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Ultrafast Preparation of Black Phosphorus Quantum Dots for
Efficient Humidity Sensing
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Abstract: Black phosphorus quantum dots (BPQDs) have
been prepared by a high turbulent shear rate generated

from a household kitchen blender. A layer-by-layer disinte-
gration mechanism of bulk BP crystals is suggested. As-

synthesized BPQDs have shown excellent humidity sens-
ing and photothermal converting properties. Importantly,

this work not only explores potential applications for the
BPQDs but also provides a successful paradigm for prepar-
ing the QDs of other layered materials.

Layered two-dimensional (2D) materials (LTMs) such as hexago-
nal boron nitride (hBN), graphene, and transition-metal dichal-
cogenides (TMDs) have shown great promise in applications

for electronic and optoelectronic devices due to their out-
standing physical and structural properties.[1] Recently, as an

emerging successor to 2D nanomaterials, atomically thin black
phosphorus (BP) nanosheets have been successfully exfoliated
from bulk BP crystals and sparked great research interest.[2]

Unlike graphene, BP is a semiconductor possessing a tunable

direct bandgap,[3] high carrier mobility,[4] and remarkable in-

plane anisotropic properties.[5] These properties make BP
a promising candidate for various applications, including thin-
film solar cells,[6] nanoelectromechanical oscillators,[7] and gas
sensors.[8] For instance, layered BP has exhibited selective de-

tection to methanol vapor with a low detection limit of
28 ppm.[8c] Solution-processed ultrathin BP could also be used
as an effective electron transport layer in organic photovolta-
ics.[9]

However, these researches focus on the utilization of BP
nanosheets. Developing other BP nanostructures that would

broaden new research fields is of great interest, because struc-
ture design of 2D layered materials would result in more excit-

ing properties with versatile applications.[10] Lee et al.[11] have

prepared BP nanoparticles and demonstrated their blue- and
green-fluorescence cell imaging with little cytotoxic cell-viabili-

ty effects. More recently, a breakthrough in preparing BP quan-
tum dots (BPQDs) was achieved by Zhang et al.[12] They pro-

posed a liquid-phase ultrasonication technique to give BPQDs
that have exhibited potential in flexible memory devices. After

that, another interesting photothermal converting property was

developed for BPQDs, which indicated large potential for BPQDs
in photothermal cancer therapy.[13] However, so far more appli-

cations of the BPQDs have not been fully explored and there
also remain challenges for their facile and rapid preparation.

Herein we report, for the first time, an ultrafast top-down
synthesis approach for preparing BPQDs by using a household

kitchen blender. A layer-by-layer disintegration induced by the
high turbulent shear rate is suggested to account for the for-
mation of BPQDs based on the experimental observation. The

resulting BPQDs are well-crystallized and tunable in their mor-
phology and size. Due to their broad absorption in the NIR
band, remarkable NIR photothermal converting properties
have been achieved, suggesting their potential in photother-

mal therapy. Moreover, we further investigated their per-

formance in a humidity sensor by using BPQDs as sensing ma-
terial. Interestingly, they exhibit ultrahigh sensitivity in repeat-
ed tests and good stability after prolonged exposure to the
ambient environment.

Scheme 1 illustrates the disintegrating process of BPQDs
from bulk BP crystals, in which bulk BP crystals are dispersed

in DMSO and subsequently treated by a household kitchen
blender. More details of the synthesis are described in the Ex-
perimental Section in the Supporting Information. When the

blender is turned on, the BP crystal is rapidly lifted off the
bottom of the vessel (see Movie 1 in the Supporting Informa-

tion). Generally, DMSO possesses appropriate surface energy to
overcome the van der Waals forces of the BP interlayer and
also could serve as a stabilized solvent. Therefore, the disper-

sion gradually turned to a brown color as the BP starts to exfo-
liate and disintegrate under the high-shear turbulence flow,

eventually forming the BPQDs dispersions. The resultant
BPQDs were isolated by centrifuging the obtained dispersions
and the top 50 % supernatant was collected for further charac-
terization.

[a] Dr. C. Zhu, Prof. F. Xu, Dr. W. Chen, Prof. L. Sun
SEU-FEI Nano-Pico Center, Key Laboratory of MEMS of Ministry
of Education, Southeast University
Nanjing 210096 (P. R. China)
E-mail : fxu@seu.edu.cn

slt@seu.edu.cn

[b] Dr. L. Zhang, Prof. M. Li
School of Biological Sciences & Medical Engineering
Southeast University, Nanjing 210096 (P. R. China)

[c] Prof. J. Chen, Dr. S. Xu, Dr. G. Huang
School of Electronic Science & Engineering, Southeast University
Nanjing 210096 (P. R. China)

[d] Prof. L. Sun
Center for Advanced Materials and Manufacture
Joint Research Institute of Southeast University and Monash University
Suzhou 215123 (P. R. China)

Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/chem.201600719.

Chem. Eur. J. 2016, 22, 7357 – 7362 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7357

CommunicationDOI: 10.1002/chem.201600719

http://dx.doi.org/10.1002/chem.201600719


The as-prepared BPQDs were then characterized by TEM and

AFM measurements. Figure 1 a–b shows large quantities of uni-
form BPQDs, indicating the feasibility of preparing BPQDs by

using the kitchen blender. The highly ordered lattice fringes in
high angular annular dark-field-scanning TEM images (Fig-

ure 1 c) suggest that the BPQDs are well-crystallized. The lattice

fringes of 0.26 and 0.25 nm can be denoted as (040) and (111)
planes of the BP crystal, respectively. The lateral size distribu-

tion (Figure 1 d) shows that the average size of BPQDs is about
2.25 nm, smaller than that of the reported ultra-small

BPQDs.[12, 13] The AFM image shows the topographic morpholo-
gy of the BPQDs (Figure 1 e) and height profiles reveal the

thickness of ~0.58–1.45 nm (Figure 1 f). Generally, AFM-mea-

sured thickness values for monolayer LTMs is slightly higher
than the theoretical value due to the substrate roughness.[2, 14]

Thus, the AFM results indicate that the mono- and double-
layer BPQDs have been produced using a kitchen blender. This

conclusion is further corroborated by the statistical AFM analy-

sis in Figure 1 g that shows relatively narrow size distribution
and gives an average thickness of 0.92�0.33 nm.

Since BP is sensitive to water and oxygen, and thus can be
easily oxidized to P2O5 or phosphoric acid,[15] we further per-

formed the X-ray photoelectron spectroscopy (XPS) measure-
ment to determine the chemical composition of the obtained

BPQDs. Figure 2 a–b shows the survey spectrum and high-reso-
lution spectrum of the P 2p peak, respectively. It can be seen

that two distinct peaks located at 129.3 and 130.2 eV can be
assigned to P 2p3/2 and P 2p1/2, which are characteristics of

crystalline BP.[15, 16] Note that a weak sub-band was found at
133.7 eV, which can be attributed to surface oxida-
tion and the presence of P5 + in the form of phos-

phoric acid.[11, 16b] Considering the fact that the prepa-
ration of BPQDs is carried out in organic solvents, we
believe that the slight surface oxidation could be as-
cribed to the exposure of BPQDs to atmosphere

before XPS measurement. This phenomenon also has
been observed for BP nanoparticles,[8c] nanosheets,[15]

and QDs.[12, 13] Figure 2 c shows Raman spectroscopy
of BPQDs and gives three prominent peaks located
at 362, 436, and 464 cm¢1, corresponding to A1

g, B2g,

and A2
g modes of orthorhombic crystalline phospho-

rus.[3, 15] These sharp modes further confirm that the

BPQDs disintegrated from bulk BP crystal yet main-
tain their crystalline nature. Notably, all three modes

of A1
g, B2g, and A2

g have the same blueshift compared

to the bulk BP in the order of around 6 cm¢1, which
can be attributed to the decreases in the thickness

and the lateral dimensions,[2, 12] as found for BN QDs
and MoS2 QDs.[17] UV/Vis spectroscopy (Figure 2 d) of

the BPQDs was performed, which exhibited broad
absorption in the visible and NIR band, consistent

Scheme 1. Schematic diagram showing the disintegration process from bulk
BP crystals to BPQDs by using a household kitchen blender.

Figure 1. a) Typical TEM bright-field image and b) Magnified TEM image of BPQDs.
c) STEM high-angle dark-field (HAADF) images of BPQDs. d) Statistical analysis of the size
of BPQDs measured from TEM images. e) AFM image of BPQDs. f) Height profiles along
the white lines in (d). g) Statistical analysis of the heights of BPQDs measured by AFM.

Figure 2. a) The XPS survey spectrum of the BPQDs. b) High-resolution P 2p
spectrum of BPQDs. c) Raman spectrum of BPQDs recorded using a 532 nm
laser. d) UV/Vis absorption spectrum of BPQDs. Inset : the Tyndall effect of
BPQDs dispersion.
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with previous reports,[13] suggesting promising potential in the
application of photothermal conversion. The inset in Figure 2 d

confirms the excellent dispersion stability of BPQDs after
15 days.

Different organic solvents such as N-methyl-2-pyrrolidone
(NMP), N,N-dimethylformamide (DMF), and isopropanol (IPA)

were also employed to investigate whether the solvents would
impact the preparation and properties of the BPQDs. TEM

images show that the BPQDs produced in different solvents

(BPQDs-solvent) are uniformly distributed (Figure 3) and well
crystallized (see Figure S2 in the Supporting Information).

However, it is interesting to note that both BPQDs-NMP and

BPQDs-DMF (Figure 3 b–c) present similar circular structures to
BPQDs-DMSO (Figure 3 a), whereas distinctly irregular shapes

are observed for BPQDs-IPA (Figure 3 d). Moreover, compared
to BPQDs-DMSO, BPQDs-NMP shows a similar narrow size dis-

tribution with an average size of 2.63 nm (inset in Figure 3 b).

However, broad size distributions in the range of approximate-
ly 2–8 nm (inset in Figure 3 c–d) are found for both BPQDs-

DMF and BPQDs-IPA. The corresponding average size is around
4.49 and 5.17 nm, respectively, both of which are twice as

large as that of BPQDs-DMSO. These results reveal that sol-
vents are greatly influential to the morphology of BPQDs. To

account for this phenomenon, surface tension was discussed

as the interaction between material and solvents are deter-
mined by the surface energies.[18] As shown in Figure 4, the

value of surface tension increases in the order of IPA<DMF<
NMP<DMSO, whereas the average size of the resultant BPQDs

declines inversely, implying an opposite correlation between
the surface tension and the size of BPQDs. Besides, irregular

morphology is only visible for BPQDs-IPA as IPA has the lowest

surface tension. That is to say, the solvents with lower surface

tension are more likely to result in large-sized BPQDs with ir-
regular morphology.

To fully understand the formation mechanism of BPQDs,
TEM was performed for intermediate BPQDs at different disin-

tegration times. At the initial stage, (Figure 5 a), the intact BP
sheet is clearly obtained due to the well-known shear-exfolia-

tion.[19] However, it is worth noting that ultra-small BPQDs are

also visible at the edge of the BP sheet, which has not been re-
ported in shear-exfoliated graphene nanosheets and MoS2

nanosheets.[20] The BP sheet gradually becomes thinner with
increasing time, and an enhanced number of BPQDs are found

on the surface of it (Figure 5 b). As the disintegration further
proceeds, the BP sheet is nearly composed of uniform BPQDs

while the initial sheet-like BP structure is disappearing (Fig-

ure 5 c). Accordingly, we believe that a layer-by-layer disinte-
gration of BP sheets accounts for the production of BPQDs

(Figure 5 d). Since the BPQDs are generated by rotating blade
blender, fluid dynamics should be induced to discuss the for-

mation mechanism (see the Supporting Information). Take the
Figure 3. Low-magnification TEM images of well-distributed BPQDs prepared
in various solvents. a) DMSO, b) NMP, c) DMF, and d) IPA. Right insets: the
corresponding enlarged TEM images and statistical analysis of the size of
BPQDs measured from TEM images.

Figure 4. Relationship between the average size of the resulting BPQDs and
the surface tension of the organic solvents used here.

Figure 5. TEM images of intermediate BPQDs at different disintegrating
time. a) 6 min, b) 12 min, c) 24 min, and d) 40 min.
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example of disintegration in DMF solvent, the Reynolds
number (ReBlade) associated with the blender is calculated to be

5.39 Õ 106 by the following equation, which is far above the
value of ReBlade~104,[20a] indicating that turbulence has been

fully developed,[21] and is responsible for the disintegration of
BP.

ReBlade ¼ ND21=h

in which N is the rotor speed, ~20 000 rpm; D is the rotor di-

ameter, ~5 cm; and 1 and h are the liquid density and viscosity
(see Table S1 in the Supporting Information). However, due to

the fact that the size of BPQDs is far smaller than Kolmogorov
length (l= 5 mm, see the Supporting Information), we sup-
posed that disintegration of BP is associated with processes

occurring in the viscous subrange,[22] in which the length scale
is below l. To determine whether local shear rate in such a vis-
cous subrange can result in disintegration, the mean turbulent
shear rate (ẏt = 2.34 Õ 104 s¢1, see the Supporting Information)

was obtained and obviously is well above the threshold of
�104 s¢1, demonstrating the feasibility of disintegrating BP

into BPQDs by the kitchen blender.

The preparation of BPQDs by the kitchen blender was com-

pared with previously reported works using other meth-
ods.[10, 12, 13] Table 1 shows that the synthesis time is greatly

shortened in our work, and high yield and high preparation ef-
ficiency of BPQDs is also demonstrated (see Table S2, in the

Supporting Information). Moreover, from Equation (2) in the
Supporting Information, we estimate that scalable production

of BPQD is easily achievable by improving the volume of dis-

persion, so long as the power is high enough and the mini-
mum shear rate of 104 s¢1 is exceeded. Most importantly, the

disintegration mechanism discussed is general and we have
also demonstrated its universality in preparing carbon, MoS2,

and WS2 QDs by such a kitchen blender (Figure S4 and S5, in
the Supporting Information).

Finally, as a proof-of-concept application, photothermal

properties of BPQDs dispersion was investigated as the ob-
tained BPQDs show a broad absorption in the NIR band. Fig-
ure 6 a shows a group of NIR thermal images of BPQDs solu-
tions before and after laser irradiation and obvious tempera-

ture enhancements are found. The photothermal heating
curves in Figure 6 b reveal that the temperature of BPQDs solu-

tion has increased from 18.3 to 50.1 8C within 7 min, while

pure water shows little change. This strong photothermal
property indicates that the BPQDs might serve as encouraging

nanoagents for cancer treatment.[23] In addition, we further

studied the humidity sensing performance based on the

BPQDs film. Figure 6 c shows the configuration of the interdigi-
tal resistive humidity sensor. Generally, the BPQDs film was
spin-coated on interdigital electrodes and then tested within
an environment chamber to detect the humidity sensing resist-

ance. Figure 6 d gives a series of sensing resistance data with
respect to relative humidity (RH) at about 21 8C. Specifically, it

can be found in curve 1 that the resistance of the sensor de-
creases by ~4 orders of magnitude as the relative humidity
(RH) varies from 10 to 90 %. To the best of our knowledge, this

is the first report that BPQDs were applied in a hu-
midity sensor and this level of sensitivity stands

among the highest values for humidity detection.[24]

Similar sensitivity levels have also been observed in

repeated tests (curves 2–6). According to previous re-

ports, few-layer BP has exhibited excellent sensing
performance toward the methanol. The existence of

hydroxyl functional groups at the surface of metha-
nol is considered to play an important role in the in-

teractions with the black phosphorus surface, thus
influencing the impedance at different frequen-

Table 1. Comparison of BPQDs and other quantum dots prepared by different meth-
ods.

QDs Methods Average size [nm] t [h]

BPQDs (our work) turbulent disintegration 2.2�0.4 0.66
BPQDs[12] ice-bath sonication 4.9�1.6 3
PQDs[13] probe and bath sonication 2.6�1.8 13
WS2 QDs[10b] sonication, hydrothermal 2.5�0.2 9
MoS2 QDs[10a] probe and bath sonication 2.5 7

Figure 6. a) NIR thermal images of BPQDs solutions under different irradia-
tion times with an 808 nm laser (1.5 W cm¢2). b) The photothermal heating
curves of pure water and BPQDs dispersed in water with a certain concen-
tration of 40 ppm. c) Configuration of the interdigital resistive humidity
sensor with BPQDs film as a sensing material. Right inset is the optical
photo of humidity sensor. d) The sensing resistance with respect to relative
humidity (RH) of the sensor after six tests. e) The stability of the humidity
sensor in prolonged exposure to 35 and 90 % RH at 21 8C.
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cies.[8b,c] In this regard, the modulation in ionic conduction for
the BPQDs film with the change in humidity, is suggested to

account for the high performance of BPQDs-based humidity
sensor. On one hand, due to the autoionization process of

water molecules (formation of mobile H+ ions), the absorbed
moisture layer on the surface of BPQDs film can be ionically

conductive. Additionally, previous studies have demonstrated
that the BP can be oxidized to phosphorus oxides or phospho-
ric acid on exposure to water molecules and oxygen,[15, 25]

which will further ionically dissolve in the moist media, thus
enhancing the concentration of H+ ions. Such a mechanism
has also been suitable for those humidity sensors such as the
stack of graphene oxide (GO) NFs, nanoporous polymer mem-

branes, as well as the recently reported BP nanosheet film.[24, 26]

More importantly, it is worth noting that the resistance here

decreases more than 1300 times as the RH increases from 15

to 90 %, which is nearly three times higher than that based on
the BP nanosheets film. This result indicates that the BPQDs

outperform the BP nanosheets with respect to humidity
sensor. Additionally, we further studied the stability of BPQDs

films-based humidity sensor over prolonged periods of ambi-
ent exposure. Figure 6 e presents the results of the humidity

sensor in prolonged exposure to 35 and 90 % RH at 21 8C. It is

shown that the response characteristics of the sensor are
slightly changed after 66 h exposure and operation in high-hu-

midity level, while negligible change is found in the moderate-
humidity level. The observed drift in resistance is more likely

attributed to the degradation of the BPQDs film, but can be
safely neglected compared to the high sensitivity of the

BPQDs film sensor.

In conclusion, we have demonstrated the production of
well-crystallized BPQDs from bulk BP crystals using a kitchen

blender. The method is ultrafast, scalable, and many times
more efficient than previous work. The effects of different or-

ganic solvents on morphology and size of BPQDs are investi-
gated and a layer-by-layer disintegration mechanism is sug-

gested to account for the generation of BPQDs based on fluid

dynamics and experimental observations. As a proof-of-con-
cept application, the obtained BPQDs exhibit excellent photo-

thermal converting properties and outstanding humidity sens-
ing performance with high sensitivity and stability, indicating
great potentials for cancer treatment and humidity sensors.
This work not only demonstrates potential applications for the
BPQDs but also provides a successful paradigm for preparing

the QDs of other layered materials, which will serve to facilitate
progress of the QDs of LTMs from the laboratory to commer-
cial applications.
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