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Black phosphorus: a two-dimensional reductant for in situ

nanofabrication

Hao Huang'3, Quanlan Xiao'?, Jiahong Wang', Xue-Feng Yu', Huaiyu Wang', Han Zhang @’ and Paul K. Chu®

The reducing capability of two-dimensional black phosphorus is demonstrated. The high reducing ability and unique two-
dimensional morphology of black phosphorus not only facilitate in situ synthesis of Au nanoparticles and BP@Au composites, but
also enable multiscale control of local reduction of GO to reduced GO (rGO). The novel two-dimensional reductant has large

potential in various in situ nanofabrication applications.
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INTRODUCTION

Two-dimensional (2D) materials with an ultrathin layered structure
have many unique properties and applications."” % For instance,
graphene boasting good optoelectronic characteristics and high
mechanical strength has large potential in energy conversion and
storage®™ and transition-metal dichalcogenides (TMDs) with
unique semiconducting properties are attractive to scalable digital
field-effect transistors.° Furthermore, the chemical reactivity of
2D materials such as graphene oxide (GO) and TMDs has raised
concerns and novel templates have been proposed to fabricate
functional composites.”"”

Black phosphorus (BP) has emerged to be an exciting member
of the 2D family.'® '® BP has strong in-plane bonds in conjunction
with weak van der Waals interlayer interactions thereby enabling
exfoliation into few-layer BP sheets or phosphorene (single-layer
BP).2°>* Since 2014, BP has attracted tremendous research
interest®>3® because of its unique properties such as layer-
dependent direct bandgap,®® 3° anisotropy,®* 26 31 3234 40 hinge-
like structure,*’ and quasi-one-dimensional excitonicnature,*? all
of which contrast markedly with those of other types of 2D
materials. Nevertheless, BP degrades under ambient conditions as
a result of the reaction with oxygen (P—P,0,) and subsequent
transformation to PO, in the presence of water.** Degradation
leads to compromised electronic and optical performance and has
generally been considered a serious obstacle hampering the
application of BP.3® * On the other hand, the high chemical
reactivity of BP with respect to oxidation may be exploited and in
the work, we investigate the reducibility of BP. Synthesis of
nanomaterials generally involves chemical reduction with an
extrinsic organic or inorganic reagent as the reductant. Consider-
ing the unique 2D structure and high chemical reactivity of BP, it
may be an efficient 2D reductant in nanomaterials synthesis.
Herein, we demonstrate that BP sheets serve as a reductant in the
synthesis of Au nanoparticles and BP@Au composites and provide
multiscale control of local GO reduction. This new application not
only enables fabrication of various functional composites compris-
ing 2D materials, but also extends the application of 2D materials
to new areas.

RESULTS AND DISCUSSION

The BP sheets are synthesized by a modified N-methyl-2-
pyrrolidone (NMP) solvent exfoliation method reported by our
group previously.?* The BP dispersion is centrifuged at different
speeds to obtain BP sheets with a relatively uniform size. The
sheets in the supernatant after centrifugation at 7000 rpm are
named BP,qq0. The precipitate collected by centrifugation at 7000
rpm is re-dispersed in NMP and the sheets labelled as BP0 are
obtained from the supernatant after centrifugation at 4000 rpm.
Subsequently, the suspension with the precipitate after centrifu-
gation at 4000 rpm is centrifuged one more time at 1000 rpm to
obtain the BP sheets designated BP;go.

The scanning electronic microscopy (SEM) and inset atomic
force microscopy (AFM) images in Fig. 1a show that the BP;qq0
sheets have an average diameter of about 500+ 100 nm and
thickness of about 18+2nm. No obvious bubbles can be
observed from the surface as shown in the high-magnification
AFM image (Fig. S1), indicating that there is no significant
oxidation of the as-prepared BP sheets. The transmission electron
microscopy (TEM) image in Fig. 1b shows the typical layered
morphology of one of the sheets and the high-resolution TEM (HR-
TEM) image in the inset reveals clear lattice fringes of 2.54 and
2.85 A ascribed to the (111) and (004) planes of the BP crystal,
respectively.?" ** The extinction spectrum acquired from the NMP
solution of the BP,q sheets in Fig.1c shows a broad extinction
band spanning the ultraviolet and near-infrared regions producing
the fawn color in the solution. Raman scattering is performed to
characterize the BP sheets further. As shown in Fig. 1d, three
prominent peaks corresponding to the A1g, B,y and AZg modes of
BP sheets exhibit slight blue-shifts in comparison with bulk BP due
to the small thickness.?* The results demonstrate successful
synthesis of BP sheets by the NMP solvent exfoliation method. It is
noted that larger BP sheets with a lateral size up to 5 um (BP4000)
and 40 pum (BP;00) can be obtained by centrifugation at 4000 and
1000 rpm, respectively (Fig. S2).

The reducibility of BP is assessed. Since synthesis of metal
particles generally involves chemical reduction of the correspond-
ing metal salt with an external reductant, the BP sheets are used
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Fig. 1 Characterization of BP,goo sheets. a SEM image with AFM image and height profiles shown in the inset; b TEM image and HR-TEM

image (inset) of one sheet; ¢ Extinction spectrum with photograph of the BP sheets dispersed in NMP shown in the inset; d Raman scattering

spectra acquired from the BP sheets and bulk crystalline BP

as the reductant in the synthesis of Au nanoparticles as illustrated
in Fig. 2a. When HAuCl, is added to the aqueous solution
containing the BP,qq sheets, the colour turns from fawn to red
within 5 min (inset image in Fig. 2b). Correspondingly, a surface
plasmon resonance (SPR) band appears at about 540 nm (Fig. 2b).
The TEM image of the products in Fig. 2c verifies successful
synthesis of Au nanoparticles with an average size of 28+ 10 nm
indicating the occurrence of a redox reaction in which Au®* is
reduced to Au atoms. The reducing ability of the BP4400 sheets and
BP,000 sheets is compared. As shown in Fig. S3a, the BP4g00 sheets
have more scattering than the BP,yy, sheets according to the
larger size of BP4o. In the reduction reaction, the Au
nanoparticles synthesized with BP,noo exhibit a larger SPR band
around 540 nm than BP4oo0 (Fig. S3b), suggesting the stronger
reducing ability of the BPyqqo sheets.

To study the mechanism of the reduction reaction, control
experiments are performed and the results are shown in Fig. S4.
When HAuCl, reacts with NMP and water, no Au SPR band can be
observed thus excluding possible reducibility of the residual NMP
in the BP solution. Furthermore, when HAuCl, and BP are mixed in
the NMP solution without water, no Au nanoparticles are
synthesized, demonstrating the necessity of H,O in the reduction.
It can be inferred that the BP sheets can reduce Au®* into Au
nanoparticles in the presence of H,O.

An in situ reduction reaction is carried out to directly observe
the reducibility of a BP sheet (Fig. 2d—g). One large BP sheet with a
microscale lateral size up to 40um is placed on a SizN,/Si
substrate. After one drop of the aqueous solution containing
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HAuCl, is introduced, the reduction reaction occurs immediately.
Within 1 min, the BP sheet fades while Au nanoparticles are
synthesized (Watch the video clip in the Supporting Materials for
the dynamic process). Excess water can lead to complete
degradation of the BP sheets and no BP sheets can be observed
in Fig. 2c. The Au nanoparticles are mainly concentrated along the
edges of the sheet probably due to the higher reactivity of the
edge defects’ and aggregation of naked Au nanoparticles without
a surfactant. Although various reducing agents have been
proposed in the synthesis of metal nanoparticles, the use of 2D
BP as the reductant has not been demonstrated. Since the
reduction reaction is fast and a high temperature is not required
and this synthetic strategy has many advantages.

The reduction process can be regulated to tailor the products.
Figure 3a shows a typical example of the synthesis of the BP@Au
composites. In brief, 300 uL of the water solution containing
HAuCl, are added to the NMP solution containing the BP;qg0
sheets. The mixture is stirred for 1 h to enable in situ growth of Au
nanoparticles on the BP sheets. Figure 3b, c display the
morphology of the BP@Au products showing Au nanoparticles
with an average size of 23+8nm on the BP sheets. Figure 3d
presents the HR-TEM images of a BP@Au composite and Fig. 3e
discloses lattice fringes of 2.37 and 2.55 A corresponding to the Au
(111) plane and BP (111) plane, respectively.*> *° It is noted that
different products are obtained from the reactions illustrated in
Fig. 2a and Fig. 3a due to the different reaction conditions. In brief,
the amount of H,O plays an important role in the balance
between the growth of Au nanoparticles and degradation of BP
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Fig. 2 a Schematic illustration of the synthesis of Au nanoparticles using BP sheets as the reductant; b Extinction spectrum with the
photograph of the solution shown in the inset; ¢ TEM image of the synthesized Au nanoparticles; d-g Reflection microscopy images

demonstrating in situ synthesis of Au nanoparticles using BP sheets

during the reaction. In the reaction shown in Fig. 2a, the reaction
takes place in water and excess water leads to complete
degradation of BP during the reaction. With regard to the reaction
shown in Fig. 3a, it takes place in NMP with a limited amount of
water thus resulting in the growth of Au nanoparticles on the BP
surface.

The chemical composition of the bare BP sheets and BP@Au
composites is determined by X-ray photoelectron spectroscopy
(XPS). Figure 4a shows the P2p3/2 and P2p1/2 doublet at 129.6
and 130.4 eV, respectively, characteristic of crystalline BP. A small
oxidized phosphorus (P,O,) sub-band is apparent at ~133.7 eV as a
result of unavoidable sample processing. Figure 4b shows no
detectable Au signals from the bare BP sheets. Figure 4c shows
that the BP@Au composites exhibit the same P2p3/2, P2p1/2
doublet and P,O, sub-band, indicating that the Au nanoparticles
on the BP sheets do not change the crystallinity of BP. Figure 4d
shows Au4f5/2 and Au4f7/2 core level peaks at 88.2, 87.3, 84.3,
and 83.5 eV, all of which are slightly shifted in comparison with
bulk Au probably due to the Au-BP interaction.” * Figure S5
depicts the Raman scattering spectrum of the BP@Au composites.
Compared to the bare BP sheets, the BP@Au composites show a
larger intensity ratio of the A'y to B,y mode and red-shifts of the
three prominent peaks ascribed to the Au-BP interaction. The
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above results demonstrate successful synthesis of the BP@Au
composites in which the BP sheets maintain the morphology and
crystal quality. It should be noted that the growth of Au
nanoparticles cannot improve the stability of the BP sheets (see
Fig. S6), and further modification is required to enhance the
stability.>®

Extinction spectra are acquired from the BP@Au composites. As
shown in Fig. S7, the 535nm SPR band is observed and the
solution changes colour after the reaction. The change in
scattering compared to BP sheets is probably due to the
appearance of Au nanoparticles on the BP surface. In addition,
in comparison with the sample in Fig. 2, the smaller Au
nanoparticles give rise to a shorter SPR peak wavelength.

The amount of water influences the reaction. If the amount of
water is increased to 1mL, growth of Au nanoparticles is
concomitant with serious degradation of the BP sheets (see
Fig. S8) and a similar phenomenon has been reported.*® The
results demonstrate that the BP@Au composites can be synthe-
sized by controlling BP-induced reduction in which only a portion
of the outer BP reduces Au** to Au nanoparticles in situ. It is
known that good contact with the metal is critical to semicon-
ducting 2D materials in order to inject carriers into the conduction
or valence band of a device. The protocol demonstrated by the
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Fig. 3 a Schematic illustration of synthesis of BP@Au composites by controlling BP-induced reduction; b, ¢ TEM images of the BP@Au

composites; d, e HR-TEM images of the BP@Au composites

synthesis of BP@Au composites can be further adopted to
investigate BP-metal interactions.

Considering the unique 2D morphology of BP compared to
other common reducing agents, the BP sheets are further applied
to nanofabrication. One such application is in situ reduction of GO
to reduced-GO (rGO), which is important and challenging.'® GO
sheets are synthesized by the method demonstrated by Gao
et al.*® The weak shoulder at ~300 nm (n-m* transitions of the
carbonyl groups) in Fig. S9a indicates successful synthesis of GO.
Herein, a drop of the water solution containing the GO sheets is
spin-coated on a coverslip to fabricate a GO film (Fig. S9b, ).
Figure 5a illustrates the local reduction process of GO by BP. In
brief, the BP;o00 sheet is placed on a GO film and then kept in air
at a relative humidity of 60% at 50 °C for 48 h. Owing to the high
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reducing ability of BP, the GO in the area covered by the BP sheets
are gradually reduced to rGO producing a microscale-reduced GO
film. The reflection microscopy images in Fig. 5b clearly show the
40 ym-scale reduced area on the GO film. The four points
indicated in Fig. 5b are further characterized by Raman scattering.
All four areas exhibit the two characteristic bands of disordered
carbon, namely the D band at 1330 cm™' and G band at 1590 cm™
(Fig. 5¢, d),*® but the D to G band intensity ratios (Ip/lg) are
different. The Ip/ls ratios of 1.18 and 1.19 and calculated from R1
and R2 in the rGO area are larger than those of 0.99 and 0.98 from
points G1 and G2 around the GO area. The Ip/lg ratio is commonly
used to evaluate the degree of structural disorder and defects and
increase in Ip/lg is an indicator of GO reduction.*> *° Here, the
different Ip/ls ratios provide evidence about successful reduction
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Fig.4 a XPS P2p and b Au4f peaks of the BP sheets as well as ¢ P2p and d Au4f peaks of the BP@Au composites, together with the best fits of

the individual components

of GO to rGO by the BP sheet. Furthermore, Fig. 5e shows the Ip/Ig
ratios obtained from the Raman map of the BP reduced area and
the uniform bright yellow region reveals the smooth transition
from GO to rGO.

Since the size of the BP products can be regulated, the
reduction reaction can be extended to different scales. As shown
in Fig. S10, a GO film with 5 pm-scale rGO areas can be fabricated
by using the BP4g0 sheets as the reductant. On the other hand,
by using BP powders as the reductant, a GO film with a
macroscale rGO area can instead be fabricated in 3 h. Figure 5f
depicts the photograph of a typical rGO “SIAT” pattern on the GO
film. The “SIAT” pattern shows black and light yellow contrast with
the black areas being rGO and light yellow areas intact with GO,
demonstrating that this is a simple and efficient means to
accomplish multiscale control in local GO reduction. The XPS
survey scans of the black and light yellow areas are shown in
Fig. 5g. The survey scans highlight the O1s and C1s peaks while
the O1s peak decreases vastly in the reduced areas, further
confirming BP-induced reduction of GO to rGO.

To demonstrate the role of H,O and BP in the reduction more
clearly, reactions under different humidity conditions are carried
out. As shown in Fig. S11, the GO film reduced by the BP powder
at humidity of 30% at 50 °C has an Ip/Ig ratio of 1.03 in the reduced
areas, while a large Ip/Ig ratio of 1.16 is obtained from the areas
reduced at humidity of 60% at 50 °C. It is known that GO cannot
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be reduced by H,0 at a low temperature of 50 °C and hence, the
results indicate that reduction of GO stems from co-operation of
H,O and BP. Furthermore, the reaction time is taken into
consideration. Figure S12a, b show the time dependent Ip/lg
ratios of the areas reduced by the BPqooo sheet and BP powder,
respectively. In the BP,oqo sheet reduction, the Ip/lg ratio changes
from 12 h and reaches a relative stable value of about 1.18 after
48 h. In the BP powder reduction, the Ip/Ig ratio changes from 0.5
h and reaches a relative stable value of about 1.18 after 3 h. The
smaller reduction time needed by the BP powder is due to the
larger amount of BP.

Additional experiments show that the reduction degree can be
regulated by terminating the reduction reaction by moving the BP
sheet aside after the reaction for 24 h. The reflection microscope
image in Fig. S13 shows the profiles of the reduced area and BP
sheet aside. In this case, just a slight increase in the Ip/lg ratios
(from 1.0 to 1.06) is observed after reduction, implying that only
the upper GO layers have been reduced to rGO. These results
confirm the controllability of the BP-induced reduction reaction.

CONCLUSION

The reducing capability of 2D BP is demonstrated. The high
reducing ability and unique 2D morphology not only facilitate
in situ synthesis of Au nanoparticles and BP@Au composites, but
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also enable multiscale control in local reduction of GO to rGO. The
novel 2D reductant has large potential in various in situ
nanofabrication applications and this study also provides better
understanding of the exciting properties of BP and how they can
be exploited in practice.

METHODS

Materials

The BP crystals were purchased from a commercial supplier (Smart-
Elements) and stored in a dark Ar glove box. NMP (99.5%, anhydrous) and
graphite (45 um) were purchased from Aladdin Reagents, chloroauric acid
(HAUCl4+4H,0, 99.99%), H,SO,4 (95 ~ 98%) were bought from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China), and K,FeO, was obtained
from Hubei CSW-China Chemistry Co. Ltd. All the chemicals used in this
study were analytical reagent grade and used without further purification.
Ultrapure water (18.25 MQ cm~', 25°C) was used to prepare the solutions.

Synthesis of BP sheets

The BP sheets were prepared by a simple liquid exfoliation method
utilizing bath sonication. The bulk BP (40 mg) powder was immersed in 40
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mL of the NMP solution and sonicated in an ice water bath for 4 h with a
power of 300 W. Afterwards, it was centrifuged at 7000 rpm for 10 min and
the supernatant contained the BP sheets with a lateral size of about 500 +
100 nm named BPqq0. To obtain BP sheets up to 5 um, the precipitate was
re-dispersed in NMP followed by centrifuging at 4000 rpm for another 10
min and the supernatant contained larger BP sheets designated as BPqqo.
To obtain larger BP sheets up to 40 um, the precipitate was re-dispersed in
NMP followed by centrifuging at 1000 rpm for another 10 min and the
supernatant contained larger BP sheets named BP1ggo.

BP-induced reduction of Au** to Au nanoparticles

One milliliter of the NMP solution containing the BP,u Sheets was
centrifuged at 12,000 rpm for 15 min and the precipitate was re-dispersed
in TmL H,O. Immediately thereafter, TmL of an aqueous solution
containing 2.5 x 107 mol HAuCl, was added. After stirring lightly for 5
min, the color changed from light yellow to purple red indicating
successful synthesis of Au nanoparticles.

BP-induced synthesis of BP@Au composites
The amount of water and reaction time were carefully adjusted to control
the reaction. Typically, 700 uL of NMP and 300 pL of the aqueous solution
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containing 2.5 x 107 mol HAuCl, were added to 1 mL of the NMP solution
containing the BP,qqo sheets. After stirring lightly for 1 h, it was centrifuged
at 12,000 rpm for 10 min to remove excess HAuCl, and water and the
precipitate was re-dispersed in the NMP solution.

Synthesis of GO sheets and GO films

The GO sheets were synthesized according to the procedures described
previously.*® Succinctly speaking, 100 mg of graphite flakes were added to
the reactor containing 40 mL of concentrated H,SO, and 5 g of K,FeO, and
stirred for 2 h at room temperature. It was centrifuged at 10,000 rpm for 3
min to remove the H,S0,4 and the precipitate was purified by repetitive
water rinsing and centrifugation until the pH was 7. The GO film was
prepared by spin-coating 400 pL of the 0.5 mg/mL GO solution on a 1.8
cm x 1.8 cm coverslip.

BP-induced reduction of GO film

To fabricate the 40 um-scale rGO pattern, TmL of the NMP solution
containing the BP,qg0 sheets was centrifuged at 4000 rpm for 10 min and
the precipitate was re-dispersed in 10mL of ethanol. Immediately
thereafter, 10 L of the ethanol solution containing the BPgo0 was
dropped onto a GO film and the film was aged at 50 °C and 60% relative
humidity for 48 h. The film was then rinsed with ultrapure water to remove
excess BP sheets. To fabricate the macroscale rGO pattern, a hollow “SIAT”
template was covered on the GO film and filled with BP powders. The film
was kept at 50 °C and 60% relative humidity for 3 h. Afterwards, the film
was rinsed with ultrapure water.

Characterization

SEM was carried out on the ZEISS SUPRA 55 (Carl Zeiss, Germany) field-
emission scanning electron microscope and the TEM and HR-TEM images
were taken on the FEI Tecnai G2 F30 transmission electron microscope at
an acceleration voltage of 200 kV. AFM was performed on the drop-cast
flakes on Si substrates on the MFP-3D-S atomic force microscope (Asylum
Research, USA) using the AC mode (tapping mode) in air. Raman scattering
was conducted on a Horiba Jobin-Yvon LabRam HR-VIS high-resolution
confocal Raman microscope equipped with a 633 nm laser as the
excitation source at room temperature. The UV-Vis-NIR extinction spectra
were recorded on a Lambda25 spectrophotometer (PerkinElmer) using QS-
grade quartz cuvettes at room temperature. XPS was conducted on the
Thermo Fisher ESCALAB 250XiXPS. The reflection images were taken by the
VHX-2000C digital microscope (Keyence, Japan) and the transmission
images were acquired by fluorescence microscopy.
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