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ABSTRACT:To bridge the gap between laboratory resdarchy
and commercial applications, it is vital to develop s ailab
methods to produce large quantities of high-quality, apd p:
solution-processable few-layer phosphorene (FLBP). Hére,

decomposition of solvated cations result in the ultrafast
expansion of BP toward the high-yield production of FLBP. The FLBPs thus obtained show negligible structural deterioration,
excellent electronic properties, great solution processability, and high air stability, which allows us to prepare stable BP inks
mg/mL) in low-boiling point solvents for large-area inkjet printing and fabrication of optoelectronic devices.

INTRODUCTION production of high-quality few-layer phosphorene (FLBP) at a

. cost. Unfortunately, FLBP notoriously exhibits environ-
Thin layers of black phosphorus (BP) have attracted gré('s)dévntal instability, which presents major hurdles in both its

attention as next generation two-dimensional semiconductBF . pei1
due to their exceptional electréfishotonicS® and in-plane synthesis and processifg.Numerous attempts have been

anisotropic properti&¢ This new material possesses bothMade for the production of FLBP thiakes, including

high mobility and a layer-dependent direct bandgap spann(ﬁg‘:ha”'cal cleavage and solution-phase exfdfisimong

over a wide energy range from 0.3 eV for bulk BRG@&V t meth_ods develo_ped to date, mechanical cleavage has been
for monolayer phosphorénehich is unrivaled by any other the dom_lnar_1t technique em_ployed at the Iaboratory-s_cale for
2D material known to dafeThese properties are of great the fabrication of electronic-grade FLBRes for device
interest for potential applications in electronics and optoelé€monstration. However, the scope of this technique is limited
tronics;**? in particular for developing thim transistors,
photodt—ztecton%‘,3 ultrafast photonic$, exible logic circuits, Received: February 3, 2018
and sensorSSimilar to theeld in graphertéfully exploiting ~ Revised: April 2, 2018

the properties of BP for real-life applications requires the masslished: April 3, 2018
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Figure 1.Electrochemical intercalation and expansion of bulk BP at the cathode. (a) Schematic illustration of a microelectrochemical cell mount
beneath an optical microscope. (b) lllustration of the intercalation and expansion of a BP cathode in organic DMSO electrolyte consisting of T
salts. False color SEM imaging of the edge of bulk BP before and after agphyinhaliging voltages ((c) 0 V;$8)5 V; (€)S5 V). Double-

arrows in d highlight the expansion gap between layered BP structures. Inset: the caorrssmpiidialgnicroscopy imaging of bulk BP before

and after applying érent charging voltages. The dashed circle in the inset of d highlights the bumps formed on the BP surface.

due to a lack of scalabiliton the other hand, solution-phase for prolonged ultrasonication. The resulting exfoliated FLBP
exfoliation of bulk BP is considered as a facile and inexpensaies (average thickne$slayers) exhibit large lateral area
method to produce BP nanosheets in large quantitis.10 m? in average), ultralow defects, and high hole carrier
Unfortunately, this method ngeally involves prolonged mobilities (up to 100 &5t 1 and 60 chm VS $°1 on
agitation (ranging from several hours toZdayby sonication ~ average). In addition, the fully expanded BP can be readily
or shear mixing in inert atmosphere, inevitably leading to tHspersed in low-boiling and environmentally benign solvents
production of small sizeakes (typically <im?)??with a low to form excellent inks for use in large-area inkjet printing of
exfoliation eciency’ FLBP photodetectors.

In comparison, electrochemical exfoliation has emerged as a
promising approach for producing high-quality graphene and RESULTS AND DISCUSSION
other 2D materials with highaency and at low cGst™ Compared to alkali cations such as Li and Na, organic TAA
Inspired by the earlier research on graphene, electrochemigdilons which possess a larger ionic diameter can be inserted
delamination of BP has been carried out in both afw@ewlis into the interlayer space of layered materials alongxibe
N,N-dimethylformamide electrolytesn contrast to the direction to expand the lattice to a greater éX#ejudicious
oxidative anodic delaminatiti¥’® cathodic exfoliation of choice of solvent serves as another key factor for the cathodic
BP in a nonaqueous systerars a better alternative for the exfoliation of BP. In our experiments, dimethyl sulfoxide
isolation of high-quality nonoxidative FLBP. To date, there h@®VSO) was chosen as the organic electrolyte due to its high
been limited reports on the cathodic exfoliation of BP. The kejspersion capability of ®BRand strong donicity, which
impediment lies in identation of suitable intercalants for facilitates the formation of solvated cations for high
su cient ion intercalations andcgent expansion toward a intercalation eciency>>* Most importantly, we found that
high production rate of thimkes. To overcome this issue, weDMSO with a high boiling point careetively protect as-
devise an ultrafast cathodic expansion technique of bulk &®oliated FLBP from being attacked,lguéing air exposure.
using an organic electrolyte consisting of tetraalkylammoniunwith this in mind, we attempted the electrochemical
(TAA) salts in aprotic polar solvents, which results in thexfoliation of bulk BP in an organic electrolyte containing
production of high-quality FLBP with ultrahigh yield (>80%)TAA tetrauoroborate salts and DMSO. To better understand
Our results reveal that the exfoliatiomiency of BP is the electrochemical charging process, we designed an electro-
controlled not only by the cathodic potential but also by thehemical cell equipped with an optical microscope (as
size of the solvated TAA cations. By choosing an appropriditestrated inFigure &) for thein situvisualization of the
ammonium cation, bulk BP can be rapidly expanded in tivgercalation and expansion of a BP cathode in DMSO solution
organic electrolyte within several minutes and remained webntaining 0.001 M tetrabutylammonium tabraborate
dispersed in an abundance of organic solvents without the n€EBAB) salts by performing cyclic voltammetry (CV)
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Figure 2 Basic characterization of as-exfoliated FLBP. (a) Photographs of (left) bulk BP in DMSO after electrochemisél\¢Hardifg at
min; (center) dispersion of expanded BP via manual-shaking; (right) FLBP dispersions centifegespaiedis exhibiting the Tyndaite

(b) A representative AFM image of FLBkes deposited onto a S8Dsubstrate via drop-casting and annealed‘@ g5 h in forming gas
(Ho/Ar = 5/95). (c) AFM height prde and (d) Raman spectra of the exfoliatec@l&# with derent thicknesses ranging from oneddayers.
(e) The statistic information on the size (length and width) and thickness distribution of exfoliaa&e<LBP

measurementstigure S4and Supplementary Vided With resulting in the dramatic volume expansion dfiBid &).
the aid of the optical microscope, we observed that the bulk BRe decomposition of the intercalants is further supported by
electrode remained unchanged in the high voltage range of the experimental observation of tiny gas bubbles formed at the
S 3V (as shown in the insetroiure &, voltage is applied to electrode at low reduction potentialgplementary Videp 2
the BP electrode in a two-electrode system with Pt wire as theaddition, our thermogravimetric analysis (TGA) reveals the
counter electrode throughout this article unless otherwipeesence of intercalated DMSO molecules in electrochemically
stated) but underwent a slight volume expansion accomparggganded BP (refer fagure Séor details).
by the formation of tiny bumps on the surface of the electrodeThe ultrafast cathodic expansion of bulk BP described herein
once the voltage was decreas€8.®V (inset oFigure ). o ers a facile and eient exfoliation method of BP on a large
In contrast, a dramatic volume expansion of BP occurredale. Upon the application of a reduction potenBal \6f
rapidly upon a decrease of the voltage to a more negative valig BP undergoes rapid volume expansion by tens of times in
of S5 V (inset ofFigure & andSupplementary Viden Ex a short time frame (tens of seconds) even in a dilute electrolyte
situ cross-sectional scanningctebn microscopy (SEM) solution consisting of 0.001 M TBA cations in DMSO
imaging was conducted to probe the morphological change(8tipplementary Videosnd 3). The fully expanded BP
the BP electrode after the application areht cathodic (Figure Sy was found to be readily dispersible in organic
potentials. Bulk BP exhibits the typical closely stacked lamedlactrolytes to form a homogeneous dispersion @pnbg/
structures before chargirigg@re t), which evolves into mL with the mere aid of manual shaking or mild sonication
accordion-like structures with the voids formed between lay&60 W for £3 min) as shown iRigure a. Typically, the
(as marked by blue arrow§igure tl) as the charging voltage akes with large thickness or lateral size are prone to precipitate
is decreased t63.5 V. At a lower voltage 86 V, a during centrifugation, which can be used to separate the thin
remarkable volume expansion of BP accompanied by edgkes in the solutions from large and thétles in the
roughening and wrinkling was observed by SEM imaging. sediment®*’ The centrifugation of initial BP dispersion at
Our in situoptical microscopy ama SituSEM character- di erent speeds produces a series of solutions wrégndi
ization reveal two critical steps for the electrochemical charginiprs that also exhibit the characteristic Tyndait as
and exfoliation of BP. These include the cointercalation of thBown in the right panel Bigure a. As the centrifugation
solvated TAA complex into the interlayer space of bulk Bipeed is increased, the color of solution evolves from dark
followed by the electrocheal decomposition of the brown (2000 rmp) to yellow (15000 rmp), suggesting the
intercalated compounds into gaseous species, creating presence of a sigoént amount of FLBP in all the dispersions.
driving force for the ultrafast expansion of bulk BRUCV We also found that the yield of FLBP obtained was higher than
measurement§igure Spreveal a pronounced cathodic peak80% when TBA cations were used for electrochemical
aroundS3.5 V, which can be attributed to the intercalation ointercalation and expansion. In addition, we repeated the
TAA cations into the interlayer space of BP. As the cathodigperiment using a series of TAA cations wealeni alkyl
potential is further decreased b&dw/, the electrochemical chains ranging from methyl to octyl groups to explore the
decomposition of DMS®and TAA ion$ produces gaseous relationship between the size of cations and exfoliation
species such as dimethyl tsu(Figure SBand alkan& e ciency (refer teigures S8 and)S# is naturally expected
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Figure 3.Structural characterization and charge transport measurement of the exfoliated FLBP and FET devices. (a) Large-scale TEM imag
FLBP akes with the corresponding SAED pattern (inset). (b) HR-TEM imaging resolves atomic lattice structures of FLBP (left). The atomic mode
structure of BP was superimposed in HR-TEM imaging. TEM-EELS imaging of exfoliated FLBP (right) by monitoring the signals associated w
the L, sedges of P (131 eV) and K-edge of O (532 eV). (c) P 2p core level XPS spectra of bulk BP and the exfoliated FLBP. (d) A representati
charge transport curve for a FLBP FET device. The drain current is measured as a function of gate voltage on a linear scale (red, left) ar
logarithmic scale (blue, right). A schematic illustration of an as-fabricated device is included in the inset of (d). (e and f) Histograms of the ho
mobility and on/o ratio for the FLBP FET devices.

that the energy barrier of the ion intercalation of BP at th® the van der Waal diameter of the TBA cation. Furthermore,
initial charging stage is proportional to the alkyl chain lengthtbie exibility of the butyl group enableattened TBA cation

TAA cations. However, among all the cations investigated, T®Aeduce its vertical dimension to 0.47 nm, resulting in a more
exhibited the greatest exfoliatiorciency in terms of e cient intercalatiof.

expansion rate (in minutes) and yield of FLBP (>80%). In In the following discussion, we will focus on the character-
contrast, the smallest tetramethylammonium (TMA) andation of FLBP thinakes exfoliated using TBA intercalants
largest tetraoctylammaniu(TOA) cations demonstrate due to their excellent intercalation and expansmeney.
negligible exfoliation ext. These observations suggest thafThe FLBP dispersion obtained after centrifuging the expanded
the size of solvated cations rather than the TAA cation aloB® solution at 2000 rpm for 10 mird2 mg me?) will be

plays a key role in determining theiency of intercalation used to assess thake morphologies as described below. The
and exfoliation of BP. To further prove this, we performehorphology of exfoliated Békes wasst examined using an
molecular dynamic simulation to understand the interplaptical microscope and an atomic force microscope (AFM).
between alkyl chain length and the size of solvation shell in fitge dark blue and purple optical contrast caB&s dispersed
DMSO electrolyteFHjgures S10 and $1In general, as the on a SiQSi substrate suggests that the majorityakds

alkyl chain length increases from the methyl to octyl group, tegnthesized here are few-layer &B3® (Figure S1)3 The
number of DMSO molecules in thest solvation shell apparent AFM height of several representative microsized
decreases, though there is a slight increase from propyl to betyBP was determined to be 1.1 nm, 1.7 nm, 2.3 nm, 3.0 nm,
(Figure S1)1 This suggests that as the alkyl chain lengtlnd 3.7 nm, which can be assigned to monolayer, bilayers,
increases, there is less space accessible to the DMSO moletildg®rs, tetralayers, and pentalayers of BP, respEdivedy (

in the rst solvation shell due to repulsions from the alkykc). In this regard, it should be noted that the apparent height
chains. During the intercalation process, DMSO moleculesnieasured for monolayer BPL.(L nm) would generally be

the closest solvation shell migrate along with the TAA catioaspected to increase with the roughness of theubgirate

under external electrield. The smallest TMA cations are or the presence of solvent residWée also performed Raman
surrounded by the largest number of DMSO molecules to fospectroscopic measurement on the as-imagedto further

a large solvation shell, presumably resulting in a higlssess their thickness and crystal quality. As shipurei,
intercalation barrier and thus poor exfoliatiamercy. On  the Raman spectra (532 nm laser) acquiredeséerti BP

the other hand, although the solvated TOA complex containgkes ranging from monolayer to bulk all exhibit three
few solvent molecules, its own bulky structure similarly resuktpresentative features centered at 36%12 438.5 crt,

in poor intercalation and hence exfoliationieacy. In and 468.6 cth, corresponding to the out-of-plan® éhd
contrast, the size of the solvated TBA complex is comparatvie in-plane (§and /%) phonon modes, respectivély.The
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Figure 4.Inkjet printing of as-exfoliated FLBRes. (a,b) Inkjet printing of FLBP to form the pattefbtaok phosphoruen a (a) PET and a

(b) 4-in. SIQ/Si wafer. Inset of a: large-scale production of exfoliated FLBP dispersed in 1 L of DMSO solution (2 mg/mL). (c) AFM imaging of
printed BP thinIms on a SigSi substrate. (d) Schematic illustration and optical microscopic image (inset) of the large-area photodetector
consisting of FLBP thitms deposited on a PET substratd Sg)xharacteristics and the corresponding (f) photoresponse (at a bias of 0.05 V) of
large-area FLBP optical devices under global irradiation of a 532 nm las=entithodver levels.

presence of these lattice vibration modes suggests that ghesphorus atoms over the entire exfoliatezl while the
exfoliated BPakes are highly crystalline. The intensity ratio obsence of an oxygen-related signal proves that exfoliated FLBP
I/ 1siwas observed to increase as a functiakethickness, underwent little or no oxidatith.The production of

consistent with the previous report on mechanically exfoliaté@noxidative FLBP via the method developed here was further
FLBP'’ The statistical analysis of the size (length and widti§upported by the XPS elemental analysis of exfoliatde &P

and thickness distribution of as-exfoliated FLBP was condudtégi® 8 shows the P 2p core-level XPS spectra acquired on
by examining 300 akes using AFM imaging. The histogramthe exfoliated FLBP (lower panel) and on pristine bulk.B.P
obtained Figure ) reveals that the average size of therystal (upper panel). The XPS results reveal that both pristine
exfoliated few-layer BP K0 n? while the average thickness BP (n situexfoliated) and electrochemically exfoliated BP give
of the exfoliated BRikes is around 4 nm, which is equivalenfise to only the characteristic P 2p doublet peaked at 129.7 and
to 5 layers Rigure SI4 Remarkably, the size of individual 130.6 €V corresponding to the ,2md P 2p, components,
exfoliated FLBPakes could reach tens of micrometers byespectively. The absence of a sub-baiid4eV associated
reducing the sonication duration to tens of seconds or Wyith oxidized phosphorus cons that the FLBP synthesized
replacing sonication with gentle manual shaking as showrhfe is free of oxidatiori? It is well-known that the ambient
Figure S15 degradation of mechanically exfoliated BP a&kés occurs

We also performed intensive characterization of exfolia@tprtly after exfoliation, which greatly limits its potentials in
FLBP to assess their crystallinity and chemical composition aplications. Interestingly, we found that electrochemically
a series of characterization techniques including high-resolugisfoliated FLBP dispersed in DMSO electrolyte displays a
transmission electron microscopy (HR-TEM), electron energgnsiderably enhanced air stability. dkes coated on top of
loss spectroscopy (EELS), and X-ray photoelectron spectr@$5iQ/Si wafer remain stable up to 10 h (>150 h) in ambient
copy (XPS). Representative large-scale TEM imaging resof@ggditions with (without) light exposure, in sharp contrast to
several microsized FLBRkes for further characterization the rapid (1 h) degradation of MEBRakes of similar
(Figure a). Through selected area electromadiion thickness Kigure S1)6 The improved stability can be
(SAED), we observed the characteristic orthorhombic crysadlributed to the formation of a solvation shell from the
structure of the FLBRakes (inset dfigure a) indicating a  residual solvent molecules which act as a barrier to protect the
high crystallinity of the exfoliated BP thirs>° In addition, BP surface from reacting with water or oxygen, consistent with
the atomic lattice of exfoliated FLBP was readily resolved &igrevious repditSuch protection is crucial for the large-scale
HR-TEM imaging as showrFigure B. The lattice constants production of BP thinakes in ambient conditions for further
were determined to be 3.3 A (along the zigzag direction) apdocessing and device fabrications.

4.4 A (along the armchair direction), in good agreement withThe high crystallinity and excellent air stability of exfoliated
previous reports™*° In addition, TEM-EELS imaging was FLBP imply its potential in charge transport applications.
conducted to provide chemical analysis of FLBP by monitorikignce, we fabricated a series of back-ghtexkct transistor
the signals associated with theetiges of P (131 eV) and K- (FET) devices (>30 devices) to gain statistic information on
edge of O (532 eV). As showrFigure B (right panel), the  the electrical properties of the as-prepared FilgR. A
TEM-EELS mapping reveals a uniform distribution ofypical FET device consists of individual microsized FLBP
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akes placed onto a 300 nm ,8&Dsubstrate with top- for p-doping, decreasing the photocurrent as sh&wuia
contacted Cr (3 nm)/Au (50 nm) electrodes (as illustrated infe. (ii) A decrease of photocurrent upon irradiation can also be
the inset oFigure 8). A representative charge transport curvattributed to the trapping of holes due to the presence of the
(drain current as a function of gate voltage) of the individutthp state or interlayer junctions of the vertically stacked FLBP.
FET devices is presentedrigure 8. As shown ifigure 8 Such an ect can result in a reduction of total carrier
and f, FLBP FET devices exhibit a high mean hole mobility @dncentration and photoconductivity upon light irradiation. A

60 cnd Vo1 s°1 (up to 100 cr Vo1 s°1) with a high on/o similar negative photoresponse has been reportegVvin Il
ratio ( 1 x 10 in average), proving their superiority to thesemiconducting nanowires and large-area carbon nanotube
devices which use the BP thitkes synthesized via other device$*’ With periodical light illumination andxed bias
solution-phase exfoliation metfbtfisThe excellent charge of 50 mV, the output current of the device as a function of time
transport properties of exfoliated BP can be attributed to its lalisplays an obvious on and behavior EKigure 4).
density of defects and low degree of surface oxidation, whiritotoresponsivityR(), one of the critical parameters of a
arise as a result of the nonoxidative exfoliation of bulk Biotodetector, is calculated to $e1.51 mA W! under 0.5
without a need for prolonged agitation in our method. mW illumination. Accordingly, the external quanterarey,

Exfoliated FLBP not only exhibits excellent electronicQE = (hcR.)/(e), is determined to be S 0.35%.
properties but also high solution processability. It can B¥hotodetectivityD{*), on the other hand, is determined to
readily dispersed in a wide range of solvents including nonpdiaf1.18x 10? Jones. These results demonstrate that exfoliated
and polar aprotic and protic solvents with the aid of gentle.BP can be used to fabricate broad-band photonic devices at
sonicationKigure S1)8 As-exfoliated BP also shows excellentarge-scale and low-cost.
dispersibility in solvents with low boiling points such as alcohol
and water. This makes as-exfoliated FLBP particularly attractiveCONCLUSION

for the preparation of functional inks for inkjet printing, whicly, summary, we have devised a method for producing high-
is a highly promising technique for large-scale and high spggdiity large-sized few-layer BP at high yield via ultrafast
device fabricatidi!* Alcohols are widely used as the solvengjectrochemical cathodic expansion of BP. The yield of FLBP
for preparing 2D material inks because their low surface tenS(ngo%) obtained from bulk BP electrode is sagttly higher

favors substrate wetting, and their low boailing points allow ffan that produced by liquid-phase exfoliation methods. The
fast ink drying’ To our delight, the exfoliated BP thin layersF| Bp via our method shows extraordinary crystal quality and
can form stable concentrated dispersions (up to 2 mg/mL) @ectronic properties. In addition, fully expanded BP can be
alcohol (e.g., |PA), which can be dil’ectly used as functional ilﬂgﬁher dispersed in a wide range of solvents. BRalktkm
without introducing extra additives (inséti@fre 4). Inkjet  dispersed in high-boiling solvents exhibit high air stability,
printing using BP inks was carried out with a2@iameter  facilitating the development of long-term stable electronic and
printer nozzle to create the desired patternsemible  optoelectronic devices. Concentrated BP inks can also be
substrates (e.g., PET) or on a,Si@fer at large scale. As a gbtained using low-boiling point solvents, which make them
proof-of-concept demonstration, we printed the ‘blarck  sujtable for use in large-area inkjet printing technology to
phosphordson both exible PET and Sivafer substrates produce uniform BP thinms for printable optoelectronic
(Figure a,b). As revealed in the AFM imdggu(e ¢ and  devices. Therefore, the high quality and solution processable
Figure S19 the excellent BP inks prepared here allow us tpLBP obtained here holds great promise for use in a wide range
obtain continuous and uniform FLBP tihins printed on a  of applications ranging from hybrid compositions and wearable

wide range of substrates. S sensors to printable electronic and photonics devices.
We also investigated the performance of inkjet-printed BP

when integrated into optoelectronic devices. As shown in METHODS
Figure d, we patterned Au electrode arrays on the printed B_’PEIectrochemicaI Expansion of Bulk BP. Electrochemical

Ims as a large-area photodetector. The electrical characterigliggajation and expansion of bulk BP. The electrochemical expansion
of the device were measured in dark and illuminated conditiopSpulk BP was performed using an electrochemical workstation (CHI
The illuminated experiments were carried out under globaoE) consisting of a two-electrode system. Bulk BP (HQ graphene,
irradiation using a laser9532 nm, power from 0 to 1 mW, purity 99.9%;igure S)awvas placed as the working cathode, and a Pt
and spot size 2 mrr?) with di erent light intensities. wire was used as the counter electrode. For sample preparation in large
Remarkably, thiSV curves measured on such a large-areguantities, the experiment was carried out in a 30 mL beégker (
device reveal an anomalous negative photoresponse, namelyd-a® honagueous solution consisting of 0.01 M TAA and DMSO
decrease in current upon the irradiation of a laser beam o s used as electrolyte. The ultrafast expansion of bulk BP can be

. . . - achieved once a cathodic voltage loweSthsris applied (refer to
the device Kigure &). The generation of negative photo- Supplementary Vide9. Ihe expanded BPRakes can be further

responserigure € and f) of the large-area FLBP device can bgyfoliated and dispersed in designated solvents via manual shaking or
ascribed to the followingeets: (i) The intercalated TAA gentle sonication at low power f88Imin. All the solvents and
cations may act as acceptors and thus increase the ltenonium ions were sourced from Sigma-Aldrich (>99% of purity)
concentration in FLBP, resulting in high conductivity in a dadad used as received. Electrochemical exfoliation of bulk BP was
environment. Upon illumination, a photoexcited TAA catioparried out in ambient conditions (the as-received bulk BP sample was
may undergo photodesorption or rearrangement of igdored in the glovebox). Sample preparation for Raman and AFM
adsorption geometry on BP. This could weaken the Chaﬂér;actenzatlon was also carried out in ambient conditions.

: . aracterization. Optical imaging of exfoliated BiRes on the
transfer between TAA cations and BP, leading to the decreg Si substrate was conducted using an Olympus BX51 microscope.

of carrier concentration and conductivity of BP. Thg molecukggg morphology and thickness of FLEIs were characterized by
photodesorption ect has also been observed in carborsgm (FEI Verios 460 operated at 2 kV and 100 pA), AFM (Bruker
nanotube systeifisAn increase of laser power is expected tultimode 8 and DIMENSION FastScan), and HRTEM (FEI Titan
produce a larger portion of photoexcited TAA cations inactigeS300 S/TEM operated at 200 kV). In addition, we also carried out
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thermogravimetric analysis (TGA) of exfoliatedaBés up to 600 (3) Yuan, H.; Liu, X.; Afshinmanesh, F.; Li, W.; Xu, G.; Sun, J.; Lian,

°C to evaluate compositional information (Discovery TGAB.; Curto, A. G.; Ye, G.; Hikita, Y. Polarization-sensitive broadband

Thermogravimetric Analyzer, TA Instruments, with a heating rate gtiotodetector using a black phosphorus veSicglipction.Nat.

5°C mirrtin nitrogen atmosphere). The electrolyte was analyzed byanotechnd@015 10 707.

gas chromatograggass spectrometry (GC-MS, Agilent HP6890 (4) Xia, F.; Wang, H.; Jia, Y. Rediscovering black phosphorus as an

DC with HP 5973 Mass Selective detector) to reveal the electranisotropic layered material for optoelectronics and eledtiamics.

chemical process. Raman spectroscopic measurements of exfoliateTbBithur2014 5, 4458.

(WITec Alpha 300R) were performed at room temperature with lases) Lu, J.; Yang, J.; Carvalho, A.; Liu, H.; Lu, Y.; Sow, C. 8. Light

excitation at 532 nm. XPS (Omicron EAC2000-125) elementglatter Interactions in Phosphordkee. Chem. R2316 49 180&

analysis of exfoliated BP was conducted usingadi&tion jf = 1815.

1486.6 eV). (6) Sun, J.; Lee, H.-W.; Pasta, M.; Yuan, H.; Zheng, G.; Sun, Y.; Li,
Photocurrent Measurements. The photoresponse of an FLBP- y - Cui, Y. A phosphor&wgaphene hybrid material as a high-

based photodetector was carried out by measuring the typigabacity anode for sodium-ion battexias. Nanotechnab15 10,

characteristics of FLBP devices under irradiation of a continuaygg

wave laser beam from diode lasers (532 nm). The applied bias and {#§ Batmunkh, M.; Bat-Erdene, M.; Shapter, J. G. Phosphorene and

output current were provided and collected via a Keithley 6430 SoUBi§)sphorene-Based MateialBrospects for Future Applications.

meter. Adv. MateR016 28 858&8617.
(8) Ge, S,; Li, C.; Zhang, Z.; Zhang, C.; Zhang, Y.; Qiu, J.; Wang, Q.;
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gap and anisotropic excitons in few-layer black phodpimnsuRev.
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