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Understanding the molecular mechanism of material transformation raises a great challenge for material
characterization techniques. As a promising 2D material, the application potential of black phosphorus (BP)
is seriously compromised by its environmental instability. However, until now, the degradation mechanism
of BP remains ambiguous. Here we show that by using laser desorption ionization mass spectrometry (LDI-
MS) fingerprinting it is possible to unravel the degradation pathways of BP at the molecular level without
any chemical labeling. We found that BP-based materials can generate intrinsic phosphorus cluster (P,* or
P,7) fingerprint peaks in LDI-MS in both positive-ion and negative-ion modes, which allows the degradation
processes of BP materials to be monitored by providing abundant mass information about intermediates
and products with the sample-to-sample RSDs in the range of 1.0-28.4%. The stability of BP or cerium-

encapsulated BP was monitored under ambient and increased temperature conditions for up to 20 or 180
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Accepted 24th May 2023 days. Notably, by using LDI-MS fingerprinting, we reveal an unreported BP degradation pathway, ie.,

nitrogen (N,)-addition oxidation, in addition to the direct oxidation pathway. Our results not only enable an
DOI: 10.1039/d2s5c06297f : ’ - - .
in-depth understanding of the chemical instability of BP, but also, importantly, demonstrate a new powerful

rsc.li/chemical-science platform for monitoring and characterization of material transformation.
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Introduction

Black phosphorus (BP), a novel type of single-element two-
dimensional layered semiconductor material, has stood out
from the material field." It has a direct band gap varying with the
number of layers and optical absorption from visible to infrared
ranges, and is thought to have a prosperous future in diverse
fields such as optoelectronic devices, satellite remote sensing,
catalysts, biosensing, diagnostics, bioengineering and biomedical
applications.”” Unfortunately, the environmental instability of BP
is a serious problem that obstructs its production, storage, and
applications. For example, in BP-based semiconductor field effect
transistors, even subtle degradation of BP can greatly reduce the
electrical conductivity.*** Furthermore, the high toxicity closely
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associated with the instability of BP is also a major hurdle for its
biomedical applications."***

Understanding the degradation mechanism of BP is impor-
tant for the fabrication of BP-based materials/devices and their
safe applications. Oxidation has been shown to be the crucial
step in BP degradation. However, until now, the detailed
mechanism of BP degradation remains ambiguous, and it is
highly challenging to find ways to protect BP from degradation.
Recent studies revealed that the degradation rate of BP was not
only influenced by the intrinsic properties including the layered
structures, activities of edge atoms, and chemical modification,
but also changed with ambient conditions such as humidity,
light irradiation, temperature, pressure, and atmosphere.***¢

The deficiency in characterization techniques is an important
factor limiting the understanding on the degradation mecha-
nism of BP. Identification and monitoring of intermediates of
material transformation at the nanoscale requires methods
capable of providing accurate instantaneous molecular infor-
mation."” However, current characterization techniques, mainly
including electron microscopic and spectroscopic techniques,
have many limitations in this respect, such as lack of accurate
molecular information, inability to monitor intermediates, and
vulnerability to matrix interference. This problem exists not only
for the BP characterization but actually is a common bottleneck
in characterization of material transformation.
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In this context, mass spectrometry (MS) provides an indis-
pensable tool for material characterization, albeit it has not been
widely recognized as a routine nano-characterization technique
due to its relatively high costs and threshold of operation and
maintenance. MS can give abundant molecular information
consisting of accurate mass, isotopes, and ion fragmentation,
making it powerful in both qualitative and quantitative fields. In
the recent decade, considerable innovations in MS instrumenta-
tion extended its application from traditional small molecules to
high-mass polymers (>100 kDa) and particulate analytes. Specif-
ically, laser desorption ionization (LDI) provides an ionization
technique by using a pulsed laser to vaporize sample materials
with little fragmentation, in which mainly monocharged ions are
produced. LDI-MS has been proven to be able to analyze a great
variety of substances including nanomaterials.*'*** Notably, LDI-
MS can even detect intermediates, making it particularly attrac-
tive for reaction process monitoring. Such special abilities of LDI-
MS, however, have not been fully exploited in material charac-
terization. BP has been used as a matrix in LDI-MS for detection
of various compounds.>®** It has also been reported that
elemental phosphorus itself can generate phosphorus clusters
under laser ablation.?** This inspired us to use LDI-MS to resolve
the puzzle of the BP degradation mechanism.

Here, we show that LDI-MS enables the in-depth molecular
characterization of the degradation process of BP. We first
established a fast and high-precision detection platform for BP
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MS) and ultrahigh-resolution Fourier transform ion cyclotron
resonance mass spectrometry (FTICR MS) in both positive-ion and
negative-ion modes (Fig. 1a). The results from the two different
analyzers can provide a mutual verification. We found that BP-
based materials can generate intrinsic anionic and cationic
phosphorus cluster peaks (P,”~) in LDI-TOF MS and LDI-FTICR
MS, and the P,”~ fingerprint peaks were affected by the particle
size, surface chemistry, and functionalization of BP. Then, the
stability of different BP materials was monitored by LDI-MS under
ambient conditions for up to 20 or 180 days. Besides MS, the
degradation process was also characterized by scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDX), X-
ray photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FT-IR), UV-visible absorption spectroscopy, and
thermogravimetric analysis (TGA). Compared with other tech-
niques, LDI-MS can provide accurate mass information about the
reaction intermediates, thus enabling the direct disentanglement
of complex degradation pathways of BP. Interestingly, we discov-
ered a novel degradation pathway of BP, called nitrogen (N,)-
addition oxidation, in addition to the direct oxidation pathway.

Results and discussion
Fingerprinting of BP materials by LDI-MS

To verify our hypothesis, we first examined the possibility of
detection of BP by LDI-MS. We selected five types of BP-based
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b LDI-FTICR MS (negative ion) LDI-FTICR MS (positive ion)
a Fragment ions 5.4x10° 1 ¢ 9.0x10°4 o
[P1gH*Ce+K-2H]- Pt Pis* i P,
e .
> ¢Fec @ ) TOFMS & P 8 P E & 2
Nd:YAG o Y 55" 2 7 FTIcRMS @ Y e g =
laser ’3@ >6_0x10“- 8 2 3
[S > 3 &
°e £ 2x10° £ & 2
c Pay <
g Py 2 £ Py
= 3 Poy|Pasy 2 ° IS |
P p 3 py g 3.0%10°4 g Pl p o|Palp,o|Pas
s | P P, P, . P 16 22
S S LY 5 »Y S 8 S ENE & ° glalal2|a|d|e
! g3 g g 2 [E|8|%|B|% (8|7
I stainless steel plate Lﬁ 8 { mh g |8 l l H 4 *
Laser desorption ionization (LDI) 0 | | ”f Ll , Ll ] 0.0 sl Lid oy LLL . ,
0 250 500 750 1000 200 400 600 800
miz miz
LDI-TOF MS
negative ion
(neg: ) BP . om0’ umBP QDBP 2410 CeBP
1.8x10¢ 3200 Ps i .
3.2x10° Py h ) J LA 2 I
2z 1.2x10% 8.0x10° 2.4x10% P P 2400 16x10°
2 o
g 1610t co|or Ry | PuHO
£ sox10° 4.0x10° P, Py P P, 8.0x10 Py [P‘5H2+Nn-2H]'l
8.0x10° Pu 800 . [ RN
l H P P o Py |Pis - fp,- Pr L &
00 00 L 00 M‘ fablb bbbyl o [P 7= o AT AN 2 o [ T R T
0 250 500 750 1000 250 500 750 1000 250 500 750 1000 250 500 750 1000 250 500 750 1000
LDI-TOF MS m/z mi/z m/z m/z m/z
(positive ion)
5x10° 2.4x10° 5000 3x10!
4x10° g aooo |l [P.N+Na]* m
>
£ ) Lex10t [PH,N,+K]* 210t
2 30 Pe | by 3000
Q P3* Pyt +
E el J|P L e , Pt Pu 2000
1of | Pis lP'l 0x10° 1x10¢ [Pys+Ce]*
x10° H ’ Pty o Y P 1000 R T' Pyt
12 Py | Pyt
b L4 J\\JH.‘\. m ° o LT
200 400 600 800 200 400 600 800 200 400 600 800 0 200 400 600 800
m/z mi/z m/z m/z m/z

Fig.1 LDI-MS fingerprint peaks of BP-based materials. (a) Schematic diagram showing the mechanism of fingerprinting of BP by LDI-MS. (b) and
(c) MS fingerprints of CeBP obtained by LDI-FTICR MS in negative ion (b) and positive ion modes (c). (d)—(m) MS fingerprints obtained by LDI-
TOF-MS in negative ion (d)—(l) and positive ion modes (e)—(m) of different BP materials. The BP materials include BP (d) and (e), OBP (f) and (g),
pmBP (h) and (i), QDBP (j) and (k), and CeBP (1) and (m). Note that only a part of P,, peaks is labeled in the figure due to the space limit. To ensure
the representativeness for each spectrum, 20 shots were made in different sample regions and the spectrum with average intensities is shown.
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Table 1 Typical fingerprint ions of BP in dual-ion-mode LDI-TOF MS
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Negative ion

Positive ion

micrometer-sized black phosphorus (umBP), black phosphorus
quantum dots (QDBP), and cerium-encapsulated black phos-
phorus (CeBP). BP, umBP, and QDBP were bare BP with particle
size decreasing in the order of BP > pmBP > QDBP (Fig. S1 and
S2A-Et). OBP was the oxidized form of BP, and CeBP was more
stable than BP due to the Ce coating.

As shown in Fig. 1, we found that in both LDI-FTICR MS and
LDI-TOF MS, all BP materials generated a series of intrinsic
phosphorus cluster peaks (P, or P,”) in both positive and
negative ion modes (Tables 1, S2 and S3t). No phosphorus cluster
peaks were observed with blank samples (Fig. S31). Note that all
fingerprint peaks of BP obtained in LDI-TOF MS have also been
verified by ultrahigh-resolution LDI-FTICR MS in which the mass
error was <200 ppb. The serial P,, peaks were located in the mass
range with phosphorus atom number up to n = 91. Compared
with LDI-FTICR MS (Fig. 1b, ¢ and S47), LDI-TOF MS could yield
more fingerprint peaks for small phosphorus clusters (n < 5),
probably due to cut-off effects by the ion funnels or multipole ion
guides in FTICR MS. In view of proper peak intensities, the mass
range of n = 2-32 was used as the MS fingerprint zone for BP.
Compared with the carbon cluster peaks generated by carbon
nanomaterials in LDI-MS (C,, n = 2-15),>**” the phosphorus
cluster peaks of BP showed a wider mass range. Interestingly, the
P, peaks showed an odd/even alternation of the signal intensity,
i.e., the signals of odd-n clusters were significantly higher than
those of even-n clusters, indicating that the P, clusters with odd n
were more stable than those with even 7. A similar phenomenon
was also observed in previous studies,”* which could be
explained based on the variations in energy difference, ionization
potential, electron affinity, and incremental binding energy of P,,"
and P, ions.”® Note that the TOF and FTICR MS patterns were
different (Fig. 1 and S4t), which could be attributed to the
different pressures of the ion sources of these instruments despite
that they were both operated under vacuum. The higher pressure
of the FTICR could yield to collisional cooling leading to a lower
extent of fragmentations. The different laser fluence may also
contribute to the different mass spectra.

Furthermore, we found that the MS fingerprints of BP were
affected by the particle size and surface functionalities. From the
results of BP (Fig. 1d and e), pumBP (Fig. 1h and i), and QDBP
(Fig. 1j and k), the number and intensities of fingerprint peaks
declined with the decrease of particle size (BP > umBP > QDBP),
probably because of the weaker absorption capability for laser
energy with smaller BP particles. The MS fingerprinting could also
directly reflect the surface functionalities of BP. For example, for
OBP, many oxygen-containing peaks were obtained in negative
ion mode (Fig. 1f) but absent in positive ion mode (Fig. 1g),
indicating that the oxidation of BP mainly generated negatively
charged oxygen-containing functional groups. For QDBP and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CeBP, some nitrogen-containing peaks were yielded (Fig. 1k and
m), which could be explained by the fact that during their
synthetic processes N-methylpyrrolidone (NMP) was used and
thus some nitrogen atoms might be introduced into the
products.** Furthermore, CeBP generated Ce-adduct peaks in
both negative and positive ion modes (Fig. 11 and m), verifying the
presence of the Ce coating.

In addition, the LDI-MS fingerprint peaks also enable
a sensitive quantification of BP materials (see Table S1}). For
example, the detection limits of QDBP by LDI-TOF MS could
reach 0.8 and 8 pg mL™" in positive and negative ion modes,
respectively, and a good linearity (R*> > 0.991) was obtained
within the concentration range of 0.2-20 pug mL~". All results
mentioned above demonstrated that LDI-MS provides a versa-
tile platform for BP research.

Characterization of BP degradation

The established LDI-MS platform enabled the monitoring of the
ambient stability of BP.

Here we selected two typical BP materials, including BP and
CeBP, for in-depth characterization of their stability. The BP
materials were incubated for 2, 4, 8, 12, and 20 days at room
temperature in air followed by the detection of LDI-MS. In LDI-
MS spectra, mainly monocharged precursor ions are observed,
with only a few cationized pseudo-molecular ions, radical
matrix ions and fragment ions. Thus, the MS spectra can
include a large amount of fragment molecular information,
from which we can piece together complete degradation path-
ways just like a jigsaw puzzle.

As shown in Fig. 2a, S5, S6, and Table S4, besides the
phosphorus cluster peaks of BP, many oxygen/nitrogen-
containing peaks were yielded in both negative and positive
ion modes during the degradation process. SEM images showed
that during this process irregular swelling spots appeared and
increased at the surface of BP sheets, also visualizing the
degradation of BP (Fig. S2F-Lt).*> It has been reported that
oxygen is the main reason for the BP degradation and water
does not play a major role,*** and oxidation by O, is the
determining step in changing the properties of BP.** The
oxidation involving the dissociative chemisorption of O, causes
the decomposition of BP to form oxidized phosphorus species.**
Light irradiation can boost the degradation through photo-
oxidation.* In water, the degradation of BP occurs preferen-
tially from the P atoms locating at BP edges;** in contrast, in air,
BP degrades preferentially at the top surface of the flakes, which
was consistent with the phenomena observed here.

Fig. 2a shows the variations of normalized positive-ion MS
peak intensities of BP during its degradation for 20 days at room

Chem. Sci., 2023, 14, 6669-6678 | 6671
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Fig.2 LDI-TOF MS fingerprinting of the degradation process of BP materials. (a) Heat map of normalized positive-ion MS fingerprint peaks (n =
20) of BP during the degradation in air at ambient temperature for 20 days. (b) and (c) Heat map of the ratio of typical fingerprint peaks of BP
during the degradation in air at ambient temperature for 20 days. The peaks with asterisks represent the MS fingerprint zone for BP. The peak
intensities are normalized to the maximum peak values obtained at different degradation times for each ion. The color scale indicates the

normalized intensities of the peaks.

temperature in air. The sample-to-sample RSDs of the peak
intensities ranged from 1.0% to 28.4% (Table S47). During the
days 0-8 the fingerprint region of BP (i.e., phosphorus cluster
peaks P,,) kept high intensities and almost showed no temporal
variations (marked with asterisks), verifying that the P, peaks
were generated inherently by BP rather than by its degradation.
Until day 12, the P, peak intensities were rapidly diminished,
indicating that most of the BP was degraded after 12 days. Many
ions formed and reached the peak on day 8 with BP degrading;
with the degradation further processing, the intermediate ions
were also decomposed, so their signals disappeared thereafter.
Prolonging the degradation time to 20 days, the BP that can be
desorbed and ionized was almost completely degraded (Fig. 2a).
Only a few small molecular fragments could be detected by LDI-
TOF MS, including some low-mass oxidative products (e.g.,
P,0,, PH,0,, P,HO,, and P,H,0;) and nitriding products (e.g.,
PN,O, and P5N,0,) of BP. Elemental fingerprints by EDX and
XPS measurements which provided elemental and chemical
bond information during the BP degradation also indicated
that the content of N, O and related chemical bonds gradually
increased and then decreased (Fig. S7 and S87).

Generally, we observed a series of oxygen- and nitrogen-
containing functionalities generated during the degradation

6672 | Chem. Sci, 2023, 14, 6669-6678

process of BP, mainly including [P,O,.]", [PxHnOx]", [PuNw]’
[P,N,,O,]", and [P,H,,N,0,]" (in positive-ion mode; see Tables 1
and S4-S67). We focused particularly on the fingerprint peaks
that showed a clear growth trend with the degradation of BP,
which are regarded as key intermediates/products and provide
direct evidence for the degradation pathways of BP. For
instance, the peaks at m/z 104.0, 111.9, 117.9, 130.0, 155.9,
158.0, 253.9, and 269.9 gradually increased, which were iden-
tified as PH,0;, P,H,0; P,HO,, PN,O,, P,0,, P,H,N,O,,
PsN,0,, and PcHN,O,, respectively. The correct identification of
the key intermediates/products is critical in this study. Here we
used three approaches to ensure the accuracy of the identifi-
cation results: (1) we used LDI-FTICR MS to verify the LDI-TOF
MS results (Fig. S91). The MS peaks were assigned by a combi-
nation of database searching and manual (see the Experimental
section for details). The identification results by LDI-FTICR MS
are given in Table S77, which were highly consistent with those
obtained by LDI-TOF MS. Due to the ultrahigh resolution of
FTICR MS (mass error < 200 ppb), it could provide strong
evidence for the identification results. (2) Stable isotope
patterns helped to verify the peak identification results.
Because N has two natural stable isotopes (**N and *>N) with the
abundance ratio of 99.634% : 0.366%, it is possible to observe N

© 2023 The Author(s). Published by the Royal Society of Chemistry
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isotope patterns for nitrided intermediates/products. For
example, Fig. S10f shows the N isotope patterns for
[P1o"*N">NO, + Na]" and [P,"*N"°N + Na]*, and the experimental
values of the N isotope patterns for the nitrided products were
highly consistent with the theoretical values, thus verifying the
identified chemical formulae. It is worth noting that due to the
very low abundance of '°N, the N isotope patterns could only be
observed for a few nitrided products. Moreover, the K isotope
patterns could be observed for the identified nitrided products
(e.g., [PeH3N,0, + 2Na-3H] ™ and [P,H;N, + K-2H] "), also indi-
cating that the identified products through the hydrogen-to-
metal exchange mechanism were accurate (Fig. S11%). (3) The
key intermediates/products were also experimentally supported
by multiple techniques including EDX, XPS, FT-IR, and UV-vis
spectroscopy (Fig. S7, S8, S12 and S13%). After degradation,
the N1 XPS spectra exhibited the peaks of -N-H-, -N-N-, and -
N-O- bonds, and the chemical bonds of -P-N-, -P—=N-, -P-O-,
and -P=0- appeared in the C1 XPS spectra. These peaks veri-
fied the formation of the key oxidation and N,-addition oxida-
tion intermediate ions. In UV-vis spectra, the absorption of BP
redshifted during the degradation due to the generation of
some chromophores (i.e., -P=0-) (Fig. S12t); meanwhile, FT-IR
spectra also showed the gradual increase and then decrease of
the oxygen/nitrogen-containing functionalities (Fig. S137).

The generation of nitrogen-containing products deserved
special attention. It is worth noting that almost all nitrogen-
containing products contained an even number of N atoms
and no odd N atom-containing products were yielded, indi-
cating that nitrogen should be directly bound to BP in the
form of N, molecules (Fig. 2a). These N,-adducts were absent
in the raw BP (see Fig. 1d and e); moreover, the N,-addition
reaction should not be able to occur inside the LDI-MS
instrument because of the high vacuum environment in the
LDI-MS instrument without N,, O,, or H,O, and no interme-
diate ions were obtained during ionization with the blank
control sample, suggesting that these N,-adducts were
produced by the degradation of BP rather than formed during
the ionization process. However, due to the chemical inert-
ness of N,, BP is not likely to form covalent bonds with N, by
splitting N=N bonds. A more possible way is that N, chemi-
sorbs on the pristine BP surface by the principle of “like
dissolve like”.*® N, is so inert that the adsorption energy of BP
is slightly affected by co-adsorption with water or pre-
oxidation of BP.** The N,-adducts can be further degraded
by oxygen absorption or free radical coupling and crosslinking
and thus generated N,-adduct oxidative products (i.e., [P,N,,-
0,]" and [P,H,N,0,]"). Noteworthily, a previous study has
used time-of-flight secondary ion mass spectrometry (TOF-
SIMS) to analyze BP in relation to physisorption and chemi-
sorption of O, and N,.** It confirmed the possibility of sorp-
tion of O, and N, to the BP surface; however, no N,-adducts
were detected to uncover the N, role in time-dependent BP
modifications. The possible reason may be ascribed to the
stronger energy of the ion beam in SIMS that dissociated the
binding of BP with N,, and thus no N,-adducts could be
observed in TOF-SIMS.*”**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Deduction of the degradation pathways of BP

From the MS fingerprinting results, we further deduced the
molecular degradation pathways of BP materials. Specifically, the
ratios of the adjacent fingerprint peaks in Fig. 2b and c are very
conducive to deducing the degradation pathways. The sample-to-
sample RSDs of the ratios of the adjacent fingerprint peaks were
in the range of 0.7-18.5% (Table S5%). Overall, BP is degraded
through two main pathways, ie., oxidation pathway and N,-
addition oxidation pathway (Fig. 3a). We found that the ratio of
oxygen-containing peaks to phosphorus cluster peaks with the
same P number (e.g., [P;O, + NaJ/[P;] and [P;H,0, + Na]/[P;])
increased with the degradation (Fig. 2b), which indicated the
direct oxidative process of BP. The ratios of nitrogen-containing
peaks to phosphorus cluster peaks with the same P number
(e.g., [P;N, + KJ/[P;], [P;N,0, + Na]/[P,N, + K], [P;H,N,O, + Na]/
[P,N, + K], and [P;H,N,0, + Na]/[P;N,0, + Na]) also increased
gradually during the degradation (Fig. 2b), which indicated the N,
addition and N,-addition oxidative processes of BP. Furthermore,
Fig. 2c shows that the peak ratios of P,/[PsH,05 + Na], P,/[PgH,03],
Pg/[PoHO3], Po/[P1oH,03], Pio/[P11H,03], P11/[P1,H,0;], and Py,/
[P13H,0;] with one P difference decreased during the degrada-
tion, corresponding to the dephosphorization process of BP
(releasing one H3PO; or H;PO, molecule).

Because BP is a multilayered framework that comprises
many P atoms, it is difficult to describe the molecular degra-
dation mechanisms using a simple clear formula. Despite that,
we can depict some complete degradation routes based on the
MS fingerprinting. To be specific, Fig. 3b shows some possible
routes (route 1-6), and the corresponding key fingerprint peaks
are given in Table S6t. For the oxidation pathway (route 1-3),
the P site can be directly oxidized to form phosphorous acid
(route 1) or phosphoric acid (route 3); it can also first chemisorb
0O, and then be oxidized to form phosphorous acid or phos-
phoric acid (route 2). For the N,-addition oxidation pathway
(route 4-6), BP first chemisorbs N,, followed by being oxidized
to release phosphorous acid (route 5) or phosphoric acid (route
4). It may also co-chemisorb O, and N, and then undergo the
oxidation process (route 6). Ultimately, BP decays and trans-
forms into H;PO; or H;PO,. It has been reported that H;POj; is
the largest mole fraction because the formation of H;PO; has
the lowest energy barrier, followed by H;PO,,** which is
consistent with the proposed pathways in Fig. 3b. In addition,
some hydroxylated product containing mono-oxygen may also
be generated. It is noteworthy that the released H;PO; or H;PO,
molecules during the BP degradation may further interact with
water in air, which may lead to more complex changes in the BP
structure. This is very likely to take place in the moist air and
needs further evaluation in future studies. Previous studies on
BP degradation have also clarified the oxidation-containing
pathways but usually not considered the nitrogen-containing
oxidative pathways.*?

It should be noted that the routes depicted in Fig. 3b are to
support the two pathways derived from the MS fingerprinting,
rather than to exhaustively give all possible degradation
routes. For one P site, the degradation reaction may transfer
between different routes, and different reactions may occur
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Fig. 3 Proposed degradation pathways of BP in the ambient environment based on LDI-MS fingerprinting results. (a) Two general pathways for
BP degradation, direct oxidation and N,-addition oxidation. (b) Molecular structural description of degradation of BP in the ambient environment.
The colored shadows indicate different degradation routes. 1, 2, 3: direct oxidation, and 4, 5 and 6: N,-addition oxidation. All degradation routes
were deduced from the MS fingerprinting in Fig. 2, and the corresponding feature peaks are given in Table S6.7 Note: this figure only shows the
pathways and intermediates derived from the MS fingerprints and may not include all possible degradation pathways.

simultaneously at different sites of BP. We are still not very
clear about the role of N,-addition in the BP degradation.
However, the abundant detection of N,-containing fragment
by LDI-MS suggested that the chemiadsorption of N, on BP is
relatively stable, which may reduce the energy barrier for the
oxidation of BP.*

The proposed degradation pathways of BP have also been
supported by other multiple techniques (i.e., FTICR MS, EDX,
XPS, FT-IR, and UV-vis spectroscopy). The results of ultrahigh-
resolution LDI-FTICR MS verified the key oxidation and N,-
addition oxidation products (Fig. S9 and Table S71), confirming
that the degradation pathways included the oxidation and N,-
addition oxidation pathways. The variation trends of the N- and
O-containing functional groups in XPS and FT-IR were also
consistent with the proposed degradation pathways (Fig. S7, S8,
S12 and S13t). Furthermore, we have further confirmed the
hypothesis by DFT calculations (Fig. S14 and Table S81). For the
N,-addition oxidation pathway, results indicated that N, inter-
acted with the surface of BP with an energy decrease of 0.33 eV,
suggesting that the chemisorption of N, on BP reduces the
energy barrier for the oxidation of BP and makes it relatively
stable (Table S87). In addition, for the oxidation pathway, our
degradation pathways accorded with the previous literature on
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the interaction mechanisms of BP with oxygen and water and
thus verified their rationality.*******> The minimum energy for
the dissociation of H,O and O, at the surface and edge of BP was
obtained by DFT calculations. The calculated energy barriers
range from —4.56 to —0.14 eV.** These reports also demon-
strated that BP can be oxidized into phosphoric acid and
phosphorous acid.?*3**44°

Characterization and pathways of CeBP degradation

To show the universality of this method, we also applied the
platform to the characterization of CeBP degradation. Fig. 4, S15
and S161 show that it also has the capability of characterization of
CeBP degradation with high sensitivity and efficiency. The
detailed pathways of CeBP degradation are shown in Fig. S16+
stable (Table S4t). In addition, for the oxidation pathway, our
degradation pathways accorded with the previous literature on
the interaction mechanisms of BP with oxygen and water and thus
verified their rationality.>**'%>%¢

We found that the Ce coating can greatly affect the stability
of BP and its degradation mechanisms in the ambient envi-
ronment. Compared with pristine BP, the Ce coating did not
change the types of degradation products, which also

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Monitoring of the degradation process of CeBP by MS fingerprinting. (a) Normalized MS fingerprints (n = 15) of CeBP degradation at
ambient temperature in air for 20 days. (b) Heat map of ratio of typical fingerprint peaks of CeBP during the degradation in air at ambient
temperature up to 180 days. The peak intensities are normalized to the maximum peak values obtained at different degradation times for each

ion. The color scale indicates the normalized intensities of the peaks.

comprised many oxygen- and nitrogen-containing BP fragments
(Fig. 4a and S15t). However, even after 180 days, some CeBP still
remained, indicating that the Ce coating could greatly suppress
the degradation of BP (Fig. 4a and S15%). Besides, the propor-
tion of N,-addition oxidation peaks to direct oxidation peaks in
CeBP was higher than BP, indicating that the Ce coating could
also affect the degradation pathways (Fig. S167). Specifically,
three main types of N,-adduct peaks were obtained by LDI-MS,
including [P,N,,, + Na/K], [P,N,,O,] and [P,H,,N,,O)]. For
example, the peaks at m/z 113.0, 148.9, 214.9, 405.7, 182.9, and
522.6 were assigned to [P,N, + Na]', [PsN,]", [PsN,O,],
[P1,H,0,]7, [PsN,], and [P,H,O0; + K — 2H]", respectively
(Fig. 4a and S157). The stability of N,-adducts was also studied.
After the interval of 7 days, a large amount of intermediate ions
could be accumulated, which caused a drastic change occurring
at the time point of 7 days or 14 days for some ions or ratios in
Fig. 4. The ratios of N,-adduct peaks to phosphorus cluster
peaks (e.g., [P,N, + Na]/[P, + K], [PsN,0,]/[Ps0, + Na], [PsN,0,]/
[PsN,], and [P4N,0;])/[P,H4N,0,]) increased first and then
decreased, indicating that these intermediates could be further
degraded (Fig. 4b and S167).

Conclusions

In summary, we have established a versatile LDI-MS platform
for direct characterization of BP and monitoring its stability
without any chemical labeling. Based on the intrinsic phos-
phorus cluster (P," or P,”) fingerprint peaks obtained by LDI-
MS, we revealed two main degradation pathways, ie., direct
oxidation and N,-addition oxidation pathways. These findings
are important not only for an in-depth understanding of the
chemical stability of BP but also for some novel applications of
BP such as nitrogen fixation and ammonia synthesis. Further-
more, with the distinct advantages such as versatility,
simplicity, high throughput, and high sensitivity, we have

© 2023 The Author(s). Published by the Royal Society of Chemistry

demonstrated that LDI-MS is a powerful platform for moni-
toring and characterization of material transformation.
Although LDI-FTICR MS has a higher mass accuracy, LDI-TOF
MS is more prone to be generalized in terms of availability
and cost. Especially considering the capability of LDI-MS in
detection of a variety of materials, such as carbon nano-
materials, metal nanoparticles, and polymers,'®** this plat-
form should have enormous potential in investigation of
chemical transformation and stability of materials, and thus
greatly enriches the toolbox of material characterization.

Experimental

Chemicals and materials

Black phosphorus (BP) and oxidized black phosphorus (OBP)
were bought from XFNANO Co. (Nanjing, China). BP was in
crystal form with metallic luster (purity = 99.998%). OBP had
a sheet-like particulate structure or in powder crystal with
metallic luster (purity = 99.998%). Cerium-encapsulated BP
(CeBP) was purchased from Mophos, Co., Ltd. (Shenzhen,
China). Ultrapure water was prepared using a Milli-Q system
(Millipore, Billerica, MA, USA). HPLC-grade N-methyl-
pyrrolidone (NMP), ethanol, methanol, and acetone were from
J. T. Baker (Phillipsburg, NJ, USA). All reagents were of analytical
grade unless otherwise noted.

Preparation of BP quantum dots (QDBP) and micrometer-
sized bare BP (nmBP)

QDBP and pmBP were prepared by the liquid phase stripping
method.* First, bulk BP was ground into BP powder and then
transferred to a bottle containing NMP solution at the concen-
tration of 1 mg mL~". Then, the obtained solution, NMP, and
NaOH were mixed at the ratio of 1 mL:9 mL: 10 mg in a flask
under vigorous stirring at 140 °C. After 6 h, this mixture was
separated by centrifugation for 1 h at 7000-12 000 rpm. The
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supernatant was collected as QDBP solution. The umBP (size:
0.8-1.2 um) was collected from the supernatant but at the
centrifugation speed of 1000-4000 rpm for 10 min.**** The
concentration of BPs was measured and quantified by ICP-MS
and UV-vis absorption spectroscopy.

Characterization of materials

SEM images were captured using a Hitachi S-3000N scanning
electron microscope (Tokyo, Japan). FT-IR spectra were ob-
tained using a JASCO FT/IR Fourier transform infrared spec-
trometer (Victoria, B. C., Canada). XPS spectra were obtained on
a Thermo Scientific Escalab 250Xi X-ray photoelectron spec-
trometer (Massachusetts, USA) by using Al Ko X-ray radiation as
the X-ray source for excitation. UV-visible absorption spectra
were obtained using a Shimadzu UV-3600 UV-vis-NIR spectro-
photometer (Kyoto, Japan).

Degradation experiments

The degradation experiments of BP materials were performed at
ambient temperature in air for up to 20 days. For CeBP, the
stability was monitored for up to 180 days. The MS fingerprints
were obtained at given time intervals by LDI-TOF MS or LDI-
FTICR MS. To validate the degradation mechanisms, the
degradation experiments were also carried out with preheated
BP materials.

LDI-TOF MS and LDI-FTICR MS

For LDI-TOF MS measurements, 1 pL of BP dispersion was
directly placed on a stainless steel MTP 384 target frame III
(Bruker Daltonics). CeBP, QDBP, and umBP were dispersed in
NMP, and BP and OBP were dispersed in water. Then, the target
was placed in a fume hood and dried under nitrogen flow or at
given temperature. The sample was detected using a Bruker
Autoflex III Smartbean MALDI-TOF mass spectrometer equip-
ped with a 355 nm Nd:YAG laser at the frequency of 200 Hz. In
the negative ion mode, the laser power was set at 35% with
a mass range from 0 to 2000. In the positive ion mode, the laser
power was set at 40% with a mass range from 0 to 2000. The
spectra were recorded by summing 200 mass spectra. The mass
accuracy was <20 ppm with external calibration and 5 ppm with
internal calibration.

The peak assignment was carried out by a combination of
database searching and manual. The preliminary MS data
analysis was performed on the Bruker Flex Analysis and Data
Analysis software, which has SmartFormula, SCiLS Lab, and
MetaboBASE Personal Library for peak identification. Consid-
ering that BP is an inorganic 2D material, its degradation
process may be different from that of common organic mole-
cules. Therefore, besides the database searching, we have also
checked the assignment of each peak manually. The peak
identification is also given in previous reports.?>**** The
chemical formulae of some N-containing products could be
confirmed by their N isotope patterns. The LDI-TOF MS results
were also verified by the results of FTICR MS with SmartFor-
mula. Note that there may be multiple possible elemental
compositions especially for high m/z ions. Comprehensively
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considering the studied system (e.g., P was preferred in
elemental composition) and the rationality of the degradation
pathways, we only list the most possible elemental
compositions.

The LDI-FTICR MS measurements were performed on
a SolariX FTICR MS equipped with a 15.0 T superconducting
magnet (Bruker Daltonics, Bremen, Germany) and an Apollo II
dual ion source to acquire ultrahigh resolution mass spectra.
Samples were directly placed on a stainless steel MTP 384 target
frame III (Bruker Daltonics) and ionized by a MALDI source with
a 355 nm Nd:YAG laser at the frequency of 200 Hz. The signals
within a mass range of 90-900 Da were recorded in 4 M 32 bit
data format. Calibrations of mass spectra were performed using
10 mmol L™ of sodium formate solution and an in-house
reference MS list to reach the accuracy of better than 0.2
parts-per-million (ppm). The data process was performed by
Data Analysis 4.0 (Bruker Daltonics, version 2.0) software. The
mass errors between measurement and theoretical calculation
were controlled within 200 ppb.

Computational details

All the calculations were performed in the framework of the
density functional theory with the projector augmented plane-
wave method, as implemented in the Vienna ab initio simula-
tion package.”® The generalized gradient approximation
proposed by Perdew, Burke, and Ernzerhof was selected for the
exchange-correlation potential.®® The cut-off energy for the
plane wave was set to 400 eV. The energy criterion was set to
107" eV in the iterative solution of the Kohn-Sham equation. A
vacuum layer of 15 A was added perpendicular to the sheet to
avoid artificial interaction between periodic images. The Bril-
louin zone integration was performed using a 4 x 5 x 1 k-mesh.
All the structures were relaxed until the residual forces on the
atoms have declined to less than 0.02 eV A~
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