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Abstract

Black phosphorus (BP) has attracted significant interest as a monolayer or few-layer material
with extraordinary electrical and optoelectronic properties. However, degradation in air and
other environments is an unresolved issue that may limit future applications. In particular the
role of different ambient species has remained controversial. Here, we report systematic
experiments combined with ab-initio calculations that address the effects of oxygen and water
in the degradation of BP. Our results show that BP rapidly degrades whenever oxygen is
present, but is unaffected by deaerated (i.e., O, depleted) water. This behavior is rationalized
by oxidation involving a facile dissociative chemisorption of O,, whereas H,O molecules are
weakly physisorbed and do not dissociate on the BP surface. Oxidation (by O;) turns the
hydrophobic pristine BP surface progressively hydrophilic. Our results have implications on
the development of encapsulation strategies for BP, and open new avenues for exploration of
phenomena in aqueous solutions including solution-gating, electrochemistry, and solution-

phase approaches for exfoliation, dispersion, and delivery of BP.
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Black phosphorus (BP) stands out among the family of two-dimensional materials due to
several of its unique properties. BP is a direct bandgap, anisotropic and high mobility (~1000
cm?/V-s) semiconductor with a thickness-dependent fundamental gap varying from 0.3 eV in
the bulk to 1.5~2.0 eV for the monolayer,"® which covers large portions of the visible and
near infrared electromagnetic spectrum. Black phosphorus also has lower reactivity than most
of other elemental 2D semiconductors, for example silicene, and can be handled under
ambient conditions,” at least for limited time periods.8 Although its interlayer interaction is
stronger than that of graphite, MoS, and most other layered crystals,9 mechanical exfoliation
allows the preparation of BP samples down to the monolayer limit."® The valence band
maximum (VBM) of BP lies around -4 to -5 eV,'"'? which is energetically higher than the
Fermi levels of typical metals used for electric contacts; this leads to BP showing p-type

doping independent of thickness." "'

This combination of properties, contrasting with those of
semi-metallic graphene,13 air unstable silicene, and n-type indirect bandgap multilayer
MoS,,” ' make BP a highly promising material for future electronic and optoelectronic
applications.

A remaining key issue of BP toward these applications, however, lies in its degradation
under ambient conditions. Formation of pits and bubbles on bulk BP revealed by scanning
tunneling microscopy (STM) was ascribed to electrochemical reactions occurring between
the STM tip and the BP surface.” Even without an applied bias voltage, droplet-like
structures are also observable on the surface of BP exposed to air by atomic force and optical

8,16, 17

microscopy. These structures are believed to be water droplets since experimental and

theoretical studies on the environmental stability of BP suggests that the surface is



intrinsically hydrophilic; long-term exposure to air and moisture can completely etch away
the material.> '® It was also found that the thinner the BP flakes, the faster the water
adsorption,'’ and even boron nitride top-encapsulation appears unable to block the species
that degrade BP field effect transistor (FET) devices.'® However, another explanation
suggested that oxygen could be responsible for the degradation of BP and the chemisorbed
oxygen atoms could increase the hydrophilicity of the BP surface; this alternative explanation
makes the mechanism of BP degradation interesting and potentially complicated.18 A recent
study suggested that water, oxygen and visible light are simultaneously required for the
degradation of BP," but the detailed roles of these three parameters were not clearly specified.
While all these investigations suggest water as one of the primary species responsible for BP
degradation, this conclusion contrasts sharply with the finding that devices, such as humidity
sensors comprising BP nano-flakes can be stable during extended time exposures to water
without substantial degradation in device performamce.20 In addition, recent work by Kang et
al. demonstrated the successful dispersion and delivery of optically and electronically active
few-layer BP in deaerated aqueous solutions instead of anhydrous organic solvents.”' Taken
together, these recent reports call into question the assumed role of water in the degradation
of black phosphorus.

Here, we carried out a joint experimental and theoretical study with the goal of
comprehensively addressing and clarifying the physics and chemistry involved in the
breakdown of BP, focusing in particular on the interaction of reactive species in air (O2, H20,
etc.) with BP, their effects on electronic properties and their role in the chemical

decomposition of BP. We prepared BP flakes of different thickness — bulk, few-layer, down



to monolayer — on SiO,/Si support by a modified mechanical exfoliation method.** The
evolution of the BP flakes with exposure to air, water with dissolved oxygen, and properly
deaerated water was monitored by optical microscopy and tapping-mode atomic force
microscopy (AFM), and characterized by (scanning) transmission electron microscopy
((S)TEM) and electron energy loss spectroscopy (EELS). We found that oxygen plays a
crucial role in the degradation of BP whereas deaerated water alone does not affect the
material. Density functional theory (DFT) calculations reveal the detailed atomic processes of
the degradation, showing that H,O physisorbs on pristine BP, but O, adsorbs dissociatively.23’
** The oxidized BP surface doubles the adsorption energy of H,O, making the surface
hydrophilic. These findings are further supported by FET and electrochemical measurements,
as well as '*0 isotope labeling experiments. Our results, especially the stability of BP in pure
water, may promote new directions such as the exploration of the electrochemical properties
of BP and liquid dispersion of BP for handling and delivery via aqueous solutions.
RESULTS AND DISCUSSION

To test the environmental stability of BP, we prepared flakes of different thickness (bulk,
few-layer, and monolayer) on SiO,/Si supports by using a modified exfoliation method,* and
followed their evolution in air by optical microscopy and AFM (see section S1, Supporting
Information). Our findings are consistent with previous reports of the morphology change of
BP in air® * Focusing on the specific role of water in the chemical reactivity of BP, we
immersed exfoliated flakes supported on SiO; for different time periods in deionized (DI)
water, ultimately followed by exposure to air (Figure 1). Figure la shows an optical

micrograph of a freshly exfoliated BP flake. Subsequently, the sample was immersed in DI



water. As shown in Figure 1b, after one week in DI water the morphology of the flake did not
show any visible changes, and no droplets were observed in its vicinity. After 2 weeks in DI
water, the optical contrast of the flake had evidently changed (Figure 1c), in a way that
suggests that the thickness was modified across the entire flake. As we will show below,
oxygen dissolved in water is responsible for this etching. The lack of observable features in
the vicinity of the flake suggests that the drop-like features frequently observed after air
exposure are soluble in or react with water and have been eliminated during immersion, thus
supporting the assumption of previous reports that these drops may consist of aqueous
decomposition products of BP.® On the other hand, this also suggests that the surface of BP
may be not intrinsically hydrophilic, as reported by Du et al. and Castellanos-Gomez et al.,*
?® pecause no droplets were observed even after the BP was taken out of DI water. After the
prolonged immersion in DI water, the same sample was exposed to air for 1 week. As seen in
Figure 1d, the flake decomposed completely, leaving behind a number of drop-shaped
residues of different size within its previous outline. This indicates that the decomposition in
air is much faster than in DI water. The sample was subsequently loaded into ultrahigh
vacuum (UHV, 10” Torr) for several hours, but the droplet-like morphology did not show any
change. Annealing in UHV at 120 °C for 2 hours (Figure le) led to a slight decrease in the
droplet density but the larger droplets still remained. Only after annealing at higher
temperature (250 °C for 2 hours, Figure 1f) also the large droplets were replaced by drying
patterns within their original footprint. These observations suggest that the droplet-like
objects do not mainly consist of water, but are accumulations of species with lower vapor

pressure, such as phosphorus oxides (PxOy) or phosphoric acid; thus the degradation



mechanism may not be as previously reported.® ' Phosphorus trioxide (P,03) and pentoxide
(P,0Os) are both solids near room temperature (P,Os sublimes; P,O3 melts at 23.8 °C). P,0O3
has high vapor pressure (7.5 Torr at 47 °C; 75 Torr at 100 °C), whereas P,Os is far less
volatile (vapor pressure 7.5-10~ Torr at 285 °C).”” Hence, our experiments involving vacuum
annealing of air-exposed BP are consistent with a reaction of BP with oxygen in air to form a

phosphorus oxide with composition close to P,Os.

Figure 1. Morphology change of an exfoliated BP flake on SiO,/Si after exposure to water and
air. a. Optical images of a freshly exfoliated BP flake. b. Same flake after being submerged in DI
water for 1 week. ¢. Same flake after a total of 2 weeks exposure to water. d. Image after removal of
the flake from DI water and exposure to air for 1 week, showing the complete dissolution of the flake
and droplet-like residues within its footprint. e. Same sample after annealing at 120 °C for 2 hours in
ultrahigh vacuum (UHV, 10° Torr). f. Sample after additional annealing at 250 °C for 2 hours in UHV.
d. Schematic diagram of the setup used to remove dissolved O, from DI water (by bubbling N,) and,
alternatively, enriching water with O, (by bubbling O,). h. Optical micrograph of freshly exfoliated BP
flakes on SiO./Si. Based on their optical contrast, the deep blue segments are identified as monolayer
and bilayer BP. i. Same sample region after immersion in oxygen-depleted water (N, bubbling) for 2
days. j. Freshly exfoliated BP flakes. k. Same sample region after immersion in oxygen-enriched DI
water (O, bubbling) for 2 days.



In order to better understand the decomposition pathway, we compared the degradation
process under well-defined conditions: in air and DI water (see section S1, Supporting
Information); and in oxygen-depleted (i.e., deaerated) and oxygen-enriched DI water (Figure
1h, i and Figure 1j, k, respectively). The comparison with the sample exposed to air shows
that decomposition of BP is substantially slower in DI water, but some residual reactivity
remained. It is well known that molecular oxygen can be dissolved in water. At 25 °C, the
equilibrium solubility of O, in water is 8.27 mg/L (1.26 mM), but by deaeration the
concentration of O, can be reduced by 3-4 orders of magnitude (to ~107 M). To control the
oxygen concentration in water, we used a setup in which different gases could be controllably
bubbled through the DI water reservoir in which the BP sample was held (Figure 1g). To
lower the concentration of dissolved O,, nitrogen gas was bubbled continuously through the
DI water. A sample containing flakes with both monolayer and bilayer BP was exposed to
these conditions for 2 days, after which the flake remained almost completely unchanged
(Figure 11). Notably, the monolayer and bilayer areas are still observable, i.e., have not been
affected as in the case of neat DI water with a higher (equilibrium) concentration of dissolved

O,. Some groups claimed that thinner flakes show accelerated decomposition,”’ 1

yet under
oxygen-depleted conditions the BP flakes remained stable down to monolayer thickness. This
suggests that BP is unable to activate and react with H,O itself and that the primary reaction
pathway requires O, either present in air or dissolved in water. To further test the apparent
key role of O,, we performed a control experiment in which the water was enriched in

dissolved oxygen by bubbling O, instead of N,. As can be seen by comparing Figures 1j and

k, even few-layer flakes are completely etched away under these conditions.



Figure 2a shows a high-angle annular dark-field STEM (HAADF-STEM) image of the
pristine (freshly exfoliated) BP flakes on amorphous carbon support. High-resolution TEM
(HRTEM) imaging reveals the atomic structure of a BP flake in plan-view (along the [110]
axis, Figure 2b) and cross-section (Figure 2c), showing that the flake is a single crystal with
interlayer spacing of ~5.4 A. In order to monitor structural and chemical changes due to
ambient exposure, we performed electron energy loss spectroscopy in STEM (STEM-EELS)
within the same region (red rectangle in Figure 2a) before and after exposing the sample to
air for 1 day. Comparing the HAADF-STEM image contrast in Figure 2d (pristine) and
Figure 2e (after 1 day in air), we found the thickness of the flake was reduced after air

exposure.
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Figure 2. (S)TEM and EELS characterization of a multilayer BP flake before and after air
and water exposure. a. HAADF-STEM image at 200 kV of a flake immediately after exfoliation and
transferring onto a TEM grid. b. High-resolution TEM image of a BP flake. ¢. Cross-sectional TEM
image of a folded section of the flake. The basal plane is along the [110] axis. The interlayer spacing
is ~5.4 A. d. Enlarged STEM image within the rectangular area marked in a, and corresponding 2D
STEM-EELS map of the BP flake immediately after exfoliation. e. STEM image and 2D STEM-EELS
map after exposure to air for 1 day. P is shown in green, and O in red. f. Representative EELS spectra
of pristine and oxidized (1 day air exposure) BP samples. g. HAADF-STEM image of a freshly
exfoliated BP flake. h. Same flake after submersion in DI water for 1 day. i. EELS linescan profiles
along the arrows in g and h, showing the phosphorus L-edge without any detectable oxidization.

The EELS spectrum taken from the darker (thinner) region is compared to that of the
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pristine sample in Figure 2f. The characteristic energy-loss edges, the L, 3-edge of P and the
K-edge of O, can be used to identify the chemical valance states. Our data clearly show that
the phosphorus L, 3-edge shifts from 130 eV to 136 eV and the oxygen K-edge at 532 eV
appears after exposure to air, both indicating the oxidation of P to form P,Oy. The elemental
distribution of P and O in the observed region can be revealed by false-color STEM-EELS
maps (Figure 2d, e). Combining the STEM and EELS results, we find a clear correlation
between the morphology change (thickness reduction) and the local chemical change
(oxidation).

The same type of characterization was performed on a similar BP flake before and after
immersion in water for 1 day. HAADF-STEM images obtained before (Figure 2g) and after
(Figure 2h) exposure to H,O do not show any obvious changes in morphology. The
corresponding energy-loss profiles are displayed in Figure 2i. The spectra do not show any
significant chemical shift, but show phosphorus remaining mostly in the elemental (zero-
valent PY) state. There is a small, but detectable increase in intensity at ~138 eV, indicating
the formation of traces of POy likely by reaction with oxygen during the sample transfer and
loading process. Comparing the results after air and water exposure, we find ratios of P L 3-
edge intensities of PO:PXOy of 0.24 (1 day in air) and 2.3 (1 day in DI water). This strongly
suggests that crystalline BP is unable to oxidize via dissociation of water, e.g., via reactions
such as

x P+yH,O -P,Oy +n Hy or
P+ 4 H,0 — (PO ),q + 4 Hy, etc.,

but instead is oxidized exclusively by reaction with O, either present in air or dissolved in



water. This means that even though bulk red phosphorus and white phosphorus compounds

2831 crystalline black phosphorus is evidently more stable against

can react with water,
reaction with water than these other P allotropes. Besides water, BP also remains stable in

other aqueous solutions, including high concentration HCl and KOH, as discussed in

Supporting Information S4.
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Figure 3. Physisorption and chemisorption of H,O, N, and O, on BP. Atomic structures of
physisorbed H,O (a) and N, (b) on pristine monolayer (1L) BP. At room temperature, O, molecules
dissociatively attach to 1L BP and the most stable configuration of IL-20 shown in ¢, which one
Oxygen bonds to the lone pair and the other one sits in-between two P atoms. d. The joint adsorption
of H,O and N, on pristine 1L BP. e, f. H,O (e) and N, (f) individually adsorbed on oxidized 1L BP
surface, respectively.

DFT calculations were carried out to understand the degradation process of BP from an
atomistic point of view. We have considered interaction with oxygen, water and nitrogen
molecules, the primary constituents of air. All these molecules could physisorb on the BP
surface, with the most favorable adsorption sites of H,O and N, shown in Figure 3a and b,

respectively. It appears that H,O interacts more strongly with the surface than either O, or N,
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as evidenced by the 0.03 or 0.08 eV stronger interaction energy. Although the interaction
energy of H,O-BP is stronger, it is still 4 meV smaller than the intermolecular interaction
energy of water (-0.222 eV), indicating that BP is hydrophobic. How can these weakly
interacting molecules drastically affect the physical properties of BP? We found that the
physisorption state of O, is actually only a metastable state, and O, shows dissociative
adsorption (DA) on the BP surface forming two dissociated O atoms.”> ** 3> The DA
attachment is highly exothermic with energy release of over 4 eV per O, molecule and an
activation barrier of 0.62 eV. Such a low barrier allows the DA to occur at room temperature.
The most energetically preferred dissociated configuration (adsorption energy -4.56 eV) is
shown in Figure 3c. We denote this configuration, in which one oxygen atom binds at the
“Interstitial bridge” (IB) site and the other at the “Lone-pair” (LP) site, as configuration IL.
Calculations of the adsorption energy for a single oxygen atom suggest that the LP
configuration, in which the O-orbital directly interacts with the lone electron pair of a surface
P atom (Figure S1la), is the most stable one; in the next favored configuration, the O atom
occupies the IB site in-between two P atoms belonging to the upper and lower sub-layers
(Figure S11b), respectively. The O, DA configuration IL (Figure 3c) has a 0.15 eV lower
energy than the LL. (LP+LP) configuration reported in Ref. 18. The slightly lower energy
is ascribed to electrostatic attraction in IL and repulsion in LL, which override the energy
difference between chemisorbed single LP and IB oxygen. In light of the DA attachment of
O,, we examined the possibility that water molecules might adsorb dissociatively on BP. Our
results show that at least 1.05 eV is required to break a H-O bond in a physisorbed H,O

molecule, which makes this process energetically unfavorable. We therefore conclude that O,
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chemisorbs on the pristine BP surface at room temperature but water only physisorbs as an
intact H,O molecule.

Liquid droplets are often seen on degraded BP surfaces, and usually ascribed to water
droplets. The degradation was thus explained based on the assumed strong interaction of
water with the BP surface. However, we have shown here that water only weakly physisorbs
on the BP surface, implying that the likely direct role of water in degrading the electrical and
other properties is minor. Figure 3d shows the joint adsorption of H,O and N, on monolayer
BP. Figures 3e and 3f show the configurations of HO and N, individually adsorbed on the
oxidized BP surface, respectively. We found Ny is so inert that its adsorption energy is only
slightly affected (by 0.04 or 0.02 eV) by co-adsorption with H,O or adsorption on pre-
oxidized BP. In contrast, the interaction energy of H,O is strongly affected by BP surface
oxidization. Figure 3e illustrates the most stable configuration of water adsorbed on oxidized
BP, in which H,O forms one hydrogen bond with the LP oxygen. Formation of a H-bond in
this configuration increases the H,O adsorption energy to -0.48 eV, roughly 2.2 times larger
than on the pristine BP surface (-0.22 eV). This water-surface interaction energy is
comparable with a value found previously (-0.49 eV), which was interpreted to represent a
superhydrophilic surface.”> Given a linear relationship between contact angle (®) and
interaction energy (E.q), namely ® = (1-|E.a|/|Esnp|)x180°, where [Egp| = 0.49 eV is the
presumed interaction energy of the superhydrophilic surface (i.e., ® = 0°), the contact angle
is reduced due to oxidation of the surface, from 99° of pristine BP to roughly 4° (nearly
superhydrophilic) for IL oxidized BP. All these results manifest that BP oxidation gradually

turns the intrinsically hydrophobic surface into a nearly superhydrophilic form. Within this
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picture, the droplets on BP surface after exposure to air observed in many experiments
represent water concentrated in the most strongly oxidized (i.e., superhydrophilic) areas,
surrounded by more hydrophobic (i.e., less oxidized) regions of the BP surface.

The adsorption of molecules on the pristine BP surface may affect the intrinsic electronic
structure of BP and thus modify the electrical and optical properties of the material.
Physisorbed molecules are believed to have minor influence on the electronic structure,
which is true for physisorbed H,O and N; since all valence and conduction bands of H,O- or
N,-covered BP close to the bandgap are nearly unchanged upon adsorption of H,O, as shown
in Figure 4a. However, this is not the case for dissociatively adsorbed O,. The two
chemisorbed O atoms of the oxidized surface induce a strong charge transfer that
substantially modifies the electronic structure (Figure 4b). The oxidized crystal (IL-20-BP,
Figure 3c) has a slightly larger bandgap and increased effective mass. The enlarged effective
masses implies a reduced carrier mobility in terms of a phonon-limited picture, in other
words oxidation at least partially accounts for the observed degradation of transport
properties. Beyond phonon scattering, impurity scatting may also contribute to the reduced
carrier mobility. Figure 4b illustrates that the additional adsorption of H,O or N, molecules
does not appreciably change the electronic structure of oxidized BP, indicating the primary
role of the O impurities. Figures 4c and 4d visualize the electronic states of water-covered
pristine and oxidized BP surfaces. For H>O on pristine BP, the valence and conduction bands
are continuous across the adsorption site, see Figure 4c. However, oxidization of the BP
surface causes the wave functions of valence and conduction bands to become spatially

discontinuous around the P atoms in the vicinity of the O-P bonds for IL-oxidized BP (Figure
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4d). Our combined results compellingly indicate that O,, not H,O or N, molecules, through
their dissociative adsorption on the BP surface play a dominant role in the degradation of the

electronic properties of BP after exposure to air, and modify the surface from hydrophobic to

nearly superhydrophilic.
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Figure 4. Effects of adsorption on the electronic structure of BP. a. Band structures of pristine BP
(black solid line), and H,O (pink dashed line), N, (blue dashed line) and H,O-N, (red dashed line)
adsorbed on pristine 1L BP. Valence band maximum (VBM) and conduction band minimum (CBM)
are marked in the panel. b. Band structures of pristine (black solid line) and oxidized BP surfaces (IL-
20, red solid line), and H,O (H,O/IL-20, pink dashed line) and N, (N/IL-20, blue dashed line)
adsorbed on oxidized BP surfaces. ¢, d. Spatial structures of wave functions for VBM and CBM of
H>O on pristine 1L BP (¢) and oxidized 1L BP (d).

To further test the theoretical results on the wetting of BP by water, isotope labeling
experiments were carried out by systemically using 0, and H,'®O (see Section S8,
Supporting Information). Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was
performed after one day of exposure of BP flakes to a 80,/H,'"°0O mixture prepared by

enriching previously deaerated DI water with '80,. TOF-SIMS maps (Fig. S15) show
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increased concentration of '°O (originating from adsorbed H,'°0) in the same regions that
also show high 'O intensity (due to oxidation by reaction with '®0,). This finding
demonstrates that oxidation makes the BP surface more hydrophilic. In addition, we
examined the exposure of freshly cleaved BP to deaerated, isotope labeled water (HZISO),
taking precautions to limit its oxidation by contact with air. Here, TOF-SIMS showed no
increased 'O signal, which implies that no detectable accumulation of H2180 took place,
1.e., the fresh BP surface is hydrophobic.

In an attempt to determine the effects of air and water on BP devices, we fabricated FETs
from exfoliated BP flakes. BP FET devices measured in air showed ambipolar behavior (see
Section S3, Supporting Information). The extracted field effect mobility is ~230 cm?*/V-s for
holes and ~30 cm*V-s for electrons, respectively, consistent with values observed
previously.3 When measuring the conductance as a function to the time of exposure to air, a
brief initial conductance rise was observed that may be due to current annealing;34
subsequently, the conductance decreased continuously during air exposure, and the device
ultimately broke down after an exposure time of ~70 h (Figure S5).

Previous experiments on MoS, and SnS, transistors have shown that top gating by high-k
dielectrics, such as HfO, or DI water, among others, can effectively screen scattering centers
and thus lead to increased carrier mobility while maintaining high on-off ratios.” ** The use
of DI water as an electrolytic top gate can serve two purposes: 1) identification if screening by
a high-k dielectric (here H,O, with € ~80 gp) can lead to increased carrier mobilities in BP,
similar to layered metal dichalcogenides; and ii) exploration of the electrical behavior of BP

FETs in contact with water. A schematic of the device layout and an optical micrograph of an
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actual device are shown in Figure 5a. Figure 5b compares Isp-Vsp characteristics before and
after introduction of the water drop used for top gating; the data shown in Figure 5b were
measured for zero back-gate and top-gate voltages. Bringing the device channel in contact
with DI water substantially increased the conductance. The drain current, Isp, at Vsp=0.2 'V,
for example, increased from 9 pA (dry) to 41 pA after applying a drop of DI water (Figure
5b). This implies that even for zero top-gate voltage the DI water either induced a doping of
additional charge carriers in the BP channel or reduced impurity scattering due to dielectric
screening. Indeed, analysis of the transfer curves with DI water top gate shows dramatic
mobility enhancements to ~1260 cm?/V-s in solution-gated BP devices using a DI water drop
as gate dielectric. This finding indicates that the conductance increase upon surrounding the
device channel with water is primarily due to an increased carrier mobility as a result of

effective dielectric screening.
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Figure 5. Electrical transport in a BP FET device with DI water top gate. a. Schematic of the
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device geometry, and optical micrograph of the actual FET device with PMMA-covered contacts for
top gating by a DI water drop. b. Isp-Vsp characteristics of the BP device without and with DI water top
gate (for V1g = 0 V). c. Isp-Vsp characteristics as a function of exposure time of the BP channel to DI
water, showing minimal changes over a period of 1 hour. d. Isp-Vsp characteristics for the device after
1 week in contact with water, at different top-gate bias varying from -0.5 V to +0.5 V. e. Stability of BP
FET devices in O, saturated and N, deaerated water.

The stability of the device in contact with water was monitored initially over a period of
1 hour, as shown in Figure 5c. The Isp-Vsp curves were linear and symmetric for all times,
and even though the conductance decreased minimally over 1 hour the characteristics of the
device remained nearly unchanged. This result based on FET device characteristics confirms
our previous conclusions from exposure to different ambients, namely that BP shows minimal
degradation when in contact with DI water. Device measurements also confirm the crucial
importance of oxygen in the degradation chemistry. Figure Se shows a comparison of the
evolution of Isp with time for devices kept in water with equilibrium oxygen concentration at
room temperature, compared with storage in water that was maintained in a deaerated state
by bubbling N, gas. Whereas Isp for the device held in water with dissolved O, dropped to
near-zero over the course of ~2 hours, the device held in deaerated water showed an initial
drop in Isp to about 60% of its original value within ~20 hours, but then maintained a stable
conductance with negligible further decrease in Isp for the entire duration of the experiment
(~100 hours). Strikingly, the degradation in O, containing water was even faster than in air.
From the absence of significant changes in deaerated water, we conclude that the degradation
of BP is dependent on its exposure to oxygen (i.e., the reaction of P -P,O,). However, in our
experiments with oxygen-containing solutions, water appears to play an important secondary

role: it enables the subsequent reaction of P,Oy to the final products, e.g., (PO43') ions that

dissolve into the solution and form phosphoric acid (H3PO4). This process ensures the
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removal of P,Oy and continued exposure of fresh P at the surface and in this way contributes
to fast overall reaction rates, hence the faster degradation in oxygen-containing water than in
air.

To further evaluate the proposed reaction sequence of the degradation of BP, we
performed electrochemical experiments in which redox reactions were driven by
electrochemical bias (see Section S5, Supporting Information). Our result suggests that a
POy film is formed on the surface of the BP for potentials ~ +0.4 V. At more positive
potentials (higher than +0.5 V), the phosphorus is further oxidizing to P, forming (POS)
ions that dissolve into the solution and form the end product, phosphoric acid (H;POy). These
observations are consistent with our EELS results, as well as recently reported results by
Wang et al.”’ The oxidation peak at +0.4 V is not observed in CV curves measured in
deaerated solution, in which the reverse potential sweep is stopped before reaching the
threshold for the hydrogen evolution reaction (HER, -0.9 V). This indicates that hydrogen gas
generated at potentials more negative than -1.0 V chemically reduces the P,Oy on the
electrode surface to elemental phosphorus.3 8
CONCLUSIONS

In summary, the degradation of BP under different conditions was systematically
characterized structurally, spectroscopically, in device measurements, and via DFT
calculations. By comparing exposures to air, water with dissolved oxygen, and deaerated
water, we find that the degradation of BP in ambient requires contact with oxygen, and that

water does not play a primary role in the reaction, in contrast to previous conclusions.

Exposure to water alone does not decompose BP, as is shown by much slower degradation
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rates in deaerated water compared to the process in air.

DFT calculations reveal that the dissociative adsorption of O, induces changes in the
electronic structure of BP and thus plays an important role in the degradation of the electronic
properties. H,O alone (without O;) cannot cause the degradation of BP since it only
physisorbs on the pristine BP surface. Finally, the calculations provide insight into the
wetting properties of BP, suggesting that pristine BP interacts weakly with water (i.e., is
hydrophobic) whereas oxidation by reaction with O, gradually turns the surface
superhydrophilic. Isotope labeling experiments combined with TOF-SIMS mapping directly
demonstrate these predicted changes in the wetting properties of BP due to oxidation.

Our combined results, which demonstrate that BP can be preserved in environments
without O, to suppress degradation, have implications for the identification of suitable
encapsulation strategies for BP (e.g., in device applications) by suggesting that the most
important role of an encapsulation material is to prevent the contact of BP with oxygen, either

directly or via diffusion.

Methods

Sample Preparation: Bulk black phosphorous was purchased from HQ-graphene. Adhesive
tape was used to peel off a small piece of BP from bulk crystal, and folded 2-3 times to make
the flake thinner. The tape with BP was put onto the surface of 300 nm SiO,/Si substrate. All
the substrates were cleaned by oxygen plasma to remove organic residual before contact with
BP, which improved the yield. Before peeling off, the substrate together with BP/tape was put
on a laboratory hot plate to anneal for 1 min at 80 °C in order to improve the contact area
between BP and SiO, surface.”? For the TEM samples, we first spin-coated a layer of
photoresist (S1811) on SiO,/Si for 1 min (3000 revolutions per minute (rpm)), and baked it at
100 °C for 2 min. Following by exfoliation of BP onto this photoresist surface and checking
the flakes under optical microscope, TEM grids were put in contact top with the area
containing BP flakes. By dissolving the photoresist in acetone, BP flakes were transferred
onto the TEM grid.

AFM measurements: Surface morphology and thickness measurements were performed using
a Veeco (multimode V) atomic force microscope. All AFM images were collected in tapping
mode in order to minimize the degradation by contact with the flakes. AFM imaging was
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performed in ambient at room temperature.

TEM-EELS measurement. The exfoliated flakes were characterized in a JEOL 2100F
analytical (scanning) transmission electron microscope ((S)TEM) operated at 200 kV.
Samples were kept in acetone after transfer onto TEM grids from photoresist, and quickly
loaded in the high-vacuum of the TEM after removing them from acetone.

Device Fabrication and Electrical Measurements: After transfer of BP flakes from tape to
Si0,/Si substrates by mechanical exfoliation (as described above), the positions of selected
flakes were recorded in optical microscopy. A layer of photoresist was spin-coated onto the
substrates (S1811, 3000 rpm, 1 min), then put on a hot plate and annealed at 110 °C for 2 min.
A mask aligner (Karl Suss, MA6) was used to expose the patterns, followed by development
in solvent. Ti/Au metal layers (10 nm/50 nm) were deposited by e-beam evaporation.
Annealing was carried out in ultrahigh vacuum (10”° Torr) in order to make good contact at
the metal/BP interface. Electrical measurements were performed on a four-probe station
(Signatone). For DI-water top-gating experiments, we first fabricated conventional (back-
gated) FET devices on 300 nm SiO,/Si substrates, and then patterned Poly(methyl
methacrylate) (PMMA) windows using electron beam lithography (EBL). The latter provided
a defined contact area between the DI water gate and the device channel, while preventing its
contact with the metallic source- and drain electrodes.

Density functional theory (DFT) calculations. DFT calculations were performed using the
generalized gradient approximation for the exchange-correlation potential, the projector
augmented wave method,™” Y and a plane wave basis set as implemented in the Vienna ab-
initio simulation package (VASP).*' The energy cutoff for the plane-wave basis was set to
400 eV for all calculations. A k-mesh of 4x4x1 was adopted to sample the first Brillouin zone
of the 3x4 monolayer black phosphorus supercell (armchair direction (x) and zigzag direction
(). In geometry optimization, van der Waals interactions were considered at the van der
Waals density functional (vdW-DF)*** level with the optB86b functional for the exchange
potential (optB86b-vdW)* *. The shape and volume of each supercell were fixed and all
atoms in it were allowed to relax until the residual force per atom was less than 0.01 eV-A™",
Electronic band structures were calculated using the hybrid Heyd-Scuseria-Ernzerhof
functional (HSE06) based on the atomic structures optimized by optB86b-vdW. ***” The
potential-energy profiles along the reaction paths from physisorbed O, to dissociative-
chemisorbed O, onl1L prinstine BP were recalculated using the climbing image nudged elastic
band (CI-NEB) technique,*® which locates the saddle points of the reactions, using 8 images.
Theoretically considered configurations: Five categories of BP adsorption surfaces were
considered in this work, namely physisorbed O,, N, and H,O and dissociatively chemisorbed
0O, and H,O. Different configurations of each category were proposed according to molecular
orientations, directions and sites. Thus, we have a total of 25 initial configurations for H,O,
11 for N; and 18 for O,; which of H,O are shown in Figure S13. The DA configurations are
similar to the physisorbed configurations and the O, H, or OH atoms/groups bind to the
nearest P atoms from their physisorbed configurations. The case of single oxygen adsorption,
for example, has five specified sites, namely Lone Pair (LP), Interstitial Bridge O (IB), Dimer
Bridge O (DiB-0), Horizontal Bridge (HB) and Diagonal Bridge O (DgB) shown in Figure
S11 and the corresponding bandstructures are shown in Figure S12.
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S1. Sample preparation and microscopic characterization

Black phosphorus flakes were exfoliated onto SiO,/Si substrates, followed by
optical microscopy imaging. The substrates were cleaned using acetone, isopropanol
and de-ionized (DI) water, and then O, plasma was used for further cleaning. After
putting adhesive tape with black phosphorus flakes in contact with the SiO,/Si
substrate, the substrate was annealed in air at 80 °C for 1 min on a conventional
laboratory hot plate. We then cooled down the substrate to room temperature, and
finally peeled off the tape to complete the exfoliation process. This exfoliation
method could improve the yield ratio of the flakes with different thicknesses, as
described in detail in our previous work.! After exfoliation, the flakes were

characterized using different methods and conditions as described in the main text.

Figure S1. Optical and AFM images of an exfoliated black phosphorus flake supported
by SiO,/Si. a. Optical image of the freshly exfoliated, pristine black phosphorus flake. b. AFM
image within the flake, obtained in the area outlined by a dashed square in a. ¢. AFM image of
the surface of the monolayer black phosphorus flake (ML®", marked by a dashed circle in a). d.
Optical image after exposing the sample to air for 1 day. Note the buildup of a chain of
islands/droplets along the flake edge (e.g., dashed line), and the disappearance of an entire
monolayer black phosphorus segment (marked ML®" in a, and outlined with a dashed circle). e.
AFM image within the flake (dashed square). f. AFM image at the former location of the
monolayer black phosphorus flake, showing increased corrugation in the form of large
islands/droplets.

Figure S1 shows optical and AFM images of a pristine black phosphorus flake,
and of the same flake after exposure to air for 1 day. Within 1 hour after exfoliation,
the surface of the flake appeared optically flat and the surrounding SiO, was
featureless in optical microscopy (Figure Sla). At this stage, AFM showed arrays of
small clusters decorating the black phosphorus surface (Figure S1b). The same droplet
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morphology was found on the surface of thick, bulk-like (Figure S1b) and monolayer
flakes (Figure S1c). After ambient exposure for 1 day, several changes are observed.
Optical microscopy detects relatively minor changes to thick black phosphorus flakes.
However, their outline now appears more rounded, and the surrounding SiO, support
shows large, drop-like features in the vicinity of all flakes (Figure S1d). The surface
of bulk-like flakes is no longer flat but now appears rough. The well-defined small

droplets seen shortly after exfoliation are no longer clearly observable (Figure Sle),

but seem to have coalesced to a thin film after the small clusters grew larger. The
thinnest portions (e.g., the monolayer segment, ML®" marked by a circle in Figure
Sla) are completely decomposed and only large drops remain in their place on the
substrate (Figure S1f).

Height (nm)

0.0 05 1.0 1.5 2.0

Lateral distance (um)

Figure S2. AFM height profile of monolayer BP. The measured thickness is about 0.8 nm.

Figure S3. Effects of air exposure and water immersion on exfoliated black phosphorus
flakes. a. Optical micrograph of freshly exfoliated black phosphorus flakes supported on
SiO,/Si. b. Same sample region after exposure to air for 2 days. ¢. Freshly exfoliated black
phosphorus flakes. d. Same sample region after immersion in DI water for 2 days.
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Figure S3a, c are optical images of pristine BP flakes, captured within 5 min after
exfoliation onto a Si0,/Si substrate. The second set of images (Figure S3a, c) shows
the same sample areas after 2 days of exposure to air. Thin flakes (Figure S3, arrows)
were completely etched away. 2 days of immersion in DI water (with dissolved O at
equilibrium with air) completely removed monolayer flakes, whereas bilayer areas
were transformed into monolayer (Figure S3d). The comparison with the sample
exposed to air shows that decomposition of black phosphorus is substantially slower

in DI water, but some residual reactivity remained.
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S2. Setup for gas bubbling

To probe the reactivity of black phosphorus in contact with DI water with
controlled O, content (achieved by bubbling either N, or O, to deplete or enrich
dissolved oxygen, respectively), exfoliated black phosphorus flakes on SiO,/Si
substrates were put in a glass container filled with DI water (Figure S4). A long
needle was immersed into the DI water for gas (N, or O) bubbling, and the outlet
tube (left) was fed in another beaker with DI water. The flow rate could be controlled

by valves, but this parameter is not critical for our experiments.

Figure S4. Photograph of the setup used for probing the stability of black phosphorus
in DI water with gas (N, or O,) bubbling. Black phosphorus flakes on SiO./Si substrate was
held in the glass container, in which DI water could either be depleted or enriched in dissolved
O..

Supporting Information 5 Y. Huang et al.



S3. Electrical transport measurement

1. Electrical performance of BP FET devices in air

-40 20 0 20 40 0 ' 20 _ 40
Vg (V) Time (h)

60

Figure S5. Electrical transport in a back-gated black phosphorus FET device (on SiO,/Si)
exposed to air. a. Optical image of the black phosphorus FET device. S: source, D: drain
electrode. b. Isp-Vsp curves for Vgp ranging from 0 to 2 V and back-gate voltage Vg ranging
from -30 V to 30 V. ¢. Ambipolar relationship between Isp and Vg for Vsp ranging from 0.5 to
2.5 V. d. Isp as a function of time of exposure to ambient air.

Figure S5a shows the overall configuration of our devices (channel thickness: ~15
nm), which were fabricated on SiO,/Si substrates with Ti (5 nm)/Au (50 nm) as
source and drain contact electrodes. Figure S5b,c summarize measurements on a
representative device, performed using three-terminal DC field-effect transistor
characteristics with back gating via the SiO; dielectric at room temperature in ambient
air. At low source-drain voltage (Vsp from 0 - 0.5 V), the current-voltage (Isp-Vsp)
characteristics are linear over the entire range of back-gate voltages from -30 to +30 V,
which indicates ideal ohmic contacts between the Ti/Au electrodes and the BP
channel. As the back-gate voltage Vg is changed from -30 V to +30 V, the drain
current, Isp, first decreases and then increases again, confirming the ambipolar
transfer characteristics shown in previous reports.2 This ambipolar behavior is also
clearly seen in Figure S5c, which shows Isp-Vg characteristics for Vg from -40 V to
+40 V, with source-drain voltage varying from 0.5 to 2.5 V in steps of 0.5 V. The
field effect mobility extracted from these characteristics is ~230 cm?/V-s for holes and
~30 cm?/V-s for electrons, respectively, consistent with mobility values observed
previously.” We then tested the stability of another BP FET device in air. The results
are summarized by plotting values of Isp at constant conditions (Vsp = 200 mV; Vg =
+20 V) as a function of air exposure time (Figure S5d). The conductance of the device
initially increases, as shown by an increase of Isp from 14 pA to 17 pA in the first 5

hours. A saturation of Isp is followed by a continuous decrease to ~4 pA over the next
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60 hours. The initial rise in conductance may be explained by an effect of current
annealing,4 which could lower the contact resistance between the black phosphorus
channel and the source- and drain metal electrodes. After long time expose to air, our
results (discussed in the main text) suggest that the black phosphorus flake becomes
oxidized, which we see here as a decrease in the channel conductance. This effect of
degradation of our black phosphorus FET device is similar to that reported previously
for unencapsulated devices, which also showed an initial increase in Isp followed by a
decrease of the channel current, ultimately leading to the complete breakdown of the

device after ~56 hours in air.’

2. Capacitance of the DI water top gate of a black phosphorus field-effect
transistor (FET) device
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Figure S6. Measurement of the capacitance of the DI water top gate of a BP FET device.
(a) Transfer characteristics (Isp vs. Vsog) for different back gate voltages (Vgg from -1 V to -5
V). (b) Plot of the back gate voltage vs. shift in threshold voltage (AV+y,) of the transfer curves,
showing a linear dependence from which the ratio between the back gate and solution top gate
capacitances can be derived.

The capacitance of the DI water solution gate is determined using a lever-arm
principle by measuring the change in the transfer characteristics of the solution gated
device (Isp vs.Vsoi) due to different applied back gate bias voltages, Vg (Figure S6
(a)). Back gating induces well-defined shifts in the transfer characteristic, which can
be quantified by a linear fit to determine the shift in the threshold voltage, AVyy,, for
different values of V. From the linear dependence shown in Figure S6b, the solution
gate capacitance Csog can be determined via Csoc/Cpg = AVBG/AVThr.(” 7 Using the
known specific capacitance of the 300 nm SiO, dielectric of the back gate, Cgg =11.6
nF/em”® we determine a specific capacitance of the DI water solution top gate in
contact with a black phosphorus FET channel of 174 nF/cm®. Using this value, the
data shown in Figure. S6(a) translate into a room temperature mobility of 1260

cm?/V.s for the solution gated black phosphorus FET.
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S4. Stability of black phosphorus flakes in acidic and basic solutions

Figure S7. Black phosphorus in acidic and basic solutions. a. and c. are optical images of
freshly exfoliated black phosphorus flakes on SiO./Si substrates. b. The same black
phosphorus flakes shown in (a) after immersion in 37% aqueous hydrochloric acid (HCI) for 30
minutes. d. The same black phosphorus shown in (c) after immersion in 2M potassium
hydroxide (KOH) for 30 minutes.

To test the stability of black phosphorus in strong acids and bases, we immersed
the exfoliated BP flakes in 37 % HCI and 2M KOH. After 30 minutes immersion in
these strong acids and bases, the flakes did not show any obvious change, as can be
seen in Fig. S7b,d. After immersion for 2 h, we inspected the flakes again by optical
microscopy. The flake exposed to HCI solution still did not show any significant
change, i.e., remained nearly unchanged as shown in Fig. S7 a, b. But some of the
flakes in KOH solution disappeared after 1 h. We assign this to the etching of SiO, by
KOH, but not a reaction of KOH with black phosphorus.

Supporting Information 8 Y. Huang et al.



S5. Electrochemistry on black phosphorus
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Figure S8 — Cyclic voltammograms (CVs) measured on a black phosphorus working
electrode in 0.1M perchloric acid (HCIO4) solution (Ag/AgCl reference electrode).
Comparison of CVs obtained in oxygen saturated (red curve) and N, deaerated solutions
(black, blue curves). In the blue curve, the potential, V, was restricted to small negative
potentials below the threshold for the hydrogen evolution reaction (HER). Scan rate: 100 mV/s.
Area of the black phosphorus sample: 50 mm?.

Representative cyclic voltammograms (CVs) of a BP electrode measured in
oxygen-saturated and deareated 0.1 M HCIOy solutions are compared in Figure S8. A
broad oxidation peak at ~ +0.4 V is observed at similar position and intensity in both
cases, i.e., it obviously does not depend on the concentration of dissolved oxygen in
the electrolyte. This peak corresponds to the electrochemical oxidation of elemental

phosphorus P toa higher oxidation state.

This suggests that a POy film is formed on the surface of the black phosphorus in
this potential range. At more positive potentials (higher than +0.5 V), the phosphorus
is further oxidizing to P°*, forming (PO,”) ions that dissolve into the solution and
form the end product, phosphoric acid (H3PO4). These observations are consistent
with our EELS results, as well as recently reported results by Wang et al’ The
oxidation peak at +0.4 V is not observed in deaerated solution (shown in blue in
Figure S8) if the reverse potential sweep is stopped before reaching the threshold for
the hydrogen evolution reaction (HER, -0.9 V). This means that hydrogen gas
generated at potentials more negative than -1.0 V chemically reduces the P,Oy on the
electrode surface to elemental phosphorus.'® Thus, when the potential is swept in the
anodic direction, the bare phosphorus surface (not covered by an oxide) is oxidized,
and the peak at +0.4 V is observed. Finally, we also observe a cathodic peak at -0.2 V,

which appears only in the CV curve measured in oxygen-saturated solution. We
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attribute this peak to the oxygen reduction reaction (ORR) taking place on the black

phosphorus electrode surface in this potential range.
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Figure S9. Cyclic voltammograms (CVs) measured on a black phosphorus working
electrodes in solutions with different pH (relative to Ag/AgCl reference electrode).
Comparison of CVs obtained in different pH value solutions (4.4, 7.4 and 11) with potential
range from -1 V to 0.5 V. The solutions are: (a) NaH,PO, (pH = 4.4); (b)
CH3;COONa+CH3COOH (pH = 7.4); (¢) NagPO4+Na,HPO, (pH = 11). No gas bubbling during
these measurements. Scan rate: 100 mV/s. Area of the black phosphorus sample: 50 mm?,
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Figure S10. Cyclic voltammograms (CVs) measured on a black phosphorus working
electrode in NaH,PO, (pH = 4.4) solution (Ag/AgCI reference electrode. The measurement
were repeated for 10 cycles in the potential range of -1.5 V to 0.5 V. No gas bubbling was
observed during this measurement. Scan rate: 100 mV/s. Area of the black phosphorus
sample: 50 mm?®.
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S6. DFT calculations

1. Geometric structures and bandstructures of O/BP.

A single O atom absorbed on BP has five adsorption sites: Lone pair O (LP-O),
interstitial bridge O (IB-0O), dimer bridge O (DiB-0), horizontal bridge O (HB-O) and
diagonal bridge O (DgB-O). The structural stability is LP-O/BP > IB-O/BP >
DiB-O/BP > DgB-O/BP > HB-O/BP. Single O atoms not only induce the geometric
structures of BP in Fig. S11, but also bring changes of the effective mass and

impurities states for the bandstructures of pristine BP shown in Fig. S12.
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Figure S11. Configurations of an O atom adsorbed on 1L BP. a. Lone pair (LP-). b. Interstitial
bridge (IB-). c. Dimer bridge (DiB-). d. Horizontal bridge (HB-). e. Diagonal bridge (DgB-).
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Figure S12. Band structures of lone pair (L-) (a), interstitial bridge (I-) (b), dimer bridge (DI-) (c),
horizon bridge (HB-) (d) and diagonal bridge (DG-) (e) O atom adsorbed on 1L BP.
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2. 25 types of initial adsorption structures of H,O/BP.
Different adsorption sites of O atom and H atom, different orientations of H,O and

different initial adsorption distances are considered to confirm the most stable
structure of HyO/BP (in Fig. 3e). The detailed information is shown in Fig. S13.
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Figure S13. Initial structures of H,O/BP. Different adsorption sites of O atom: above the
upper P (a), lone pair O (b), diagonal bridge O (¢) and interstitial bridge O (d). Different
orientations of H atoms: two H atoms up (e), one up one parallel (f), one down one parallel
(), two parallel (h), two down (i). Different directions of H,O (j-1).
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S7. Black phosphorus dispersed in DI water

Deionized water was freeze pump thawed in a round bottom flask five times using
a Schlenk line and a dry ice/acetone bath. The water was frozen, then exposed to
vacuum. The flask was sealed, and the water allowed to degas. This procedure was
followed five times to maximize the removal of any dissolved gasses (namely
oxygen). Via a glove bag, under nitrogen atmosphere, 5 mg of black phosphorus
crystal was introduced to 500 ml of the freeze pumped water. This was then
ultrasonicated for 16 hours in an ice bath under nitrogen atmosphere. As the
sonication proceeded, the black phosphorus crystals slowly dispersed into a gray and
opalescent dispersion. With further sonication, it became a turbid gray suspension as
shown in Fig. S14a. This suspension was centrifuged for 10 minutes at 5000 rpm and
the supernatant was used for subsequent analysis, and no obvious color change within

4 months.

For transmission electron microscopy, lacey carbon coated copper grids were
utilized. For optical and Raman imaging 300 nm SiO,/Si substrates were used. A
drop of the centrifuged solutions was transferred, in a glove bag under nitrogen
atmosphere, onto the SiO,/Si and the TEM grids in a Schlenk vial. The water was
removed under vacuum and the samples stored under nitrogen. Any transfers from
the sealed glassware to instrumentation were carried out as rapidly as possible to

reduce degradation from light and atmosphere.

A JEM-2100 LaBs TEM was used to image bright field images at 200 kV. Raman
spectra were measured using a micro Raman Spectrometer (Alpha 300s, WlITec
GmbH) with a 532 nm laser. Data were collected for 20 s at ~0.1 mW using a 100X
objective. Raman measurements were carried out under argon to prevent oxidative

degradation.

Figure S14b shows an optical micrograph of a BP flake which was analyzed by
the Raman spectrometer (Fig. S14d) to show the characteristic spectra of BP with
Raman bands at 361 cm ™', 438 cm™' and 465 cm ™', corresponding to the Ag', By, and
Ag” modes of black phosphorus. No thickness measurements were performed as yet,
so no claims towards particle thickness can be reliably made. However, the TEM
micrograph in Fig. S14c does seem to indicate that the black phosphorus particles
removed from the water suspension may indeed be quite thin, and indeed show little
evidence of pitting or other degradation, despite long term processing in water under

aggressive conditions.
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Raman Shift (cm™1)

Figure S14. a. Black phosphorus dispersion after 16 hours ultrasonication. b. Optical image of
freshly solution-exfoliated black phosphorus flakes on SiO./Si substrates. ¢. Transmission
electron micrograph of BP on lacey carbon film. D. Raman spectra of BP flake.
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S8. Oxygen isotope labeling and TOF-SIMS measurement
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Figure S15. Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS) mapping for BP
flakes. a. '®0 map, and b. '®0 map of a BP flake exposed to *0./H,'°0 in a closed cell for one
day. c. '®*0 map, and d. ®0 map for a freshly cleaved BP flake. MC: Maximum ion count in one
pixel; TC: Total ion count in the entire image. Color scale legends: lon count.

To confirm the dominant role of dissolved oxygen in the oxidative attack of black
phosphorus in aqueous solutions, we carried out an isotope labeling experiment in
which BP flakes were exposed to a mixture of isotopically pure 180, and water (H,'°0)
vapor. Black phosphorus flakes peeled off from a bulk crystal were put in a closed
flask containing '®0, and saturated vapor above a reservoir of liquid H,'®0. Prior to
introducing the BP, dissolved %0, in H,'°0 was first removed by de-aeration using
the N, bubbling method described in the manuscript and in SI Section S2.
Subsequently, the isotope labeled oxygen gas was added by several cycles of
evacuation of the flask, followed by loading with 1802 to atmospheric pressure. This
procedure ensured a mixed 1802/H216O environment with minimal residual 1602

background.

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) was performed
after one day of exposure of the BP flakes to the 180,/H,'°0 mixture, and on a freshly

cleaved BP flake for comparison. Some oxidation (by 1°0,) during the initial handling
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and transfer in air is responsible for a uniform o) background present in both the
sample exposed to '*0,/H,'°O and the freshly cleaved reference sample (with similar
intensity). In addition, the sample exposed to the '®0,/H,'°0O mixture shows patches
with higher '®O signal, which coincide with regions of increased '°O count (Fig. S15 a,
b). This result suggests that the sample was additionally oxidized by the 80, in the
flask, and that the H216O in turn selectively adsorbed in these more strongly oxidized
areas. This behavior is consistent with the DFT calculations showing that the native
(i.e., freshly cleaved) BP surface is hydrophobic but turns increasingly hydrophilic
with progressive oxidization. From the TOF-SIMS maps, we can infer that the
absorbed water was limited to the oxidized regions (where B0 is present) because the
surroundings of these regions are hydrophobic. The appearance of the water
adsorption regions is similar to the droplets observed by optical microscopy and
AFM.
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Figure S16. TOF-SIMS mapping images of two BP flakes. a. '°O map, and b. "0 map of a BP
flake that was exposed to air for one day. c. '°0O map, and d. '®0 map of a BP flake exposed to
H,'®0 saturated vapor for one day. MC: Maximum ion count in one pixel; TC: Total ion count in
the entire image. Color scale legends: lon count.

In a second isotope labeling experiment, we compared the effects of air and of
saturated water vapor on the black phosphorus surface. BP flakes exposed to air for

one day showed a very high '°0 signal, as can be seen in Fig. S16a. The abundance of
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B0 in air is only 0.204%, so the signal from 80 is much smaller but it is still
detectable in the air-exposed BP flakes (Fig. S16b). For comparison, we exposed a
second BP flake for one day to saturated vapor above a reservoir of isotopically
labeled, deaerated (i.e., 1602 depleted) water (HzlgO). As can be seen in Fig. S16c.d,
the 'O signal measured on this sample remained very low, which implies that the
surface was not oxidized and that no detectable water absorbed on BP surface. This
result further supports our conclusions that BP is not oxidized by exposure to water

and that the pristine BP surface is hydrophobic.
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