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Abstract

Fourier transform infrared spectroscopy (FTIR) is one of the most widely used vibrational diagnostic techniques to investigate 
gas-phase reactive oxygen and nitrogen species (RONS). However, the technique carries intrinsic challenges, particularly 
in relation to interfering peaks in the spectral data. This study explores the interfacial processes that occur when reactive 
oxygen and nitrogen species generated by a non-equilibrium air plasma interact with the metal halide windows of an FTIR 
gas cell, leading to the appearance and evolution of spurious absorption peaks which complicate spectral interpretation. 
Raman spectroscopy, X-ray photoelectron spectroscopy, time of flight secondary ion mass spectrometry and attenuated total 
reflectance-FTIR spectroscopy were used to elucidate the origin of spurious absorption peaks spanning the 1400–1300  cm−1 
spectral range as a result of KBr exposure to plasma generated species. It was found that plasma exposed KBr contained a 
lower atomic fraction of Br which was replaced by the  NO3 nitrate group, the main absorbance peak of which progressively 
evolved with plasma exposure and affected the window transparency over the corresponding FTIR region. A correlation 
was revealed between  KNO3 formation, plasma power and exposure time to a growth and change in molecular vibrational 
energies corresponding to asymmetric  NO3 stretching vibrations in the  KNO3 structure.

Keywords Cold atmospheric-pressure plasma · Gas-phase FTIR · RONS · IR windows · Surface functionalisation · KBr

1 Introduction

Within the past decade, research into cold atmospheric-pres-
sure plasma (CAP) has experienced a renascence driven by 
its many diverse applications that span the fields of medi-
cine, materials science, and agriculture. For example, CAP 
has been shown to be extremely efficient in enhancing the 
germination rate of seeds [1], in the decontamination of 
food and food processing surfaces [2], in the degradation 
of carcinogenic mycotoxins [3], and in the production of 

novel organic and inorganic nanomaterials with improved 
optical, magnetic and electrical performance [4, 5]. Non-
equilibrium, or cold, atmospheric pressure plasmas possess 
unique physicochemical properties and typically comprise 
of short- and long-lived reactive chemical species accom-
panied by energetic electrons, ions, intense electric fields 
and UV radiation [6]. In many CAP applications, it is the 
reactive chemical species produced by the discharge that are 
of paramount importance; therefore, qualitative and quanti-
tative assessment of these species is vital to understand the 
underpinning processes that drive the interaction between 
CAP and external matter. There are many different emis-
sion and absorption-based spectroscopic techniques that 
can be used to probe plasma-generated reactive chemical 
species, among which Fourier-transform infrared (FTIR) 
spectroscopy stands out for the evaluation of typical long-
lived reactive oxygen and nitrogen species (RONS) created 
by CAP [7, 8].

By utilising FTIR with a gas cell, it is possible to assess 
the dynamic vibrational behaviour of gaseous molecules and 
functional groups. When plasma is generated in ambient air, 
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these RONS include  O3, NO,  N2O,  NO2,  NO3, and  N2O5, 
which typically appear within the sub-2000  cm−1 IR region 
[9, 10]. The quantitative and qualitative analyses of these 
species using FTIR is common practice, with the approach 
necessitating the use of metal halide IR transparent windows 
such as potassium bromide (KBr), barium fluoride  (BaF2), 
calcium fluoride  (CaF2), thallium bromoiodide (KRS-5), 
cadmium telluride (CdTe), zinc selenide (ZnSe), and oth-
ers, to trap gaseous species in the cell for assessment [11].

A number of past studies have employed FTIR gas-phase 
spectroscopy in CAP research. Sivachandiran et al. used 
FTIR gas-phase spectroscopy with a 10-m-long path cell to 
monitor the discharge chemistry used to chemically activate 
water for enhanced seed germination and plant growth [12]. 
Likewise, Reuter et al. adopted the technique to perform 
 H2O2 measurements on the kiNPen plasma jet device to 
investigate skin cell treatment [13]. The approach was also 
used to reveal differences in transmission spectra between 
the inlet and outlet of a plasma discharge generated within 
a porous ceramic reactor for the decomposition of volatile 
organic compounds such as ethylene [14]. An FTIR sys-
tem equipped with a short-path gas cell capped with KBr 
windows was also employed to identify different regimes of 
operation during plasma catalytic ammonia synthesis [15]. 
Furthermore, the technique is used widely for the quantifi-
cation of key RONS generated in air-based CAP discharges 
[16], thus the approach facilitates an insight into the plasma 
chemistry and its evolution over time, including important 
phenomena such as the complex time- and power-dependent 
interplay between  O3 and  NO2 [17].

Despite all of the benefits that the FTIR technique offers 
for the assessment of plasma generated RONS, there exists 
the potential for the aggressive chemical environment cre-
ated by the plasma to negatively affect the measurement, 
giving rise to artefacts in the spectra that interfere with data 
interpretation and may even persist long after the plasma has 
been extinguished. In essence, our preliminary investiga-
tions have revealed that the background IR spectrum of a gas 
cell employing KBr windows is irrevocably altered follow-
ing exposure to CAP generated RONS. A broad, unknown 
and unexpected peak was observed in the IR spectral region 
between 1300 and 1400  cm−1 when investigating CAP gen-
erated in ambient air using FTIR gas analysis.

To elucidate the origin of the unidentified peak, this 
study explored the interaction between KBr and the RONS 
generated by an air-fed CAP. Changes to the surface com-
position were characterised by X-ray photoelectron spec-
troscopy (XPS), attenuated total reflectance (ATR) FTIR 
spectroscopy, and Raman spectroscopy. The results showed 
that RONS generated by the plasma react with K to form 
 KNO3 on the surface of the windows, leading to a permanent 
change in the surface composition of the KBr windows. This 
KBr functionalisation manifests itself as a broad absorption 

peak spanning the 1300–1400  cm−1 range, which grows in 
magnitude with the duration and intensity of plasma expo-
sure, and thus cannot easily be removed by background sub-
traction and must be carefully considered when interpreting 
FTIR data of CAP generated RONS.

2  Methods and Experimental Setup

2.1  KBr Windows

Surface analysis was performed on KBr windows (160-
1320, PIKE Technologies) that were included in a gas cell 
kit (Short-Path HT Gas Cell, 100 mm path length, 162-2200, 
PIKE Technologies). The windows were used for initial 
surface analysis, while KBr pellets were prepared for more 
in-depth analysis. These pellets were prepared by pressing 
100 mg of KBr powder into a pellet shape (diameter: 6 mm, 
height: 1.3 mm).

2.2  CAP Setup

Both windows and pellets were exposed to plasma using a 
custom-built capacitively coupled surface barrier discharge 
(SBD) system, described in previous CAP studies [18–21]. 
Briefly, the SBD system consisted of a quartz dielectric glass 
sheet sandwiched between a powered electrode and a hexag-
onal mesh ground electrode. When exposing KBr pellets, the 
SBD electrode was enclosed in a box with a similar volume 
to the short-pass gas cell used in FTIR measurements, to 
mimic the standard method of measuring RONS with FTIR 
gas cell as seen in Fig. 1a. Pellets were positioned flat on a 
glass slide in the middle of the SDB enclosure, exposing one 
side to the plasma at a distance of 60 mm from SBD ground 
electrode. The samples were treated for varying lengths of 
time (30, 60, 120, 240 and 480 s) under both low-power 
(2.8 W) and high-power (7.2 W) mode, with a frequency 
of 14 kHz. The two operating power conditions were cho-
sen based on the access to the two distinct operating modes 
of an SBD [17, 18], where low-power operation facilitates 
ROS production and high-power operation facilitates RNS 
production.

2.3  Plasma and Gas Phase Diagnostics

To understand the formation processes giving rise to long-
lived RONS in the effluent of the discharge, the nature of 
excited species present within the discharge layer and the 
rotational and vibrational temperature of the plasma were 
assessed using optical emission spectroscopy (OES). The 
OES system utilised a fiber optic coupled spectrograph 
(Shamrock SR500i-D2-R, Andor) equipped with an inten-
sified CCD camera (iStar 334T CCD, DH334T-18U-O3, 
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Andor). To gain an appreciation of the excited states 
within the plasma, light emitted from the plasma was 
recorded across a broad spectral range of 200–800 nm with 
a 300 lines/mm grating. The high-resolution spectral data 
necessary for temperature measurements were acquired 
from 360 to 385 nm with a 1200 lines/mm grating.

To assess the gas phase effluent of the plasma, a FTIR 
spectrometer (Frontier IR, PerkinElmer) equipped with 
the described 100-mm-path length high-throughput gas 
cell was used. The SBD enclosure was connected to the 
gas cell with a 50-cm long tube with an outer diameter of 
8 mm. To promote the flow of the RONS into the cell, 1 
slm of dry air was pumped through the SBD enclosure. 
The measurements were taken at room temperature and the 
spectra were acquired across the range of 4000–400  cm−1 
with a resolution of 1   cm−1 and an averaging over 10 
scans.

2.4  XPS Analysis

The surface atomic composition and bonding environment of 
KBr was examined using X-ray photoelectron spectroscopy 
(PHI-TFA XPS, Physical Electronics Inc). The spectrom-
eter was equipped with an Al-monochromatic X-ray source 
operating at a pass energy of 1486.6 eV and featured active 
surface charge neutralisation. The data was acquired under 
ultra-high vacuum conditions (greater than 1 ×  10–8 Pa) to 
ensure minimal surface contamination. Spectra were cor-
rected to give the adventitious C 1 s spectral component 
(C–C, C–H) binding energy of 284.7 eV and analysed for 
elemental composition using the Multipack software. The 
peaks were further deconvoluted using a Gaussian fitting 
function and Shirley-type background subtraction, per-
formed using the OriginLab software, without considering 
any tailing function in the peak fitting procedure.

Fig. 1  a Schematic of the FTIR system used for plasma gas analy-
sis with a typical voltage waveform. b OES spectra of SBD plasma 
discharge operating under high-power conditions, inset shows high-
resolution data of the second positive nitrogen system transition 
(Δv = − 2) overlaid with a simulated profile at Trot = 345 ± 35  K and 
Tvib = 2700 ± 200 K. c Gas composition of the long-lived plasma spe-

cies showing an unidentified peak at 1380  cm−1. d ATR-FTIR spectra 
of KBr windows before and after plasma exposure with comparative 
data from  KNO3 obtained from the NIST reference database [25]. 
e Growth curve of the unidentified peak at 1380  cm−1 with plasma 
exposure time
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2.5  FTIR‑ATR Analysis

The vibrational energies of bonds formed at the molecular 
level in KBr were determined using FTIR-ATR measure-
ments. These measurements were taken at room tempera-
ture using an FTIR instrument (Frontier IR, L1280018, 
PerkinElmer) combined with an ATR module (UATR 
Accessory for Frontier, KRS-5, L1280304, PerkinElmer) 
across the spectral range of 4000–400  cm−1 with a resolu-
tion of 1  cm−1 and an averaging over 10 scans.

2.6  Raman Analysis

The Raman Analysis was conducted using a confocal 
Raman spectrometer (NTEGRA Spectra II, NT-MDT 
Spectrum Instruments) operating  in a back-scattered 
geometry. The sample was illuminated with a monochro-
matic laser operating at a wavelength of 633 nm, which 
was focused on the sample surface by applying a 60× mag-
nifying objective lens. To acquire the spectra, the sam-
ples were exposed to the laser beam for 10 s, with 5-times 
accumulation. This process was repeated at five different 
regions of the sample surface to ensure the reproducibility 
of the results. The obtained spectra were then baseline 
subtracted, smoothed and normalised to form the final 
experimental data.

2.7  ToF–SIMS Analysis

Elemental and isotope surface analysis was made using a 
ToF–SIMS instrument (TOF.SIMS 5, IONTOF).  Bi3

+ pri-
mary ions with an energy of 30 keV and a current between 
1.0 and 1.2 pA were used as the analysis beam [22]. The  Bi3

+ 
primary ion beam was pulsed with a pulse length of 6.5 ns, 
resulting in a mass resolution m/Δm between 2000 and 6000. 
Analyses were done over a 100 μm × 100 μm area and the 
analysis time for mass spectra measurements was 60 s. With 
the settings used, the analysed depth was about 2 nm, and 
the lateral resolution was approximately 5 μm. Depth pro-
filing was performed in a dual-beam depth profiling mode. 
Sputtering was done with the 1 keV  Cs+ ion beam with a 
current of approximately 60 nA. The depth-profiling crater 
was sputtered with the  Cs+ ions over a 400 μm × 400 μm area 
while analysis was performed in the centre of the crater with 
the  Bi3

+ ions over the 100 μm × 100 μm area. Secondary ions 
were analysed during both measurement of mass spectra and 
depth profiling over the m/z range from 0 to 850. During 
both types of analyses, low-energy electron flood gun was 
also applied for the neutralisation of the charge build-up 
due to the insulating nature of the samples. Pressure during 
measurements was in the range of  10–7 Pa.

3  Results and Discussion

3.1  CAP generation and Characterisation

On application of a sufficiently high voltage to the SBD elec-
trode (Fig. 1a), gas breakdown was observed to occur along 
the edges of the grounded electrode, which spread across the 
dielectric surface. OES was used to identify excited states 
within the discharge (Fig. 1b) and showed the characteristic 
emission bands of the Nitrogen second positive system. No 
emission was observed at 777 nm and 844 nm, indicating 
an absence of excited atomic oxygen. Using high-resolution 
OES, the rotational and vibrational temperature of the dis-
charge was assessed via comparison with simulated data at 
Trot = 345 K ± 35 K and Tvib = 2700 K ± 200 K, which is in 
line with previously reported studies employing air CAP 
generated using the SBD configuration [23].

3.2  Long‑Lived Species

Highly reactive species primarily created through electron 
driven dissociation (e.g., N, O, H and OH) diffuse away from 
the discharge layer and rapidly react to form a variety of 
longer-lived RONS, including  O3,  H2O2, NO, and other  NxOy 
molecules [24]. FTIR gas phase analysis (Fig. 1c) revealed 
the composition of the gas phase effluent under low- and 
high-power modes of operation. Results indicated that under 
low-power conditions,  O3 was the primary long-lived prod-
uct, formed through a reaction involving atomic and molecu-
lar oxygen (Table 1—reaction R1) [24]. In contrast, under 
high-power conditions, the gas phase effluent was dominated 
by  NxOy species, such as  N2O and  NO2.

The transition between  O3-dominated to  NxOy-dominated 
RONS composition occurs via a multi-step process and has 
been widely reported in the literature [17]. First, as the dis-
charge power increases, the rate of thermal decomposition 
of  O3 increases, resulting in less  O3. Second, an increased 
power also results in more NO, which inhibits  O3 produc-
tion via direct decomposition to  O2 and  NO2, and through 
the consumption of O, a key precursor for  O3 formation, 
described in reactions R2–R4 (Table 1).

Most of the absorption peaks shown in Fig. 1c can be 
directly linked to RONS widely accepted to be generated by 

Table 1  Typical ozone formation and destruction reaction pathways 
in atmospheric pressure air plasma [24] (M represents a non-reacting 
third body)

No. Reaction

R1 O +  O2 + M →  O3 + M

R2 NO +  O3 →  NO2 +  O2

R3 NO2 +  O3 →  NO3 +  O2

R4 NO + O + M →  NO2 + M
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CAP created in ambient air under different power regimes 
[16]. The exception is the significant absorption peak 
observed at ~ 1380  cm−1 (shaded grey), which does not relate 
to known RONS produced by CAP. Following exposure to 
CAP generated RONS, the absorption peak at 1380  cm−1 
remains indefinitely (Fig.  1d) despite flushing the cell 
with filtered air for many minutes following exposure. 
Also shown in Fig. 1d is the infrared spectrum of  KNO3 
retrieved from the NIST spectral database [25], providing a 
clear indication that the unexpected peak is a likely result of 
interactions between plasma generated RONS and the KBr 
windows of the gas cell. Notably, further exposure of the 
KBr windows to RONS leads to further non-linear growth 
of the 1380  cm−1 absorption peak (Fig. 1e), meaning that the 
peak cannot easily be removed using background subtrac-
tion methods.

3.3  XPS Surface Analysis of KBr Samples

To understand the origin of the 1380  cm−1 absorption peak 
observed in Fig. 1, multiple surface analysis techniques were 
used. XPS was adopted to determine compositional changes 
to the surface of exposed KBr (Fig. 2). The control sam-
ple shows the typical spin–orbit splitting K2p (293 eV) and 
Br3d (69 eV) with an atomic concentration ratio close to 1:1 
(Table 2). Moreover, carbon (C1s—284.5 eV) and oxygen 
(O1s—532 eV) peaks were detected, indicating contamina-
tion due to absorption of impurities from the ambient air 
[26]. No nitrogen was found on the freshly prepared KBr 
pellet (Fig. 2a). In contrast, the samples exposed to low-
power plasma (Fig. 2b) and high-power plasma (Fig. 2c) 
for the same duration (480 s) show a clearly visible nitro-
gen N1s peak (407 eV) and a slightly increased atomic 
oxygen content. Interestingly, the K/Br atomic ratio of the 

plasma-exposed samples deviates from that of the control 
even when the standard error of the instrument is taken into 
account (Table 2). This could indicate that the anion sub-
lattice is affected by RONS, partially substituted and the 
surface chemistry of the KBr ionic crystal is changed. In 
particular, the plasma treatment led to a binding of nitrogen 
and oxygen on the surface, which was further investigated 
by deconvolution of the XPS peaks.

The core levels were deconvoluted using the Voigt func-
tion to decipher changes in the molecular environments of 
the Br3d and K2p peaks. In the case of Br (control sample, 
Fig. 3a), two peaks describing the  3d5/2 and  3d3/2 orbital 
splitting (Δ ≈ 1.0 eV and area ratio 2:3) were found at the 
typical positions 68.7 eV and 69.74 eV, respectively [27]. 
Keeping their positions fixed and taking into account the 
peak area ratio, the two other exposed samples were investi-
gated (Fig. 3b and c). It can be suggested that the fitted peaks 
became wider and their intersection is larger when compared 
with the control sample. These changes could be related to 
the additional number of chemical bonds contributing to the 
Br3d peak profile.

Similarly, the XPS profile of the K2p core level 
(Δ ≈ 2.8 eV and area ratio 1:2) shows both the  K2p3/2 
and  K2p1/2 components of treated samples to be wider 
compared to the untreated sample (Fig. 4a), this again 
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Fig. 2  XPS survey of a untreated KBr sample, b treated for 480 s with low-power CAP, and c treated for 480 s with high-power CAP

Table 2  XPS surface elemental composition (carbon peak is omitted 
in component fraction calculations)

Sample K (%) Br (%) N (%) O (%) K/Br

Control 40.9 ± 0.3 41.0 ± 0.3 Not detected 18.1 ± 0.3 0.997

Low power 36.7 ± 0.3 33.8 ± 0.3 6.3 ± 0.3 23.2 ± 0.3 1.08

High power 36.8 ± 0.3 31.0 ± 0.3 7.5 ± 0.3 24.7 ± 0.3 1.18
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suggests a change in surface chemistry affecting potas-
sium. Furthermore, this assumption could be supported 
by another observation. Due to the broadening of the 
peaks, it was not possible to adequately fit the K2p pro-
file using two peaks when strict conditions for position 
and  K2p3/2/K2p1/2 ratio were met. In both cases, namely, 
low-power plasma (Fig.  4b) and high-power plasma 
(Fig. 4c), the peak area ratio tends to be different from 
that of the control sample  (K2p3/2/K2p1/2 = 2). At low 
power, the ratio is 2.45, and at high power it is 1.49. 
These changes are likely due to the interaction of plasma 

generated RONS with the KBr surface, leading to the 
formation of new chemical bonds and the modification 
of existing ones.

To investigate the issue further, O1s and N1s were 
studied for a possible positional cross-check of the  NOx 
bonds. Prior to analysis, the nitrogen and oxygen regions 
must first be discussed. In the case of the N1s peak (the 
normalisation is adjusted to the highest peak), which is not 
present in the control sample even after a high-resolution 
scan, the XPS analysis showed a clear contribution of the 
asymmetric peak at about 407 eV in both cases for low 

Fig. 3  High-resolution XPS spectra showing Voigt fits of the Br3d core levels for a untreated KBr, b treated for 480 s with low-power CAP and 
c treated for 480 s with high-power CAP
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Fig. 4  High-resolution XPS spectra showing Voigt fits of the K2p core levels for a untreated KBr, b treated for 480 s with low-power CAP and  
c treated for 480 s with high-power CAP
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and high-power plasma exposure. However, their asym-
metry differs, indicating a possible contribution from more 
than one oxidation state of nitrogen, especially in the case 
of the ‘low-P’ plasma (Fig. 5a). As for oxygen (the nor-
malisation is set to the highest peak), which was already 
present in the control sample because it was exposed to 
ambient conditions, it is more likely that a broad O1s peak 
occurs at about 532 eV (Fig. 5b, grey data) due to chemical 
bonding to carbon (which is also found in all samples and 
does not differ much, see inset in Fig. 6). After contact 
with the plasma effluent, the shape of the peak changes as 
well as its intensity, first broadening (red data in Fig. 5b) 
and then increasing. This behaviour could be correlated 
with the changes in the N1s peak, suggesting that the O1s 
peak is altered by RONS. However, to answer the question 
about the nature and proportion of the  NOx components, 
it is sufficient to fit only the N1s profile (the C1s peak has 
no influence on the profile shape).

After fitting, it is clear that in both cases the contribu-
tion of  NO3

− (407.2 eV) dominates (Fig. 6a and b), with 
an additional portion of  NO2 (405.7 eV) at the surface [28, 
29]. The  NO3

−/NO2 ratio for the low-power plasma sample 
is roughly equal to 1.3 and for the high-power plasma it 
is much higher, being 10.8. The apparent presence of the 
 NO3 group and the reduced proportion of Br may indicate 
that the latter has been partially replaced by a nitrate group 
and that  KNO3 is formed on the KBr surface after plasma 
exposure. These changes are likely to be reflected in the 
transparency of KBr within the mid-range IR spectrum, sig-
nificantly affecting the properties and performance of the 
treated material. Thus, these observations are important to 
explain the origin of unexplained peak during CAP species 
analysis.

3.4  FTIR‑ATR Vibrational Surface Analysis

KBr pelletes subjected to a 480 s exposure of CAP showed 
the formation of several absorption peaks, in clear contrast to 
the untreated KBr spectra, with the most significant features 
being found in the 1300–1500  cm−1 region (Fig. 7a), which 
are accompanied by the appearance of additional smaller peaks 
spanning the 800–1800  cm−1 spectral region. As shown in 
Fig. 1, this region is typically used to identify key CAP gener-
ated reactive species, including  O3,  NO2,  HNO3 and  HNO2. 
Comparing Fig. 7a with the data available in the literature indi-
cates the shape of the two modified curves (red and blue) are 
reminiscent of the  NO3 anion with 14N and 15N isotopes, whose 
IR modes also populate a similar wavelength span [30–34].

Since the grey shaded areas are the most affected, they 
will be the focus of further discussion. The time evolution 
of this portion of the spectrum (Fig. 7b-c) is quite com-
plex, since the mutual contribution of several modes can be 
observed regardless of plasma power. Importantly, after pro-
longed treatment, the low-power (low_P) sample showed the 
most prominent peak at 1352  cm−1 and the largest mode in 
the high-power (high_P) sample was at 1380  cm−1. To study 
them in detail, the spectra obtained in both plasma regimes 
were deconvoluted with the Gaussian function.

The interval of interest (1500–1300  cm−1,  NO3-nitrate 
anion) includes several interacting IR-active modes with 
different intensities, most of which are attributed to the 
vibrational frequencies of either the symmetric stretching 
of 14N16O3

− (⁓ 1380  cm−1) and 15N16O3
− (⁓ 1350  cm−1), or 

HON bending in  HNO3 (Fig. 8a and b) [33–37]. Through 
detailed examination of the two peaks, it could be suggested 
that under high-power conditions at the beginning of the 
plasma treatment, the IR spectrum of the  NO3

− anion is 

Fig. 5  High-resolution XPS 
spectra representing a N1s and 
b O1s core levels for untreated 
KBr (grey), treated with low-
power CAP (red) and treated 
with high-power CAP (blue)
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Fig. 7  a Wide-range FTIR data 
of the plasma exposed KBr pel-
lets, time-resolved ATR-FTIR 
comparison of treated KBr sam-
ple with b low plasma power 
and c high plasma power

Fig. 6  High-resolution XPS 
spectra representing N1s core 
levels for a treated with low-
power CAP and b treated with 
high-power CAP. Inset is a 
normalised carbon C1s spectra 
(shift-corrected to 285 eV)
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overlaid by the contribution of  HNO3 and 15N16O3
− which 

is dominant up to 120 s of exposure. After that and until 
the end of the treatment, the contribution of the isotope 
14N16O3

− (⁓ 1380  cm−1) in  KNO3 is the strongest. The oppo-
site occurs under low-power conditions, where  HNO3 and 
15N16O3

− overtake the 14N16O3
− (⁓ 1380  cm−1) peak under 

long exposure. In both cases it can be confiremed that the 
KBr surface is functionalised with a cocktail of different 
N-containing functional groups, which also leads to the 
formation of   KNO3, which is confirmed via Raman analy-
sis in the following section. The small deviation in peak 
position, observed by comparing the low-power and high-
power spectra, could be attributed to the influence of more 
complex isotopes, including 15N16O3

18O− in the case of the 
lower standing peak (green shaded area in Fig. 8a and b), 
and 14N16O3

18O− for the higher standing peak (grey shaded 
area in Fig. 8a and b) [31]. It is important to note that the 
origins of the observed stable nitrogen isotopes are assumed 
to be from the samples being exposed to ambient air where 
there is an abundance of 14N plus a small amount of 15N 

present [38]. The isotopic nitrogen ratio was further explored 
with ToF–SIMS.

Looking at the FTIR data in general, it could be pos-
tulated that a longer exposure of the KBr window plasma 
causes functionalisation of the metal halide due to the 
dominance of the  NO3

− anion with a small contribution of 
 NO2 stretching vibrations (peak 1250  cm−1 in Fig. 7a and 
XPS data for N1s in Fig. 6a). These anions could affect 
the vibrational properties of the KBr lattice modes at low 
THz frequencies which can be studied further using Raman 
spectroscopy.

3.5  Raman Analysis

In addition to XPS and FTIR, Raman spectroscopy was also 
performed on CAP-exposed KBr pellets (Fig. 9). Comple-
mentary to the mid-IR (i.e., FTIR) analysis, Raman provides 
an additional insight into the far-IR range where cation and 
anion vibrational features of KBr are accessible. In the case 
of a pure KBr crystal, the Raman spectrum is composed of 

Fig. 8  Deconvoluted FTIR data 
of treated KBr sample with  
a low plasma power and  
b high plasma power at different 
lengths of exposure time
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a mix of low-frequency longitudinal and transverse lattice 
modes (up to 9 THz or 300  cm−1). The remaining spectrum, 
namely above 300  cm−1 is free of modes as expected. In 
contrast, both treated samples reveal a characteristic strong 
and narrow peak centred at about 1050  cm−1 that can be 
attributed to the  NO3

– nitrate anion stretching vibration [39]. 
This strong Raman mode and two additional peaks detected 
at 717  cm−1 and 1334  cm−1 in the high-power plasma treated 
sample are consistent with the previously published Raman 
data for  KNO3 crystals and  KNO2 structures [40–44].

The most intense  NO3
− peak was fitted (Fig. 9b) and it 

can be seen that the peaks obtained under low- and high-
power exposure are similar but not exactly the same, with the 
normalised modes differing slightly in terms of the position 
of their maximum intensity and the contribution of the fit-
ting components. Under high-power conditions, the maxi-
mum intensity is at 1051  cm−1, which is 3  cm−1 lower than 
that observed in the lower power case. The Raman profile 
also has a more complex shape and is generally broader, as 
indicated by the contributing main and shoulder fit com-
ponents. In particular, the shoulders are much larger in the 
high-power plasma case than in the low-power plasma case. 
Following data from Brooker et al. and other related articles 
published on the subject, this mode is attributed to  Ag sym-
metry, with a contribution from  B2g symmetry and is also 
sensitive to the presence of defects [40, 42–44]. Moreover, 
the low-frequency interval (< 300  cm−1) is also modified. 
According to a calculated spectrum for KBr using the two-
phonon frequency Born and Bradburn approach, this region 
consists of a mutual combination of 6 acoustic and optical 
frequency modes [45, 46]. After careful consideration of the 
spectra available, one might suspect that the intensity inter-
play between two intense Raman features at 120–125  cm−1 
(‘A1g–2Eg–T2g’ symmetry mode ⁓ 3.7 THz) and 210–215 

 cm−1 (‘A1g–Eg’ symmetry mode ⁓ 6.4 THz) is not the same 
since the plasma exposes the KBr surface[46]. A peak at the 
higher Raman shift (210–215  cm−1) becomes smaller, while 
the low-frequency peak at low power first becomes sharp 
and then splits, giving rise to a new component at 90  cm−1 
previously detected in the theoretical and experimental 
Raman study of  KNO3 in the sub-THz region [47]. These 
features indicate molecular dynamics changes in the K–Br 
and Br–Br interactions in the cation and anion sublattices 
and, together with the corresponding changes in the XPS 
and FTIR results, provide definitive evidence for the forma-
tion of  KNO3 on the surface of KBr after plasma treatment.

3.6  ToF–SIMS Analysis

Three samples were compared by ToF–SIMS analyses, 
control (green), low-power: 480s (blue), and high-power: 
480s (red) (Fig. 10). The mass spectra of negative second-
ary ions indicate that plasma treatment resulted in a sig-
nificant increase in nitrate (III) and (V) concentrations 
on the surface compared to the reference sample [48]. 
Besides,  NO2

− and  NO3
− signals are also present in intense 

cluster ions of potassium and nitrates such as  KNO2
−, 

 KNO3
−,  KNO4

−,  KNO5
−,  KNO6

−,  KN2O4
−  KN2O5

− and 
 KN2O6

− (Fig. 10a). The presence of so many different clus-
ter secondary ions indicates that nitrates of different oxida-
tion states are present in high concentrations. Isotopic ratios 
of 15NO2

−/14NO2
− and 15NO3

−/14NO3
− (between 0.005 and 

0.017) are slightly higher than their natural abundancies 
(0.0034) [49]. Even greater differences can be observed for the 
ratios of  N16O18O−/N16O2

− and  N16O2
18O−/N16O3

− (between 
0.009 and 0.022) compared to the natural ratio of 18O/16O of 
0.0019. However, this is not due to the actual isotopic enrich-
ment but it is rather caused by the SIMS measurements. 

Fig. 9  Raman spectra of  
a untreated KBr sample, treated 
with low plasma power and 
high plasma power (480 s), and 
b accompanied by Gaussian fit-
ting of the main  NO3

− mode
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Signals of heavier isotopes have much lower intensity so the 
noise of the background contributes to their intensity in rela-
tive terms much more than in case of intense signals of lighter 
and most abundant isotopes of N and O. Furthermore, there is 
also some effect of the overlapping of signals (isobaric inter-
ferences) from  HNO2

−,  H2NO2
−,  HNO3

− and  H2NO3
− second-

ary ions which have almost the same mass as nitrite and nitrate 
ions with heavier isotopes [50]. The occurrence of H-related 
fractions and heavier isotopes of oxygen (18O) might alter 
the FTIR spectra, smearing the profile due to possible vibra-
tional modes overlapping. The ratio of  NO2

− and  NO3
− ions 

compared to the KBr species is slightly higher when plasma 
with lower power is used, but the differences are marginal. On 

the other hand, the nitrate layer on the surface is visibly thicker 
in the case of the treatment with the lower-power plasma 
(Fig. 10b). Due to the lack of an appropriate standard, it was 
not possible to determine the exact thickness of the nitrate 
layer, which is in cases of both plasma treatments between 
20 and 40 nm. The control sample revealed a clean surface 
with negligible contamination (Fig. 10a). Considering both 
the FTIR and SIMS analyses, the following conclusions can 
be drawn: as expected, there is no isotopic separation effect 
caused by plasma exposure, the variations in the FTIR profile 
can be attributed to overlapping modes arising from a mixture 
of multiple species, including nitric and nitrous acids, at dif-
ferent durations of plasma discharge time.
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Fig. 10  a Survey spectra of negative secondary ions from the samples 
treated with high-power plasma (red), low-power plasma (blue) and 
untreated reference (green). Labelled are the main secondary ions on 

the m/z range from 40 to 210. ToF–SIMS depth profiles of b control 
sample, c low-power: 480 s and d high-power: 480 s. Depth profiles 
were also measured while analysing negative secondary ions
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4  Conclusions

This study demonstrates that FTIR gas-phase spectroscopy 
of the reactive oxygen and nitrogen species created by an 
air-based atmospheric pressure plasma can be affected by 
interfacial reactions at the surface of the metal halide KBr 
windows that form a critical element of the measurement 
system. The composition of reactive oxygen and nitrogen 
species strongly depends on the plasma generation param-
eters, yet, under all cases examined, were found to create an 
indefinite absorption region which could be considered a 
'blind zone' in the range of 1300–1400  cm−1. It was shown 
that the functionalisation is accompanied by a decrease in 
the atomic fraction of Br, which is replaced by the  NO3 
nitrate group; the main IR absorbance peak of which pro-
gressively evolves with plasma exposure and affects the 
transparency of the corresponding FTIR region. The study 
shows a correlation between RONS and  KNO3 formation 
as a function of plasma power and exposure time to growth 
and change in molecular vibrational energies correspond-
ing to asymmetric  NO3 stretching vibrations in the  KNO3 
structure. No evidence of peak saturation was observed in 
real-time analysis during prolonged plasma exposure. The 
in-situ changes caused by KBr-KNO3 transformations lead-
ing to a blind-zone cannot easily be avoided by background 
subtraction due to its constant and non-linear evolution dur-
ing plasma exposure. In essence, this study indicates that 
the absorption region resulting from  KNO3 formation on 
the surface of KBr windows during plasma exposure must 
be taken into account when attempting to quantify important 
gas phase RONS, such as  HNO2 and  HNO3, with absorption 
peaks in the 1300–1400  cm−1.
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