-c). To this end, with
the completion of the three-step sorting, fine thickness
and lateral size sorting of 2D h-BN is realized. The three-
step method leverages the differences in sedimentation
rates (Step 1 and Step 2) and buoyant densities (Step 3) to
realize independent thickness and lateral size sorting of
2D materials. For the first time, the FFE sorting (Step 2)
leverages the random distribution of 2D flakes induced by
re-dispersion and the uneven relative centrifugation force
in re-centrifugation for separation. The sequences of the
three steps have also been carefully designed. Thus, the
developed three-step method is effective in achieving
narrow distributions in both thickness and lateral size of
sorted 2D h-BN.

Next, we focus on the structure and quality of the
sorted 2D h-BN flakes. Polymers, like Pluronic F68 and
iodixanol, prevent us from obtaining precise thickness
and lateral size values of the 2D materials. Therefore, we
performed the polymer-removal by solvent exchange or
thermal annealing before the characterization of 2D
materials. After each step of sorting, the peaks in Raman
spectra of h-BN remain almost identical at 1367 cm−1,
which indicates the well-preserved structure and quality
of h-BN (Fig. 3a). The optical band gaps of h-BN after
each step of sorting remain at 5.8 eV, based on the plot of
(αhv)2 versus photon energy (hv), indicating the dispersed
material is high-quality h-BN with its original structure
(Fig. 3b). Fig. 3c shows the transmission electron mi-
croscope (TEM) image of h-BN flakes with the lateral size
of ~500 nm after the three-step sorting. The spacing of
0.22 nm between (100) planes is identified by high-re-
solution TEM (Fig. 3d), and the corresponding fast
Fourier transform (FFT) image reveals the hexagonal
lattice structure for h-BN. These results show that the
pristine structure and quality of h-BN flakes are well-
preserved after the three-step sorting.

Then we focused on the necessity of the FFE sorting
step in the three-step centrifugation. We systematically
changed the centrifugation speed in Step 1 followed by
the iDGU sorting without the FFE step. AFM images
(Fig. S3) indicate that some unexpected small and thin
flakes are collected as sedimentations even at low cen-
trifugation speeds from Step 1 sorting (i.e., 2,000 and
4,000 rpm). We also witnessed small and thin flakes se-
diment at 1,000–2,000 rpm from Step 1 before iDGU step
as shown in TEM images (Fig. S4). We refer this phe-
nomenon as the “small flake wrapping effect”. These
unexpected small and thin flakes collected as sedi-
mentations are much smaller than the average lateral size

Figure 2 Fine and independent thickness and lateral size sorting of 2D
h-BN. AFM images of (a) the original 2D h-BN and the samples after
(b) Step 1, (c) Step 2, and (d) Step 3 sorting. Length and width dis-
tributions of (e) the original 2D h-BN, and the samples after (f) Step 1,
and (g) Step 2 sorting, reflecting the narrowing of distribution in later
size after Step 1 and Step 2 sorting. (h) Thickness distributions of 2D
h-BN after Step 3 sorting, showing precise thickness control.
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of that sedimentation, therefore causing the distribution
of each size sorted fraction relatively large with L L( ) / =
0.46. This is particularly dominating and noticeable if the
LCC method directly combines with the iDGU sorting,
since iDGU sorting generally screens out thick flakes.
Thus, the introduction of the FFE step to eliminate the
small flake wrapping effect is critical to achieving fine
thickness and lateral size sorting of 2D materials (Fig. S5)
in the developed three-step sorting method.

To elucidate the mechanism of the FFE sorting process,
we studied the sedimentation rate of 2D materials based
on the following equation:

U r t g= 2( )( + ) ( / 9 ). (1)p m
2

m

According to previous reports [26,30,31], the sedi-
mentation rate (U) of colloidal particles with radius (r) of
core material in a given medium with density ρm and
viscosity ηm, in a centripetal force field of gʹ, can be de-
scribed by Equation (1). Here, ρp denotes the net density
of the particle and t denotes the thickness of the solvation
shell. Since the LCC method is a density gradient-free
sorting method, the ρm and ηm here are those of water
(i.e., ρm = ρwater, ηm = ηwater), and ρp = ρh-BN = constant.

Therefore, the sedimentation rate (U) of the particle
dominantly depends on the (r + t)2 term and gʹ term,
which explains the differences in sedimentation rate
among various-sized particles. Given the above analysis,
the gʹ is further given by Equation (2) as relative cen-
trifugation force (RCF) [32],

g d Q= RCF = 11.18 1000 , (2)
2

where Q = rpm representing the centrifugation speed and
d is the distance of the particle from the axis of rotation.
The gʹ shows a linear relationship with d, reflecting the
uneven gʹ along the centrifugation tube. In the bottom
part of the centrifugation tube where d is larger, the 2D
materials will experience stronger RCF and therefore have
larger sedimentation rate. Moreover, because of their
initial position at the bottom part of the centrifugation
tube, these 2D materials with large sedimentation rate
only need to travel a short distance to precipitate as se-
dimentations (Fig. 4a). The FFE method consisted of re-
dispersion of the collected sedimentation and re-cen-
trifugation at the same centrifugation speed and time as
the previous LCC step. We reasonably assume that the

Figure 3 Characterization of the 2D h-BN after the three-step sorting. (a) Raman spectra of the as-prepared 2D h-BN and the samples after Step 1–3
sorting. (b) UV-Vis spectra of the as-prepared 2D h-BN and the samples after Step 1–3 sorting. (c) Low-magnification TEM image of the 2D h-BN
after the three-step sorting. (d) High-resolution TEM image of the crystal quality and structure of the 2D h-BN after the three-step sorting. Inset: FFT
image of 2D h-BN.
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collected sedimentation from the previous LCC step can
randomly and homogeneously distribute throughout the
centrifugation tube by full re-dispersion. Near the top
part of the centrifugation tube, these wrapped small flakes
would experience weak RCF and have a long effective
sedimentation path. Hence, the wrapped small flakes are
effectively extracted as supernatant fractions (top part)
and a narrow distribution of the lateral size of 2D ma-
terials is achieved by collecting sedimentation (bottom
part) again.

UV-Vis and AFM characterizations were used to sup-
port the proposed mechanism of FFE sorting. The shape
of scattering background from UV-Vis spectra is highly
dependent on the size of 2D h-BN. Ref. [27] and the
comparison of UV-Vis curves of two fractions (Fig. 4b)
from the FFE sorting confirm that the wrapped small
flakes are effectively extracted in suspension fractions and
the average lateral size of sedimentation becomes larger
[27] due to the effective extraction of small wrapped
flakes. The comparison of AFM statistical analyses of each
fraction reaffirms that the relatively broad lateral size
distribution has been divided into two fractions. Each

fraction has a narrower size distribution with suspension
fraction from the top part of centrifugation tube at
189 nm and sedimentation fraction from the bottom part
at 314 nm (Fig. S6). The distribution range of the sorted
2D h-BN ( L L( ) / ) decreases from 0.46 in Step 1 to 0.32
in Step 2. The change of areas (A ) of the 2D h-BN shares
the same trend as that of L . Fig. 4c shows that the
maximum area of the 2D h-BN flakes in the bottom se-
dimentation fraction is around 60,000 nm2, while the
small flakes with area <20,000 nm2 are collected from the
top suspension fraction, confirming the capability of the
FFE sorting in extraction of the wrapped small flakes. The
slope of the plotting (Fig. 4d) shows that the A A( ) /
value has decreased from 0.75 (Step 1) to 0.45 (Step 2)
which reconfirms a fine lateral size control of the FFE
process compared with the LCC process. Taking together,
leveraging the uneven RCF inside the centrifugation tube
by re-dispersion and re-centrifugation, the FFE method
enables the fine lateral size control by eliminating the
small flake wrapping effect. The major difference between
the FFE method and the existing sDGU and other
methods is that FFE can strike a favorable balance be-

Figure 4 Size sorting of 2D h-BN by the FFE method. (a) Schematic of the effective sedimentation path and the relative centrifugation force in
different positions (Top and Bottom part) of a centrifugation tube during the FFE process. (b) Normalized UV-Vis extinction spectra of the two
fractions collected from the Top and Bottom part of centrifugation tube after FFE sorting at 6,000 rpm, indicating their different average lateral sizes.
(c) Statistical maximum, minimum, mean, and standard deviation values of the area of 2D h-BN after the FFE sorting (the stars represent the mean
values). (d) The standard deviation of area distribution versus the mean area of the sorted 2D h-BN.
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tween sorting resolution and efficiency. In comparison,
high sorting resolution of sDGU can be achieved, but at
the expense of sorting efficiency with the majority volume
of the centrifugation tube being taken up by the layout of
step density gradient. On the other hand, LCC does not
consider the initial random distribution of 2D flakes in-
side the centrifugation tube and the uneven relative
centrifugation force field along the centrifugation tube.

We further explore the universality of the FFE sorting
method in terms of the lateral size sorting of different 2D
materials in a large quantity. Fig. 5a–c show the 2D flakes
prepared by different methods, including 2D h-BN pre-
pared by the intermediate-assisted grinding exfoliation
(iMAGE) [33], GO prepared by the electrochemical ex-
foliation and MoS2 prepared by lithium intercalation (see
Supplymentary information for details). All these samples
show a broad lateral size distribution right after exfolia-
tion. After the FFE sorting, a narrow lateral size dis-
tribution is clearly witnessed for all three samples
(Fig. 5d–f). The iMAGE prepared h-BN and electro-
chemically exfoliated GO are sorted to L = 1.2 ± 0.3 µm
and 5.2 ± 1.1 µm with a narrow lateral size distribution of

L L( ) / = 0.28 and 0.22 (Fig. 5g, h), respectively. The
MoS2 is also sorted to L = 579.0 ± 191.1 nm with a

narrow lateral size distribution of L L( ) / = 0.33
(Fig. 5i). UV-Vis spectra and dynamic light scattering
measurements (Fig. S7) reconfirm a better lateral size
sorting resolution of MoS2 than the conventional LCC
method. Compared with sDGU using density gradients
[2,26] to achieve the similar narrow lateral size distribu-
tion ( L L( ) / ~ 0.3), the FFE method does not need to
use density gradients, thus greatly simplifying the process.
Due to the density gradient-free feature of the FFE
method, the volume limitation of the samples in sDGU
sorting (normally 10% of the gradient volume) no longer
exists, meaning a faster sorting rate of the FFE process
than the sDGU, which is necessary for scalable sorting of
2D materials (Fig. 5j–l).

CONCLUSIONS
We developed a three-step sorting method to achieve
independent thickness and lateral size sorting of 2D
materials. By using this method, the thickness and lateral
size of the exfoliated h-BN are independently sorted into
different fractions with 2D h-BN flakes thinner than
6 nm. In addition, narrow distributions of both thickness
( T T( ) / = 0.22) and lateral size ( L L( ) / = 0.32) are

Figure 5 Universality and scalability of the FFE method for lateral size sorting of 2D materials. Typical images of the original and the FFE-sorted
(a, d) h-BN, (b, e) GO and (c, f) MoS2. Statistical lateral size distributions of the as-prepared and FFE-sorted (g) h-BN, (h) GO and (i) MoS2. Digital
photos of the FFE-sorted (j) h-BN, (k) GO and (l) MoS2 dispersions. Each container has 1 L dispersions of 2D materials.
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realized simultaneously. We also show the universality
and efficiency of the FFE method in lateral size sorting of
various 2D materials including h-BN, GO and MoS2 in
large volumes. This work reports a method for obtaining
thickness and lateral size homogenous 2D materials,
which will stimulate their wide-range applications where
narrow structure and property heterogeneity are required.
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二维材料厚度与片径的独立筛分
周赫元1, 谭隽阳1, 杨柳思1, 王婧云1, 丁宝福1, 潘意坤1,
于兴华1, 刘闵苏1, 杨闯1, 丘陵1, 成会明1,2, 刘碧录1*

摘要 二维材料是当前科学研究的前沿领域. 二维材料的性质与其
厚度和片径密切相关, 如何获得厚度和片径均匀且可调控的二维
材料, 是其应用的关键. 本文提出了一种三步筛分法, 实现了二维
材料厚度与片径的独立筛分. 以二维六方氮化硼为例, 三步筛分法
可以将其厚度和片径独立地筛分为不同组分, 所得组分均具有较
窄的厚度和片径分布, 且厚度全部小于6 nm. 本文还进一步发展了
一种力场提取法, 实现了二维六方氮化硼、二硫化钼和氧化石墨
烯的规模化片径筛分, 是二维材料片径筛分的普适方法. 本工作提
出的筛分方法可制备出结构均一的二维材料, 对其基础研究与应
用意义深远.
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