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Abstract Molybdenum disulfide (MoS2) and molybde-

num trioxide are investigated using Raman spectroscopy

with emphasis on the application to tribological systems. The

Raman vibrational modes were investigated for excitation

wavelengths at 632.8 and 488 nm using both micro-crys-

talline MoS2 powder and natural MoS2 crystals. Differences

are noted in the Raman spectra for these two different

wavelengths, which are attributed to resonance effects due to

overlap of the 632.8 nm source with electronic absorption

bands. In addition, significant laser intensity effects are

found that result in laser-induced transformation of MoS2 to

MoO3. Finally, the transformation to molybdenum trioxide

is explored as a function of temperature and atmosphere,

revealing an apparent transformation at 375 K in the pres-

ence of oxygen. Overall, Raman spectroscopy is an useful

tool for tribological study of MoS2 coatings, including the

role of molybdenum trioxide transformations, although

careful attention must be given to the laser excitation

parameters (both wavelength and intensity) when interpret-

ing Raman spectra.

Keywords Molybdenum disulfide � Raman spectroscopy

� Oxidation resistance

1 Introduction

Molybdenum disulfide (MoS2) is an effective solid

lubricant due to its basal layer sliding. As seen in Fig. 1,

MoS2 follows a hexagonal layered structure with the

covalently bonded layers of sulfur–molybdenum–sulfur

connected to adjacent covalently bonded layers by weak

Van der Waals forces along the [002] plane between the

sulfur–sulfur faces. These weak forces lend to preferential

basal layer cleavage along this plane, resulting in low

friction.

It has been shown that water vapor and oxygen present

in the atmosphere can lead to oxidation of MoS2, dis-

rupting the basal layer sliding and decreasing the effec-

tiveness and lifetime of MoS2 as a solid lubricant. A

consensus was formed by those investigating the effect of

moisture on MoS2, namely that increasing the relative

humidity, or the amount of adsorbed water vapor,

increased the coefficient of friction when MoS2 was used

as a lubricant between sliding surfaces [1–4]. In addition

to water vapor, the effect of adsorbing oxygen on MoS2

films has been investigated [5, 6], and has been shown to

increase the friction and wear rate of MoS2 [7, 8]. When

MoS2 is in the presence of oxygen, oxidation can occur,

resulting in MoO3. The proposed wear mechanisms are

complicated: superficial oxidation can flake off due to the

reduction of the oxide layer through cohesion to the bulk,

brittle oxides can delaminate, and/or oxidation can work

its way into the bulk of the material, creating internal

blisters that act as weak points leading to cracking and

greater volumes of debris [9–11].

Temperature has also been shown to affect the frictional

properties of MoS2. At temperatures below the melting and

sublimation temperatures, surface temperature defines the

adsorption kinetics and balance of water in the film. For

temperatures ranging from 0 to 100 �C, it has been shown

that with increasing temperature, adsorption of water vapor

decreases, resulting in lower friction coefficients [2].

However, there are multiple stages in the oxidation of MoS2

B. C. Windom (&) � W. G. Sawyer � D. W. Hahn

Department of Mechanical & Aerospace Engineering,

University of Florida, Gainesville, FL 32611, USA

e-mail: bret.windom@gmail.com

123

Tribol Lett (2011) 42:301–310

DOI 10.1007/s11249-011-9774-x



versus temperature. Initially, oxidation rates of static

MoS2 samples have been shown to be slow at lower

temperatures (\100 �C), even in very humid atmospheres

[12]. This has been attributed to protective oxidation,

where the outermost S–Mo–S layer oxidizes and protects

the bulk crystal from deeper oxidation. Bisson et al. [13]

found that oxidation rates were relatively slow when

temperatures were below 643 K, yet increased when the

temperature exceeded this critical value. Similar results

were found by Sliney [14], in which it was shown that the

oxidation rate of MoS2 was much faster than WS2 for

temperatures greater than 663 K, and occurred at a very

rapid rate at 833 K [15]. Considering these studies toge-

ther, one might consider two oxidation regimes, namely,

the onset of moderate oxidation at *643 K, and rapid

oxidation at *833 K. Such trends are supported by recent

literature on the roasting of MoS2 [16].

1.1 Raman Spectroscopy of MoS2

There are four first-order Raman active modes that are

present in most reported MoS2 Raman spectroscopic

studies, namely, E1g (286 cm-1), E2g
1 (383 cm-1), A1g

(408 cm-1), and E2g
2 (32 cm-1). All of the first-order bands

are a result of vibrational modes within the S–Mo–S layer,

except for the E2g
2 (32 cm-1) band which is due to the

vibration of the adjoining rigid layers. The specific modes

of vibration for each of the first-order bands are labeled in

Fig. 2. Chen and Wang [17] and others have noticed

additional second-order lines that come about through a

resonance type of Raman effect where excitation frequen-

cies with energies close to absorption bands cause the

crystalline structure to behave differently, resulting in an

emission of light shifted from the first-order modes. Stacy

et al., Sekine et al., and Frey et al. [18–20] showed this

effect by using excitation frequencies that matched previ-

ously determined electronic absorption bands. The

absorption spectrum of MoS2 can be seen in Fig. 3.

The sharp A and B peaks in Fig. 3 are located at 1.9 eV

(652.6 nm) and 2.1 eV (590.5 nm), respectively, and are

due to the d-to-d transitions from the filled dz2 orbital to a

combination of the dxy and dx2�y2 orbitals split by spin–orbit

coupling [20]. In addition, direct and indirect band gaps at

room temperature are located at 1.95 eV (635.9 nm) and

1.2 eV (1033.3 nm), respectively [18]. The matching of the

excitation laser photon energy into the absorption band

causes strong coupling of energy into phonon modes that

can combine with the four first-order Raman frequencies

creating additional energy states that can be excited,

resulting in a variety of new second-order emission lines.

Inelastic neutron scattering data provided by Wakabayashi

et al. [21] have shown that the energy dispersion of the E1g,

E2g
1 , and A1g modes in the C–M (from center outward

toward the [100] plane) direction is very small. However,

the energy of the E2g
2 mode, the rigid-layer mode, at C does

increase in the M direction to a longitudinal acoustic mode

with frequency of LA(M) = 232 cm-1 at the M point.

With this result, the following studies attributed most of the

second-order bands observed to combinations of this lon-

gitudinal acoustic mode and the first-order bands. For

example, in the spectrum by Stacy et al. taken with a

676.4 nm laser, there is a large band at 466 cm-1 which

can be attributed to twice the LA(M) frequency of

232 cm-1. The 645 cm-1 band is a combination of the

LA(M) frequency and the A1g mode (408 cm-1) at point M

while the 179 cm-1 band is due to the subtraction of the

LA(M) from the A1g frequency (408 cm-1) at point M. The

location and designation of many of the first and second-

order bands can be seen in Fig. 2. There are usually slight

differences between frequencies of Raman lines in all

Fig. 1 Crystal structure of MoS2 showing side and top views with

atomic distances as reported by Dickinson [35]
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studies, including this study. Besides common calibration/

equipment differences, first and second-order Raman lines

have been shown to undergo slight shifts due to differences

in temperature [17], pressure [22], and crystal size [23, 24],

all of which are possible explanations for these variations

in reported wavenumbers.

There have been a number of tribological studies on

MoS2 films in which Raman spectroscopy has been used

to map its chemical transformation [25–29]. McDevitt

et al. [25] using an in situ tribotester (pin-on-disk trib-

ometer in conjunction with a Raman system) measured

the oxidation of different MoS2 films. In addition, a more

fundamental study performed by the same authors com-

pared Raman spectra of differently prepared MoS2 films

(pulsed laser deposition and ion sputter deposition),

resulting in different crystal sizes and orientation, show-

ing that Raman spectroscopy could be used to determine

the crystallinity and orientation of different types of MoS2

films [26, 30].

The previous literature when combined from an assort-

ment of study groups provides a good foundation to

understand phenomena that arise when various crystalline

types and sizes of MoS2 are irradiated by a laser. With that

in mind, the current Raman spectroscopic study will focus

on different samples of MoS2 (micro-crystalline powder

Fig. 2 Raman spectrum

recorded using 632.8 nm

excitation of a natural MoS2

crystal. The location and

designation of the prominent

lines are given and have been

adapted from [17, 19, 20, 36]

Fig. 3 Absorption spectrum of MoS2 with photon energies of

investigated wavelengths is indicated. The A and B peaks represent

strong absorption that is responsible for many of the second-order

Raman lines [37]
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and a natural crystal) in different ambient conditions

(including effects of atmosphere and temperature). There

were two primary objectives of this study. The first is a

fundamental investigation of MoS2 and its Raman scat-

tering properties. The second objective focused on the

tracking of MoS2 oxidation by monitoring the Raman

signal when MoS2 was heated and exposed to different

atmospheres.

2 Experimental Methods

2.1 Raman System

Two Raman systems were used in this study. The first was

a commercial system (LabRam Infinity, Horiba Group).

This fully automated micro-Raman system used a 15 mW

continuous helium:neon laser (k = 632.8 nm), focused by

a microscope objective, Olympus 1009 magnification

(N.A. = 0.9), yielding a focused laser diameter of 5 lm.

The excitation energy of the laser at the target surface

could be adjusted with the use of neutral density filters.

Following excitation, the Raman light was collected via

backscatter by the same microscope objective, passed

through a sharp-edge filter to reject elastic scattered light,

and dispersed by 1800 groves/mm grating. The dispersed

light was then imaged by a CCD detector (1024 9 256

pixels). The system also had an internal camera that

allowed the user to view a digital video of the focused

sample, which became an useful feature when different

surface topographies of a sample were of interest.

The second micro-Raman system was custom built and

used an argon-ion excitation laser operating at 488 nm

wavelength. The beam was focused with a 509 objective

and also used a backscatter collection technique through

the objective. The Raman-scattered light was passed

through a sharp-edge filter (Semrock LP02-488RU-25) and

then fiber coupled to a triple monochromator operating in

filter mode (Princeton Instruments, Trivista) and imaged

onto a CCD detector (Princeton Instruments, 7534-0001).

The commercial and custom-built Raman systems were

compared for similar samples (silicon and polymers) and

the performance was found to be comparable, basically

scaling with the objective magnification with regard to

signal-to-noise.

2.2 Fundamental MoS2 Raman Study

To more fully understand the Raman activity of MoS2,

spectra of different forms of MoS2 were investigated,

namely, of a micro-crystalline powder (Acros Organics,

98.5% pure) and of a natural crystalline sample (SPI sup-

plies, Lot# 1070104). In addition, MoO3 powder (Acros

Organics, 99% pure) was analyzed. The two micro-Raman

systems with different excitation frequencies were used to

investigate the influence of wavelength on the resonance

second-order Raman lines, as discussed above.

2.3 Temperature and Environmental Raman

Measurements

To gain a better understanding of temperature and envi-

ronmental effects on the oxidation of MoS2, a series of

experiments were carried out in which Raman spectra were

collected while heating the microcrystalline MoS2 powder

under different atmospheres. The MoS2 powder was pres-

sed into a fabricated copper holder, which allowed for

precise heating and the introduction of a cover gas uni-

formly over the sample, while leaving optical access for the

632.8 nm Raman probe laser. The holder base had three

35 W sheath cartridge heaters embedded in the block, with

an additional hole that allowed for a thermocouple probe.

The heaters were powered through a PIV controller, which

using the thermocouple for feedback, enabled a constant,

pre-set temperature to be maintained at the sample. An

entry port was also manufactured into the holder so that a

cover gas other than air could be introduced over the

sample surface. This entry port fed the gas into a channel

that surrounded the entire sample, so that equal distribution

of the gas would be spread across the pressed powder.

Finally, a cover plate effectively sealed the edges of the

holder from escaping gas, while leaving optical access for a

microscope objective to focus the laser on the sample. The

same 632.8 nm micro-Raman system used in the funda-

mental Raman study was used for the atmosphere

measurements.

The MoS2 sample was heated in a stepwise fashion up to

about 575 K. This was done in a variety of atmospheres,

including wet and dry nitrogen, and wet and dry oxygen.

The Raman data were recorded as a function of sample

temperature. To create a wet flow of a given gas, the dry

gas was passed through a diffusion stone into a tube of

water allowing the gas to become saturated with water.

This saturated gas was then passed over the sample through

the copper holder previously mentioned. A humidity meter

was used to quantify the degree of relative humidity

([98%) for the wet gas experiments.

3 Results and Discussion

3.1 Fundamental MoS2 Raman Study

Figure 4a shows spectra of the MoS2 powder taken with the

632.8 nm Raman system with two different laser powers,

6.3 mW (*32,000 W/cm2) and 0.6 mW (*3,200 W/cm2).
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It is clear the three bands centered about 400 cm-1 are

significantly affected by the incident laser power. Not only

the intensity ratios of the three bands were altered, but their

respective wavenumbers were also down-shifted by

*4 cm-1 when the higher laser power was applied. Also,

the outlying bands present in the low power spectrum are

significantly diminished in the 6.3 mW laser spectrum.

Finally, the higher power laser spectrum reveals new bands

present at 994 and 279 cm-1, as well as, a more resolved

band around 820 cm-1. These bands represent MoO3

vibrational energy states, indicating oxidation (e.g.,

MoS2 ? 3�O2 ? MoO3 ? 2SO2) induced by the higher

laser power, as discussed in more detail below.

In addition to the MoS2 powder, a natural crystalline

(molybdenite) form of MoS2 was analyzed for the two

different laser powers. The natural crystal sample was

easily cleavable so that fresh surfaces could be explored.

Figure 4b shows the Raman spectra of the natural crystal

with the two different laser powers recorded with the

632.8 nm excitation. Comparing the spectra of the natural

crystal to the microcrystalline powder, there are clear dif-

ferences. The natural crystal spectra are much more

resolved, the bands are sharper, especially around the 600

and 800 cm-1 regions. Also, there is a band at 422 cm-1 in

the natural crystal spectra that is not visible in the powder

data. In addition, there is a noticeable difference between

the ratio of the 466 and 408 cm-1 bands in the spectra of

the two different forms of MoS2, even more so when a high

laser power is applied.

Unlike in the powder samples, where a significant

transformation was noticed, the spectrum of the natural

crystal revealed only a slight change when a higher laser

power was applied. Specifically, the only noticeable

change was a shift in the intensity ratios of the two bands

located at 408 and 422 cm-1, as labeled in Fig. 4b. This

intensity shift was not observed in the microcrystalline

powder spectra, as the 420 cm-1 band was not pronounced.

It should also be noted that unlike the powder samples of

MoS2, the natural crystal did not undergo any sort of laser-

assisted oxidation when exposed to the greater laser power.

One possible reason is that the crystal MoS2 when irradi-

ated along the cleavage plane did not have available polar

edge sites, which are expected to have a greater tendency to

adsorb gasses and oxidize.

3.2 Raman Spectroscopy of MoO3

In a tribological application in an air atmosphere, the cause

of failure for MoS2 films is generally attributed to oxida-

tion, which is responsible for a number of wear mecha-

nisms. In order to better track oxidation of MoS2 films via

Raman spectroscopy, it is important to establish a reference

spectrum of the oxide. Raman spectra of a MoO3 powder

were collected using 632.8 nm excitation and are presented

in Fig. 5. Spectra were collected for both laser powers,

however, there was no discernable difference detected,

therefore, only the spectrum corresponding to the low

power laser is presented. The MoO3 spectrum is very dif-

ferent from that of the MoS2, which allows Raman to be an

effective technique to monitor this transition to the oxide

state. Note in particular the emergence of the MoO3 band at

820 cm-1 in Fig. 4a emerged with the high power laser

excitation, evidence of partial oxidation. The 158 cm-1

(Ag, B1g) band originates from the translation of the rigid

chains, the 285 cm-1 (B2g, B3g) band is a doublet com-

prised of wagging modes of the terminal oxygen atoms, the

666 cm-1 (B2g, B3g) is an asymmetric stretching of the

Mo–O–Mo bridge along the c axis, the 820 cm-1 (Ag, B1g)

Fig. 4 Raman spectra

(632.8 nm excitation) of

a microcrystalline MoS2 powder

and b a natural MoS2 crystal

recorded with two different

laser powers as indicated. The

data were collected in an air

atmosphere at room

temperature. The laser power

densities for the two

measurements have been

estimated and are reported in the

text. The plots have been shifted

vertically for clarity
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is a symmetric stretch of the terminal oxygen atoms, and

the 995 cm-1 (Ag, B1g) is the asymmetric stretch of the

terminal oxygen atoms [31, 32].

3.3 Wavelength Dependence of MoS2 Raman Spectra

MoS2 spectra were also collected with a micro-Raman

system using a 488 nm excitation source. The same MoS2

powder and natural crystal samples as presented above

were investigated. The spectra for each are presented in

Fig. 6. The microcrystalline powder reveals two clearly

distinct peaks located at 400 cm-1 (A1g) and 375 cm-1

(E2g
2 ), while the crystal sample reveals the same peaks,

although slightly shifted, at 406 cm-1 (A1g) and 381 cm-1

(E2g
2 ), along with a sometimes apparent broad, weak

structure centered around 450 cm-1. The overall experi-

mental trends are significantly different than those col-

lected with the 632.8 nm micro-Raman system. First,

comparing the 488 nm spectra of the two types of MoS2,

namely the powder and natural crystal samples, only slight

differences are noticed, in contrast to the more significant

differences observed with 632.8 nm excitation. The rela-

tive shape and intensity ratios of the bands in each spec-

trum are very similar, however, the first-order band

locations differ slightly with the natural crystal sample

being shifted to higher wavenumbers by about 6 cm-1.

In aggregate, there are significant differences between

the MoS2 spectra recorded with the 632.8 nm laser as

compared to the 488 nm laser. This, as noted by Stacy et al.

[20] and Chen et al. [17], is attributed to the resonance

second-order Raman effects that appear when the excita-

tion wavelength is near that of the MoS2 electronic

absorption bands. The 632.8 nm excitation source corre-

sponds to about 1.96 eV of photon energy, which is very

close to the 1.9 eV absorption band and the 1.95 eV direct

band gap energies of MoS2. The resonance Raman bands

that are reported in this study are very similar in both shape

and location to those acquired by Stacy et al. [20] with a

647.1 nm (1.92 eV) excitation, and by Frey et al. [23], who

used the same 632.8 nm excitation wavelength. The

287 cm-1 (E1g) first-order line that has been reported in

many articles was not distinguishable in this study, most

likely due to the fact that the basal layers were preferen-

tially situated perpendicular to the irradiation in a back-

scattering configuration, which prohibits the excitation of

such transitions [23]. The Raman spectra recorded with the

488 nm laser (2.54 eV) showed almost no features typical

of a resonance Raman spectrum. The LA(M) mode

responsible for the second-order Raman bands is weak

when the exciting photon energy is not near to that of

the 1.9 and 2.1 eV excitons, as labeled in Fig. 2, which

is the case for the 488 nm excitation. The broad band

centered at 450 cm-1 was the only feature present typical

of a resonance effect, even though characterized by poor

Fig. 5 Raman spectrum (632.8 nm excitation) of a MoO3 powder

taken in air at room temperature

Fig. 6 Raman spectra (488 nm excitation) of microcrystalline MoS2

powder and a natural MoS2 crystal. The data were collected in an air

atmosphere at room temperature. The plots have been shifted

vertically for clarity and do not have the same scale. The additional

peak corresponds to the 501.7 nm argon-ion laser line
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signal-to-noise, it’s possible origin may be explained in the

following paragraph.

One may take a closer look at the resonance band cen-

tered around 450 cm-1 for the attenuated microcrystalline

MoS2 sample and the non-attenuated natural crystal MoS2

sample spectra taken with the 632.8 nm excitation (Fig. 4)

in consideration of results found in a study by Frey et al.

[23]. The band has an asymmetrical shape and appears to

have additional structure, with local maxima at *450–455

and *460–465 cm-1. Frey et al. suggest that there are

actually two bands in this frequency location that are

contributing to the broad single band often observed by

others. They attributed the lower frequency band at

*454 cm-1 to the 2LA(M) mode and the higher frequency

band at *465 cm-1 to a typically Raman inactive A2u

mode that can become activated during high resonance

conditions. Strong bands centered at the A2u frequency

(466 cm-1) have been detected during IR measurements

and attributed to asymmetrical translation of Mo and S

atom in the c axis. Frey’s designations were based on the

Raman phenomena that occurred when nano-sized particles

were analyzed, and may not be true to the larger samples

investigated here, but does give light to the fact that the

450–460 cm-1 band may be a merger of the 2LA(M) mode

with some additional mode that become more pronounced

when resonance occurs. The fact that this study observes a

broad structure centered around 450 cm-1 with the 488 nm

excitation, which does not couple into the LA(M) mode,

proves that an additional phonon may be excited at this

frequency that becomes more active as photon energies

near to that of the direct band gap and exciton energies

(i.e., 1.9 and 1.95 eV).

3.4 Laser-Induced Transitions

With the photon energy of the 632.8 nm laser being so

closely resonant with the electronic absorption and the

band gap energies, laser heating/photochemistry via direct

absorption can become important. The resonant activity of

the laser may be responsible for a number of observed

behaviors (see Fig. 4a) and can be seen by comparing the

powder spectra taken with different laser powers. First, the

second-order Raman effects become less prominent when a

higher laser power is applied (*32,000 W/cm2). This

effect may be due to the added heat annealing the material

and thereby changing the optical absorption [33] and/or the

lattice phonon, band gaps, and vibrational characteristics

responsible for the LA modes. In addition, certain locations

of the powder sample when irradiated by the high power

laser underwent rapid oxidation, as can be seen in Fig. 4a,

resulting in the presence of the 820 and 994 cm-1 MoO3

bands. If the laser was left to irradiate the sample, these

bands, as well as other MoO3 bands, were routinely

observed to completely overpower the original MoS2

spectrum. Such behavior has been previously discussed for

titanium and vanadium oxides [34]. This indicates that if

local heating was solely responsible (i.e., pure thermal

effect), localized temperatures would be very high, perhaps

800 K, which has been reported as the temperature for

MoS2 to rapidly oxidize [13–15]. However, the lack of

resonant bands under excitation with the 488 nm laser with

similar fluences, which is a more strongly absorbed

wavelength than 632.8 nm (see Fig. 3), indicates that laser

coupling to the electronic transitions and the associated

effect on molecular bonding may be more responsible for

the laser-assisted chemical transition than simple radiative

heating. The frequency shift of the first-order lines, how-

ever, may be attributed to temperature changes as well as

particle size, which provides an explanation for the shift of

the bands to lower energy when high power is applied. We

also note that the microcrystalline samples were not put

through any drying procedure; hence some water is

expected to be absorbed on the select surfaces. However,

under inert gas (nitrogen), the laser-induced transition was

not observed with the high laser energy, suggesting the role

of gaseous oxygen as the primary oxidant, and any role of

absorbed water as secondary.

The natural crystal spectra did not undergo any of the

previously mentioned changes observed in the powder

samples. This could be due to the fact that the surface being

examined on the natural crystal is a large basal face, which

is a stable surface with the sulfur atoms forming a shield

preventing oxidation and annealing, therefore maintaining

resonance qualities while not transforming. In addition, the

large pieces of the crystal most likely were able to conduct

heat away from the incident laser spot due to the large

conductivity parallel to the plane, resulting in less localized

heating, as compared to the microcrystalline powder, a

material that lacks long-range order. The only change

observed with the natural crystal is the change in intensities

between the 408 cm-1 peak and the slight shift of the

422 cm-1 peak to 420 cm-1 when high power was applied.

Interesting to note, the 422 cm-1 band was not present in

the microcrystalline powder spectra for either laser power.

The 422 cm-1 peak has been reported to originate from the

sum of a two-phonon Raman process in which photon

energies above the 1s levels of the A and B excitons trigger

a quasi-acoustic phonon, which in turn excites a non-

Raman active optical phonon, E1u
2 , both scattered parallel

with the c axis [19]. The reason this line is visible in the

crystal sample and not the powder is most likely due to

the fact that the long-range crystal was oriented so that the

c axis was parallel with the laser, therefore maximizing the

Raman cross-section of this line. The powder sample was

not as isotropic, being oriented in all directions, thus

minimizing the effect to excite the responsible two-phonon
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process. In addition, we should note that since this speci-

men is a natural mineral, one cannot rule out the presence

of impurities as contributing to the slight band shifts.

3.5 Temperature and Environment Raman Study

Raman spectra of the microcrystalline powder were col-

lected in dry oxygen and nitrogen as temperatures were

increased from room temperature to about 575 K. The

MoO3 oxidation band centered near 820 cm-1 was moni-

tored as a metric to assess the extent of oxidation that

occurred. As expected, MoS2 samples in the nitrogen purge

showed no signs of oxidation at any temperature or laser

fluence. On the other hand, the samples exposed to pure

oxygen, even at room temperature, showed slight signs of

oxidation that became more evident at higher temperatures.

Figure 7 shows spectra of the oxygen data at room tem-

perature and at 573 K. The 820 cm-1 band, as well as other

oxidation bands, including peaks at 285, 995, and

158 cm-1 are more defined and intense in the high tem-

perature spectrum, indicating a greater transition of MoS2

to MoO3. The spectra over the entire range of temperatures

were normalized so that the baseline intensity of all the

spectra in the region of the 820 cm-1 band was equal,

allowing the intensity of the 820 cm-1 line at each tem-

perature to be directly compared. The results are presented

in Fig. 8. The data reveal some variation below about

375 K, which is most likely attributed to the variety of

spectra obtained due to analyzing different types of sur-

faces in the MoS2 powder. For example, analyzing a sur-

face consisting predominantly of the [001] plane, which is

less likely to show signs of oxidation, will result in a dif-

ferent extent of oxidation than that from a surface con-

taining edge sites that are more likely to oxidize. Overall,

Fig. 8 data reveal no signs of temperature-induced oxida-

tion until the samples reach *375 K, which is very close

to the temperatures noted by Ross and Sussman [12] in

which surface oxidation was first noticed. The relative

stability of the oxidation signal for sample temperatures

below *375 K can most likely be explained by surface

oxidation (i.e., surface monolayer) occurring at room

temperature and protecting the bulk material from deeper

oxidation. At the 375 K mark, energies become such that

deeper oxidation slowly occurs. As the sample temperature

was increased further, oxidation seemed to grow deeper

into the sample increasing the MoO3 Raman signal. It

should be noted that this initial oxidation regime is not the

same as the rapid bulk oxidation seen at temperatures

greater than 800 K, and is still relatively a surface phe-

nomenon, as the confocal Raman probe is heavily weighted

to the material surface. It is interesting to note that the

spectra of the heated samples (Fig. 7) appear to transition

to the overall spectral shape resembling that of the high

laser power spectrum presented earlier (see Fig. 4a), fur-

ther confirming that localized heating in the presence

of oxygen can change the shape and location of the

Fig. 7 Microcrystalline powder MoS2 spectra (632.8 nm excitation

and 0.6 mW) recorded with a dry O2 environment at temperatures of

293 and 573 K. The 293 K spectrum is shifted vertically for clarity

Fig. 8 Relative intensity of the MoO3 oxidation band at 820 cm-1 as

a function of sample temperature. All the data were recorded for the

microcrystalline powder sample in a dry O2 environment
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second-order bands. This demonstrates that temperature

does play a role in altering the absorption spectrum/phonon

coupling, and thereby promoting the transition to oxide,

although the role of true resonance-coupling (i.e., elec-

tronic excitation) on the oxidation transition is unable to be

resolved in this study. It would be useful for future

experiments to bring in a complementary diagnostics such

as XPS or XRD to further probe the nature of the oxidation.

Following similar tests in humidified (i.e., saturated) O2

and N2, no effect was realized in the presence of water

vapor as compared to dry air or O2; hence an important

conclusion is that humidity (e.g., surface water) does not

play a role in the oxidation of MoS2 as observed in this

study. It should be noted, similar experiments were per-

formed on the natural crystal sample, but no oxidation was

observed. This can again be attributed to the lack of polar

edge sites on the surface of the natural crystal, which are

more likely to adsorb gasses and oxidize. These last find-

ings are somewhat unexpected given the reported findings

of humidity effects on the tribological properties of MoS2

[1–4], suggesting additional in situ studies are required to

uncouple mechanical, morphological, and chemical effects

with regard to MoS2 tribological performance. Raman

spectroscopy can clearly play a role in such studies.

4 Conclusion

Lifetime and friction issues of MoS2 as a dry lubricant in

the presence of oxygen are often thought to be related to

surface oxidation. Strong Raman activity coupled with the

additional advantages of in situ Raman spectroscopy,

allows Raman to function as an useful probe to characterize

MoS2 and subsequent transitions to MoO3. Many studies

analyzing the Raman activity of MoS2 have been carried

out, in which chemists, physicists, and tribologists have

combined to explain the many phenomena that can occur

both in describing fundamentals of the laser/material

interactions, and the oxidation kinetics in sliding load

applications. This study seeks to explain results collected

over a series of experiments focused on the Raman spec-

troscopy of multiple types of MoS2 and accompanying

oxide transitions, for varying excitation frequencies, gas

atmospheres, and temperatures.

The Raman spectra of MoS2 were shown to be signifi-

cantly different when an excitation source near the

absorption band was used. This effect is a consequence of

energy coupling into phonon modes that overlay the first-

order frequencies, occurring strongly in both a microcrys-

talline powder sample at lower laser powers, and a natural

crystal sample regardless of laser power. The powder

sample at the high laser power showed reduced second-

order effects, which is attributed to the localized heating

from the laser interaction changing the phonon modes

associated with the crystal lattice. The same reduction of

second-order Raman lines was observed when the powder

sample was heated to 575 K, regardless of the laser irra-

diation energy. The effect of localized heating/surface

chemistry was also seen through rapid oxidation occurring

when the high power, 632.8 nm laser irradiated the powder

sample. Confirming previous reports, it was shown that

additional lines other than those affiliated with the

LA(M) mode, namely near 422 and 453 cm-1, can present

themselves when a resonant photon energy is applied. An

important point of caution is added, namely laser-induced

oxidation is quite probable for laser fluences in the range of

30 kW/cm2 for near-resonant excitations (i.e., 632.8 nm as

seen in a helium:neon laser), noting that such fluences are

easily achieved with micro-Raman systems using moderate

to high magnification.

The second part of this study focused on the ability of

Raman spectroscopy to directly characterize the oxidation

of MoS2. While prior studies have shown rapid oxidation in

MoS2 to occur above about 660 K, and very rapidly above

about 830 K [14, 15], temperatures much greater than

those investigated here, the Raman system used in this

study was able to detect noticeable increases in the degree

of oxidation as the sample temperature was increased from

293 K to about 575 K in both air and pure O2 environ-

ments. The effect of humidity was also investigated and

showed little effect on the oxidation when compared to dry

air or O2. The observations from this study are summarized

here:

1. Resonant MoS2 Raman lines are present when

632.8 nm laser is used as an excitation source;

however, these lines are not present with 488 nm laser

excitation under similar fluences. This is explained by

the photon energy of 632.8 nm laser matching an

absorption/direct band gap energy of MoS2, which

couples into phonon modes that combined with first-

order Raman frequencies to create additional reso-

nance lines.

2. Rapid oxidation of MoS2 to MoO3 in air occurs when

high fluences (*32,000 W/cm2) of the 632.8 nm laser

were applied, but no such oxidation was evident when

equal fluences of the 488 nm laser were used. The

exact reason for this is undetermined, but the effect

may be attributed to matching the incident photon

energy with band gap energies resulting in new

electron orbit populations and reduced molecular

bonding energies that contribute to the observed

surface chemistry via a photo-assisted oxidation.

3. MoO3 Raman lines were monitored as bulk tempera-

tures were increased to measure the extent of MoS2

oxidation as a function of temperature. Minimal
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oxidation occurred at the onset of exposure to O2 at

ambient temperature, and did not increase significantly

until temperatures were greater than *375 K.

In summary, this study seeks to synthesize the wealth of

literature from different fields of study with current

experimental data to explain many phenomena and obser-

vations that can occur when MoS2 is investigated using

Raman spectroscopy. Raman spectroscopy can be a very

useful technique to investigate and explain the transfor-

mation mechanics and kinetics of MoS2 into MoO3,

including temperature-induced, tribological-induced, and

laser-induced changes. However, one must carefully con-

sider the laser wavelength and laser energy during Raman

studies of MoS2/MoO3 films to fully understand the overall

results, as well as to avoid experimental artifacts resulting

from the probe laser. It is envisioned that this article can

assist in that process.
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