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Abstract 

Red phosphorus, when exposed to humid environments in air, breaks down into toxic phosphine 

gas and acidic phosphorus species, presenting a challenge for many applications, such as flame 

retardants or pyrotechnic obscurants. We have developed and characterized a method of plasma-

deposited carbon to form a nanometer-thick, chemically stable carbon layer on red phosphorus 

particles to suppress phosphine and acidic phosphorus production. Using a combination of XPS 

surface analysis and a novel IR headspace analysis method, we developed and quantified an 

understanding of the reaction of red phosphorus with water vapor and the suppression of 

decomposition products using plasma-deposited carbon coatings. Phosphine production, 

quantified by IR, was accompanied by the formation of surface POx species produced as the 

particles react with water vapor. Increasing plasma deposition time increased thickness and 

uniformity of graphitic carbon coating, corresponding to a marked decrease in phosphine 

generation and formation of surface POx species. 
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1. Introduction

Red phosphorus (RP) is a phosphorus allotrope commonly used as a flame retardant in 

thermoplastics and as an obscurant to attenuate transmission in visible and IR regions in military 

applications [1]. It has also been used in composites for anodes for sodium ion batteries [2]. 

While its chemical properties make it well suited for these applications, its reactivity with water 

and oxygen is an obstacle for safe use. When red phosphorus reacts with water, it evolves 

phosphine (PH3), a highly toxic gas even at low levels, and acidic phosphorus species, primarily 

phosphoric and phosphorous acids [3-5]. Formation and accumulation of phosphine due to 

storage conditions of red phosphorus can potentially lead to human health hazards because of the 

high toxicity of phosphine. Further decomposition can form phosphorous and phosphoric acids 

on surfaces, leading to corrosion and failure of components or electronic connections [6-8]. To 

mitigate degradation of red phosphorus, some manufacturers have added in components that 

sequester phosphine as it is generated or neutralizes acid species using alkaline compounds [1, 9, 

10]. Alternatively, red phosphorus can be mixed with amides and ester-based polymers to protect 

the surface of the phosphorus particles from direct contact with water or air. However, these 

polymer coatings are less effective at suppressing phosphine formation at elevated temperatures. 

Furthermore, phosphorus must be burned when used as a smoke obscurant, and these coatings 

produce toxic carbon-based byproducts under these conditions. [1, 11]. Additionally, many 



additives require a high additive-to-red-phosphorus ratio to be effective, decreasing the amount 

of active species by mass. 

An alternative approach to mitigating the reactivity of phosphorus is coating the individual 

phosphorus particles with a thin protective layer, forming a core-shell structure. Carbon coatings 

are chemically and thermally stable [12] and have been successfully used in the battery industry 

as a way to improve electrical properties for active anode and cathode powders, reducing 

reactivity with liquid electrolytes [13]. Additionally, we predict these thin carbon coatings will 

not impact desired red phosphorus combustion properties because of their small heat capacity 

compared to polymer counterparts. While carbon coatings can be applied using several 

approaches [14-16], plasma deposition methods can be applied to both planar and powder 

samples and can be scaled up to kilogram ranges [17, 18]. The resulting layers can be conformal, 

with controlled thickness and are typically hydrophobic, thereby resisting entrapment of water in 

powdered samples. 

Here, we report an investigation of the surface transformations of red phosphorus with water 

vapor. Using a combination of gas-phase infrared spectroscopy (IR) and x-ray photoelectron 

spectroscopy (XPS), we demonstrate the ability to characterize and quantify red phosphorus 

transformation as it ages, as well as the impact of plasma-deposited carbon surface coatings on 

the transformation. Tracking PH3 generation by IR and oxidized phosphorus species production 

by XPS and IR, we gain insight into how RP degrades as it ages in humid environments. This 

study provides insight into the efficacy of plasma-deposited carbon on passivation of RP as well 

as building a picture of the mechanism of RP degradation.

2. Materials and methods

2.1.  Materials

Red phosphorus (Manufacturer: <100 μm, 98%, MIL DTL 211 F Class 4) was purchased from 

Italmatch Chemicals. Zinc sulfide (10 μm, 99.99% trace metals basis), zinc phosphide (≥19% 

active phoshor (P) basis, powder), sodium hydroxide (ACS reagent, ≥97.0%, pellets), and 

hydrochloric acid (ACS reagent, 37%) were all purchased from Sigma Aldrich. Acetylene 

(99.6%) was purchased from Airgas. Aging conditions for red phosphorus and titrations were 

done using ultrapure water (18.2 MΩ).



2.2. Red phosphorus preparation and plasma-deposited carbon (PDC) coating

Red phosphorus particles were cleaned and coated using a plasma source ion immersion 

implantation and deposition process with a pulsed DC power supply. The apparatus used for 

carbon coating is similar to deposition systems reported previously. [19, 20]. Specifically, we 

employed a rotating cathodic plasma tank installed at NCD Technologies. The RP particles were 

first dried in vacuum to remove adsorbed moisture, and then cleaned using an argon/hydrogen 

plasma followed by an argon plasma. Following plasma cleaning, cathodic plasma tank 

parameters are adjusted to deposit a carbon coating on the RP particles using an acetylene 

precursor gas. The plasma tank design allows for ball milling during plasma cleaning and carbon 

deposition to further separate RP clumps and reduce particle size to avoid particle aggregation 

during carbon deposition. The PDC deposition times were 0, 4, 8, and 24 min/g, where the 

exposure to the plasma was normalized by the mass of RP sample in the reactor to help 

compensate for differences in surface coverage due to slightly varying amounts of phosphorus. 

Samples will be referred to RP-uncoated (0 min/g) and for coated red phosphorus, RP@C-short 

(4 min/g), RP@C-medium (8 min/g), and RP@C-long (24 min/g) throughout the paper. 

Specifics on flow rate and reactor set up can be found in a patent soon to be published. 

2.3. Characterization of non-aged red phosphorus particles

Scanning electron microscopy (SEM) measurements were taken on a Leo Supra55 VP SEM at 1 

kV using a secondary electron detector. SEM samples were prepared by making a red 

phosphorus and isopropyl alcohol solution that was then drop-cast on a boron-doped silicon 

wafer. To prepare samples for surface area characterization using Brunauer-Emmet-Teller (BET) 

analysis, ~170 mg of sample was weighed and degassed at 120°C for 2 hours under vacuum. 

Samples were analyzed using a Micrometrics Gemeni VII 2390 surface analyzer, measuring 

nitrogen absorption isotherms. BET analysis gave an average particle size on the order of several 

microns, and SEM showed a broad distribution of sizes. Raman measurements were taken using 

a Thermo-Fischer Scientific DXRxi Raman imaging microscope using 532 nm laser excitation at 

2 mW power and 10x objective. Samples were prepared as described in section 2.6 (using the 

same preparation as XPS samples). 

2.4.  Gas-phase infrared spectroscopy



Gas-phase infrared (IR) spectra were collected using a Bruker Vertex 70 spectrometer at a 

resolution of 0.5 cm-1 and collected from 5000 to 700 cm-1, with 100 scans per spectrum. Spectra 

were collected in a transmission geometry with a 10 cm path length (see SI Figure 1 for gas 

phase IR cell dimensions). For each phosphine generation experiment, 0.500 g of red phosphorus 

was added to one sample bulb (SI Figure 1b) and 1.000 mL of nanopure water to the other. After 

sealing bulbs onto cell with vacuum grease and parafilm, a 0-hour baseline spectrum was taken 

for each sample using the above instrument parameters. The cells were then stored in an 

incubator at 50°C between time points. To prevent accumulation of water condensation on the 

red phosphorus particles, the cells were stored in a custom-made aluminum holder and tilted at 

an angle (see SI Figure 1c). Three replicates for each sample were measured for statistical 

analysis.

For experimental phosphine calibration of IR instrument, zinc phosphide powder was dissolved 

in 5N hydrochloric acid to produce pure phosphine gas. A gas tube, filled with HCl and capped 

with a septum, was used to collect PH3 bubbles produced by dissolving zinc phosphide. A known 

volume of PH3 was collected by syringe and transferred to a septum-capped gas phase IR cell 

filled with air at atmosphere. Spectra were measured using the same instrument parameters as 

gas-phase IR PH3 experiments with red phosphorus. 

2.5.  Diffuse reflectance infrared spectroscopy

Diffuse reflectance infrared spectroscopy (DRIFTS) spectra were collected using a Bruker 

Vertex 70 at a resolution of 4 cm-1 and collected between 5000 to 700 cm-1, with 500 scans 

collected each spectrum. Uncoated red phosphorus was mixed with dry zinc sulfide at a 1:100 

mass ratio and placed in to a Praying MantisTM High Temperature Reaction Chamber, which 

provides a hermetically sealed environment for gas-solid interactions. The RP/ZnS sample was 

added to the chamber along with 0.800 mL of nanopure water, and the chamber was then sealed. 

After taking a spectrum at 0 hours, the reaction chamber was stored at 50°C for 24 hours and 

another spectrum was taken for comparison.

2.6.  X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) data were obtained on a Thermo K-alpha XPS using an 

Al Kα source (1486.6 eV photon energy) at a 45° take-off angle. Survey spectra were taken at a 



pass energy of 200 eV and resolution of 1 eV/step. For the C(1s), P(2p), and O(1s) peaks, we 

used a 50 eV pass energy and 0.200 eV/step resolution. Data were analyzed using CasaXPS; 

peak-fitting was performed using a Shirley background fit and a GL(30) mixed Gaussian-

Lorentzian line shape [21]. All energies were calibrated to the 284.8 eV binding energy of 

adventitious carbon [22]. 

Samples were prepared by pressing sample powder into indium foil mounted on a copper 

substrate. To remove any residual moisture, aged samples from gas-phase IR experiments were 

first dried in a vacuum oven at 35°C for 2 hours before pressing. Three replicates were taken for 

statistical analysis, with three points taken per replicate.

To calculate the carbon thickness for each deposition rate, we used a model that includes the 

influence of electron scattering within the phosphorus and within the graphite layer, as reported 

previously [23].

Where tc = carbon coating thickness in nm, Area = integrated peak area, ρ = density of element 

in atoms/nm3 (ρp = 42 atoms/nm3 for P in red phosphorus, ρC = 130.5 atoms/nm3 for C in 

amorphous carbon [24]), SF = elemental sensitivity factor (SFP(2p) = 1.3529, SFC(1s) = 1), λA,B  

represents the inelastic mean free path of electrons “A” through the material “B”. We used λP2p, 

Red P = 2.90 nm,  λP2p, graphite = 1.99 nm, and λC1s, graphite = 1.81 nm (based on calculations using the 

NIST Electron Inelastic-Mean-Free-Path Database [25]). This equation cannot be solved 

analytically but can be solved numerically or graphically to determine the carbon layer thickness 

tc [26]. 
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The atomic percent of specific species in the region probed by XPS was calculated using the 

following equation:

Where Area = integrated peak area, SF = 

elemental sensitivity factor (SFP(2p) = 1.3529, SFC(1s) = 1) and N = number of summed sweeps 

acquired for a specific element.

To calculate the percent oxidized phosphorus composition based on P(2p) emission intensity, we 

used equation 4: 

𝑃𝑂𝑥% 𝑜𝑓 𝑃(2𝑝) =
𝐴𝑟𝑒𝑎𝑃𝑂4

𝐴𝑟𝑒𝑎𝑃𝑂4 + 𝐴𝑟𝑒𝑎𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑃,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
∗ 100

See Supplementary Material for equation and explanation for corrected elemental P area in 

equation 4.

2.7. Acid-base titration

To quantify the acid species adsorbed to the surface of red phosphorus particles after aging for 

gas-phase IR data collection, each RP specimen was suspended in its corresponding 1.000 mL of 

water used in the gas-phase IR experimental methods section (from the water bulb in SI Figure 

1) and centrifuged at 14,500x rpm for 5 min. The supernatant was then taken, diluted to 10.0 mL, 

and titrated with 37.60 mL of 0.0100 M NaOH to determine the identity and concentration of 

phosphorus acid species.

3. Results and discussion

3.1.  Influence of carbon coating on particle properties

Before testing the efficacy of the carbon coating on the suppression of red phosphorus 

transformations, we characterized the effect of carbon deposition time on carbon composition 

and coverage. Increasing carbon deposition affected both the size and surface area of the 

particles. SI Figure 2 shows increasing deposition time corresponds to an increase in surface 

area, as measured by BET surface area analysis. Specifically, the surface area of the particles 

(3)

(4)
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increased 10-fold from uncoated particles 

(0 min) compared with particles coated for 

the longest  deposition time, at 24 min. To 

understand the origin of this increase, 

particles were imaged using scanning 

electron microscopy (Figure 1a and 1b). 

Because the secondary electron (SE) yield 

of phosphorus is greater than carbon, 

phosphorus appears brighter in SEM 

images, providing a way to distinguish 

between carbon and phosphorus. Based on 

the examination of many images, we 

observe that particle appearances changes 

with increasing deposition time. 

Specifically, uncoated particles appear 

smooth with high SE yield, while RP@C-

long have a rougher surface with lower SE 

yield. This suggests that, with increasing 

deposition time, smoother phosphorus is 

covered with rougher carbon. Compared to 

the relatively smooth surface of uncoated 

red phosphorus, the carbon coating is 

rough at the submicron scale, leading to a 

further increase in surface area of each 

particle, corresponding to BET surface 

area analysis data.

While SEM shows that the coating appears 

particle-like, we used Raman to identify the nature of the carbon coating. Uncoated RP particles 

show strong phosphorus bands between 300-500 cm-1 (Figure 1c) [27]. As the duration of carbon 

deposition increases, the phosphorus bands at 350 cm-1, 396 cm-1, and 444 cm-1 decrease in 

intensity (for RP@C-short) and then disappear (for RP@C-long), while new bands arise near 

Figure 1. SEM micrographs of (a) non-aged uncoated 
red phosphorus and (b) RP@C-long and (c) Raman 
spectra for non-aged red phosphorus with various 
carbon deposition times.



1385 cm-1 and 1586 cm-1. Bands in this region are well known and are frequently referred to as 

the D band and G band, respectively [28, 29]. Ferrari and Robertson introduced a three-stage 

model of carbon ordering (transitioning from graphite to tetrahedral amorphous carbon) based on 

the Raman shift of the G band the ratio of intensities I(D)/I(G) [29]. Our measurements (SI Table 

1) show that regardless of PDC deposition time, the G band remains between 1585-1590 cm-1 

and the I(D)/I(G) remains approximately 0.45. These results correspond to stage 1 carbon, 

indicating more graphite than nanocrystalline graphite on the surface with mostly sp2 

hybridization, and no measurable presence of amorphous carbon [29]. Characterization of the 

pristine carbon coating can provide insight into the passivation of the red phosphorus surface.



 We quantified PH3 generation using 

infrared analysis of phosphine generated 

from red phosphorus samples. Two PH3 

vibrational bands are conveniently located 

in mid-infrared regions and do not overlap 

with CO2, H2O, or other infrared-active 

contaminants. The PH3 2 band is centered 

near 992.1 cm-1 and the  band is υ1
4

centered at 1118.3 cm-1 [30, 31]. Due to its 

odd number of electrons, PH3 has allowed 

Q branch transitions (e.g., J=0), leading 

to a strong, slightly broad peak centered at 

each band head, along with sharper but 

weaker lines due to P (J=-1) and R 

(J=+1) transitions in the adjacent regions. 

A sealed IR cell allowed us to 

intentionally expose red phosphorus to 

high temperature, high humidity 

environments while safely measuring PH3 

generation over time. To establish how the 

amount of phosphine produced depends on 

aging conditions, we acquired spectra 

every 12 hours for 48 hours. Figure 2a 

shows typical phosphine spectra for 

uncoated RP particles aged over 48 hours. 

Using the linear calibration curve in SI 

Figure 4, we quantified the amount of PH3 

by comparing the peak intensity of the  υ1
4

band at 1118.3 cm-1 of the uncoated and 

coated red phosphorus samples, seen in 

Figure 2c at the 48-hour timepoint, to the 

Figure 2. IR headspace spectra showing changes in 
PH3 as a function of time and of RP coating. (a) 
Uncoated RP after exposure to H2O vapor over 48h; 
(b) IR spectra for RP samples with coated at varying 
PDC deposition times after 48h aging at 50°C, 100% 
humidity, and (c) same as (b) except higher-
resolution examination of the spectral region used 
for quantitative analysis.



peak intensities measured for samples of dilute PH3 gas. We further verified the validity of our 

calibration by comparing integrated absorption intensities of our self-generated calibrations with 

integrated absorbance values of individual infrared transitions at 944.4 cm-1, published 

previously [30, 31]. 

 To determine the impact of the plasma-deposited carbon coating on the suppression of 

phosphine generation, RP samples that were exposed to the plasma for increasing lengths of time 

were aged for 48 h (100% humidity, 50°C). Figure 2b shows the resulting spectra. Figure 2b and 

2c shows that the samples exposed to the DC plasma for greater lengths of time produced less 

PH3, and the sample having the longest exposure (RP@C-long) showed no detectable PH3 

generation after 48 hours of aging. 

Duration of 
plasma 
deposition 

Initial PH3 
production rate 
(Vol %/hr)

Normalized PH3 
production rate, 
relative to 
uncoated P

Uncoated 0.040 ± 0.014 1



We converted the IR absorbance values to 

PH3 volume percent, giving the result 

shown in Figure 3. While the cumulative 

amount of PH3 formed continually 

increases as the samples are aged, the rate 

of PH3 formation appears to decrease at 

longer aging times. Table 1 shows the 

initial PH3 generation rate, obtained from 

the initial slope between 0 and 12 hours of 

the data in Figure 3. With increasing 

deposition time, both the initial rate of PH3 

generation and the final amount of PH3 

generated are suppressed. Increasing 

deposition of plasma-deposited carbon 

coating suppresses generation of phosphine 

as measured by infrared spectroscopy.

Short 0.021 ± 0.011 0.5

Medium 0.002 ± 0.003 0.05

Long -0.0023 ± 0.0003 -0.05

Table 1. Effect of carbon deposition time on initial 
rate of PH3 production from IR for first 12 hours. 

Figure 3. Cumulative production of PH3 vs. duration 
of aging, for bare RP (0 min) and for samples 
exposed to the carbon plasma for increasing lengths 
of time. 



3.2. Surface analysis of non-aged red phosphorus samples

 XPS measurements provided useful 

information to show how RP particle 

surface chemistry was altered as an effect 

of coating and aging. Given that the 

phosphine generation from coated 

particles is significantly suppressed with 

the carbon coating, we first characterized 

the surface of non-aged particles using 

XPS to understand the starting surface 

chemistry of each sample.

Figure 4a and 4b show the effect of 

deposition time on C(1s) and P(2p) 

intensities for non-aged samples. Figure 4a 

shows that as the absolute intensity for 

C(1s) increases, the intensity of the P(2p) 

intensity decreases, indicating attenuation 

of phosphorus by a carbon coating. SI 

Figure 5 shows a corresponding decrease 

in the O(1s) and Na(1s) regions, as the 

cleaning and then carbon coating 

treatments remove sodium and oxygen 

species left from RP synthesis [3]. We 

attribute carbon present on the uncoated 

particles to contaminants adsorbed from the environment (frequently referred to as “adventitious 

carbon”).  We anticipate that surface contaminants are likely removed during the plasma 

deposition process such that their presence on the uncoated particles should not interfere with the 

intentional formation of carbon coatings or subsequent measurements on carbon-coated powders.  

We have calculated the apparent thickness of the plasma-deposited carbon on the red phosphorus 

particles by applying equation 1. Figure 4b shows the carbon thickness obtained from samples 

exposed to the PCD for different lengths of time. These data show that a carbon coating of only 

Figure 4. (a) XPS C(1s) and P(2p) intensities (in 
counts per second) for nonaged RP samples 
prepared using indicated carbon plasma deposition 
times and (b) thickness of carbon layer calculated 
from XPS attenuation data for nonaged samples.



~ 8 nm thick on average can almost completely suppress the production of PH3 based on 

calculated PH3 volumes in Figure 3a. Increasing the PDC coating rate does not correspond to 

linear increase of apparent thickness of carbon on red phosphorus surface but does follow a trend 

of PH3 suppression with increasing carbon thickness.

3.3. Evolution of phosphorus chemical 

state

Prior studies have shown that reduction of P 

to produce PH3 is accompanied by oxidation 

to form different phosphate and phosphonate 

species [3].  To probe the transformations of 

red phosphorus after being exposed to the 

high humidity, high temperature conditions 

used for the phosphine generation IR 

experiments, we used XPS to probe the 

P(2p) region of samples aged at 50°C for 48 

hours. 

Figure 5a and 5b show the changes in the 

P(2p) and C(1s) regions as an effect of 48 

hours of aging for uncoated particles and 

particles coated over the “short” time period 

(RP@C-short). The P(2p) region shows that 

before aging, the elemental P peak (130.2 

eV) is larger for uncoated RP. After aging 

for 48 hours, the elemental peak decreases, 

while the peak corresponding to oxidized 

phosphorus species at 134.3 eV grows for 

both samples. Figure 5b shows a decrease in 

the C(1s) peak height for both uncoated and 

coated particles after aging. 
Figure 5. XPS of (a) C(1s) and (b) P(2p) intensities (in 
counts per second) for uncoated and RP@C-short 
particles before and after aging and (c) calculated 
atomic percent for carbon, elemental phosphorus, 
and oxidized phosphorus as affected by aging and 
carbon coating deposition time.



To quantify these changes in relative species abundance, we used equation 3 to calculate the 

atomic percentage of the probed region for carbon, elemental phosphorus, and oxidized 

phosphorus (POx species). Figure 5c shows the changes in the atomic percent of each species as 

a function of deposition time for both non-aged and aged red phosphorus particles. Focusing first 

on non-aged samples, we see the surface composition increase from roughly 50% carbon on 

uncoated particles to 99.0±0.3% for particles coated for the longest period of time. The increase 

in carbon corresponds to a decrease in phosphorus, which is mostly made up of elemental P 

species for non-aged samples regardless of carbon deposition time. After aging, the atomic 

percent of carbon decreases for all samples, but most substantially for RP@C-short, decreasing 

from 87.1±2.1%C to 74.8±1.5%C (all values presented in SI Table 2). The decrease in atomic 

percent of carbon corresponds to only a slight increase in elemental phosphorus signal but a 

significant increase in POx signal for all aged samples. This indicates that the decrease in carbon 

signal is due to attenuation from a POx top layer, instead of the removal of carbon coating due to 

particle aging. While there is some formation of new POx species on the surface for all aged 

samples, for RP@C particles with the longest deposition time, only 2.0±0.9% of the elemental 

species in the analyzed region can be attributed to the POx species, compared to 24.8±3.7%POx 

for the uncoated sample. Analysis of the atomic percent composition indicates that longer carbon 

deposition times reduce the formation a POx top layer on the carbon coating, indicated by the 

larger attenuation of the carbon signal and an increase in POx signal in the P(2p) region for 

RP@C-short. 



To first understand oxidation of the 

phosphorus surface, we quantified the 

percentage of P(2p) signal arising from 

oxidized phosphorus using equation 4. 

Using the adjusted area (SI equation 2), we 

normalize out any attenuation of the 

elemental phosphorus signal (130 eV) by 

the carbon coating. Figure 6a presents the 

impact of both aging and PDC deposition 

time on the POx composition measured 

using changes in the P(2p) region seen in 

Figure 5a. For non-aged samples, uncoated 

red phosphorus starts with more phosphate 

on the surface compared with samples that 

were carbon coated. As the deposition time 

increases, the initial phosphate on the 

surface decreases from 14±3% (RP-

uncoated, non-aged) to 1.7±0.4% (RP@C-

long, non-aged), indicating a level of 

protection that is only made more apparent 

after aging at 50°C for 48 hours. For 

uncoated aged RP, almost 50% of the 

phosphorus probed by XPS is oxidize 

phosphorus, while for RP@C-long, only 

6.5±2.3% of the P(2p) region is attributed 

to oxidized species. All samples show a 3-4x increase in phosphate compared to non-aged. After 

aging in the IR cell, all samples show increased oxidized phosphorus on the surface, but PDC 

coated particles show suppression of the POx signal.

To understand the type of oxidized phosphorus on the surface of the particles, we investigated 

both the shifts in POx P(2p) binding energy and the ratio of O(1s) to POx P(2p) XPS intensities. 

As previously mentioned, after particles are aged, a distinct peak emerges at 134.2 eV (Figure 

Figure 6. (a) Effect of aging and coating deposition 
time on area under the phosphate region of the P2p 
curve and (b) plot of integrated area for O(1s) vs. 
P(2p) phosphate region for all samples (nonaged and 
aged, uncoated and coated).



5a). This binding energy aligns with PO3-containing compounds [33]. Additional confirmation of 

the phosphorus oxide species on the red phosphorus surface was provided by comparing the 

relationship of oxygen on the surface from the O(1s) region to the POx species on the surface 

from the P(2p) region. After taking the integrated area of O(1s) and the integrated area of the 

peak at ~134 eV of the P(2p) region, points for both non-aged and aged samples were graphed. 

Shown in Figure 6b, a slope of 3.04 was found, indicating the ratio of oxygen to phosphorus in 

POx form on the surface is 3:1, the ratio of phosphonate. XPS binding energy shifts in P(2p) 

region and oxygen-to-POx ratio indicates that the phosphorus oxide species is phosphonic acid 

and its derivatives.

Diffuse reflectance infrared spectroscopy 

was used to obtain a more comprehensive 

understanding of oxidized phosphorus 

species formed in situ during the aging 

process. Figure 7 shows IR spectra for 

uncoated red phosphorus suspended in 

zinc sulfide before and after aging for 24 

hours. The non-aged sample does not 

show peaks in the phosphate region of the 

spectrum (below 1300 cm-1). However, 

after aging at 50°C  and 100% humidity, 

peaks grow in between 700-1200 cm-1 

along with a strong peak at 1653 cm-1, 

which can be attributed to OH deformation 

vibrations [34]. The peaks between 900-1200 cm-1 indicate the presence of both phosphoric acid 

(H3PO4) and phosphonic acid (H3PO3). The peak at 1135.1 cm-1 is attributed to P=O stretch for 

phosphonic acid in which an OH is replaced with an R group, likely P on the red phosphorus 

surface [35]. The peak at 1092.7 cm-1 is also attributed to a P=O stretch, but for that of 

phosphoric acid [35, 36]. The peak at 1010.7 cm-1 is also evidence for phosphoric acid on the 

surface, corresponding to the asymmetric P-O-(H) stretch for H3PO4 [37, 38]. Finally, the peak at 

950.9 cm-1 signals a P-O-(H) stretch for phosphonic acid [37]. The DRIFTS spectrum of aged 

red phosphorus indicates the production of phosphoric acid and phosphonic acid on the surface. 

Figure 7. DRIFTS spectra of bare red phosphorus 
before and after aging in 100% humidity at 50°C.



While gas-phase IR can quantify the amount 

of PH3 produced, we used acid-base titration 

to quantify the acid species that are also 

produced during the reaction. Figure 8a 

shows the titration curve obtained by 

extracting the supernatant from aged 

uncoated RP and titrating with NaOH, 

revealing two clear equivalence points. 

Taking the derivative of the titration curve 

(Figure 8b) more clearly shows two 

equivalence points near pH = 4.7 and pH = 

9.5. Equivalence points for phosphoric acid 

at 25°C have previously been reported to 

occur at pH = 4.67 and pH = 9.79,  while 

phosphonic acid shows a peak at pH = 4.89 

[39]. Based on volumes from the titration, 

we calculated the solution contains 5.05x10-

5 moles of H3PO4. From gas-phase IR, 

1.78x10-5 mol of PH3 was produced during 

the 48-hour aging process. Thus, our experiments imply formation of approximately 3 moles of 

H3PO4 for each mole of PH3 produced under the conditions of our experiment. Identifying a 

specific mechanism for PH3 degradation is challenging because oxidation can be induced by both 

O2 and by H2O in amounts that depend on experimental conditions. A previous study of red 

phosphorus degradation upon exposure to water and air [5] reported an overall approximate 

stoichiometry of:

3.5P4 + 21H2O +11.275O2  5.2H3PO4 + 7.15H3PO3+0.65H3PO2 + PH3

However, under oxygen-deficient conditions, a simpler stoichiometry can be identified:

2P4 + 12 H2O  3H3PO4 + 5 PH3

Notably, the relative amounts of HxPOy species increases as the contribution from O2 increases. 

Our data indicate a larger proportion of H3PO4 than could be produced by water alone. This in 

Figure 8. (a) titration curve of supernatant of bare, 
aged RP and (b) derivative of titration curve from (a).



turn suggests that under the conditions of our experiments, using a stagnant reservoir of water 

equilibrated with the atmosphere, both H2O and O2 are important in controlling the overall 

reaction. This conclusion is further supported by DRIFTS measurements showing the presence 

of phosphoric (H3PO4) and phosphonic 

(H3PO3) species on the surface. The 

presence of both species is consistent with 

prior studies using ion chromatography [5] 

and can be considered as a natural 

evolution of the surface starting with 

elemental P that is then successively 

oxidized to form surface -PO, -PO2, and -

PO3 species prior to release into the 

aqueous medium as fully oxidized -PO4 

species, with appropriate levels of 

protonation.  Notably, however, the 

effective thickness of the PO3 layers 

measured by XPS can significantly exceed the thickness of a monolayer film; this shows that the 

formation of liquid H3PO4 and/or polyphosphate surface species is insufficient to halt further 

reactions of red phosphorus with water vapor and/or O2. The kinetic data found from Figure 3 

and presented in Table 1 show that the rate of reaction appears to decrease somewhat, suggesting 

that the liquid H3PO4 surface film reduces further reactions but does not halt them altogether. 

The influence of the carbon coating is summarized in Figure 9. Our FTIR data show that 

phosphine production is suppressed by the presence of a surface carbon coating. Using a longer 

plasma deposition time leads to particles with larger average carbon thicknesses (as measured by 

XPS) that are more resistant to reacting with water and oxygen to form PH3. This increase in 

carbon coating thickness protects the red phosphorus from degradation, suppressing phosphine 

production (as measured by FTIR), and slowing the formation of a top layer of POx species that 

forms as the particles age (as measured by XPS). While very thin carbon films inhibit the 

reaction with water, the amount of surface -POx species observed from XPS is still larger than 

would be expected from a simple monolayer. While experiments cannot directly show a detailed 

mechanism of residual reactivity, we hypothesize that in the case of an imperfect coating with 

Figure 9. Proposed surface of red phosphorus after 
aging with and without plasma-deposited carbon 
protective coating. (*monolayer shown for 
simplification).



small pinholes, reaction with water vapor at the pinholes produces liquid H3PO4 than can then 

spread beyond the pinhole, forming a thin layer extending across the entire particle surface. 

Longer deposition times have a higher probability of covering these pinholes, as seen in SEM 

images, reducing the exposed RP surface, leading to less measured phosphine and POx species.

4. Conclusion

We have demonstrated the efficacy of thin plasma-deposited carbon coatings of red phosphorus 

as a method of suppressing the production of toxic phosphine gas and acidic phosphorus-based 

byproducts. Using a combination of infrared spectroscopy and x-ray photoelectron spectroscopy, 

we quantified the production of phosphine, phosphoric acid, and phosphonic acid upon the 

exposure of red phosphorus to high humidity environments. XPS, diffuse reflectance IR, and 

titrations have provided data to construct a model of how plasma-deposited carbon is able to 

suppress phosphine and phosphoric-based acid generation (Figure 9). The plasma deposition 

method provides a thin, non-reactive carbon coating that provides a solution to long-term 

stability of red phosphorus regardless of the application.
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Highlights 



 Plasma-deposited carbon coating provides thin, non-reactive surface on red phosphorus

 Carbon coating suppresses toxic byproducts from red phosphorus break down by H2O 

and O2

 XPS and IR data elucidate mechanism of PH3 and POx production by carbon coating

 Carbon coating provides stability of red phosphorus in humid, ambient environments


















