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Abstract 

Lithium wall conditioning has improved the performance of many magnetic fusion devices. Li 

conditioning in the RFX-mod device was performed by: (1) a single Li pellet injector and (2) 

a multi-Li pellet injector during He plasma discharges; (3) a Li evaporator after He glow 

discharge cleaning and He plasma discharge exposure. This report compares the spatial and 

depth distributions of Li deposited on polycrystalline graphite witness samples at different 

locations in RFX-mod and the elemental and chemical compositions of the resulting surfaces. 

The sample surfaces were analyzed ex situ using secondary ion mass spectrometry (SIMS) and 

high-resolution X-ray photoelectron spectroscopy (HR-XPS). The results showed that Li pellet 

injection provided a relatively uniform toroidal coverage while Li evaporation produced highly 

localized Li deposition. A Li 1s HR-XPS peak at 56.5 eV binding energy (BE) characteristic 

of lithium-intercalated graphite was only observed with the sample exposed to Li evaporation. 

All of the samples exhibited a HR-XPS C 1s peak at 285.1-285.2 eV BE that is largely 

attributed to hydrogenated graphite. This finding suggests that hydrogenation of fresh graphite 

occurs during He plasma discharge exposures. Our results have implications for density control 

and the selection of Li conditioning techniques in magnetic fusion devices.  
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1. Introduction 

Wall materials inside a magnetic fusion device interact with the plasma and strongly influence 

plasma performance. Coating the plasma facing components (PFCs) with Li in a process 

referred to as Li conditioning, or lithiumization, has improved plasma performance in devices 

such as TFTR [1], T-11M [2], FTU [3], CDX-U [4], NSTX [5], LTX [6], EAST [7], and DIII-

D [8]. Benefits observed after lithiumization include increased confinement time, reduced H 

isotope recycling, reduced impurity emissions, and suppressed edge-localized modes (ELMs). 

The reduction in H isotope recycling is attributed in part to the high chemical reactivity of Li, 

which results in incident H binding to Li, or Li-bound O, rather than recycling back into the 

plasma [9–11]. 

Li conditioning has been performed by a variety of methods across magnetic fusion devices, 

with each technique providing varying spatial uniformity and Li injection rates. Methods of 

lithiumization include pellet injection [1], powder injection [7,8,12], evaporation [4,6,7,13,14], 

liquid lithium limiter (LLL) comprised of a capillary porous system (CPS) [2–4], and flowing 

liquid lithium systems [15]. The RFX-mod device has experimented with several Li 

conditioning techniques, including a single Li pellet injector (LPI) [16], Li evaporation via a 

capillary porous system [17], and a multi-pellet Li injector (MPI) [18].  

RFX-mod is a reversed field pinch (RFP) magnetic fusion device of circular cross section and 

major/minor radius of 2/0.46 m that operates at high plasma currents up to 2 MA [19]. RFX-

mod does not have a limiter or divertor, resulting in plasmas that interact with the entirety of 

the vessel walls. Tiles made of polycrystalline graphite (manufactured by Carbone Lorraine, 

type 5890PT) completely cover the first wall of RFX-mod in order to withstand heat loads that 

can locally reach tens of MW/m2 [20].  

Graphite PFCs are known to retain large quantities of hydrogen [21,22]. Incident H ions and 

atoms that are not reflected face a complex transport and chemical environment within the 

graphite tiles. Upon implantation, H atoms diffuse along graphitic planes, grain boundaries, 

and porous channels and eventually recombine into H2 molecules in the bulk or at the surface 

or chemisorb (form chemical bonds) to C atoms in graphitic planes or at defects [21,23–25]. H 

chemisorption to graphitic C atoms results in the rehybridization of the sp2-hybridized C-C 

bonds to sp3-hybridized C-H bonds [26–31]. The C-H bonds in graphite are stable at room 
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temperature but can be broken by elevated temperatures (T > 400 K) or by ion bombardment 

to yield the desorption of H2 molecules [21,24,25,29,30,32,33].  

As graphite PFCs in fusion devices continually accumulate hydrogen and eventually saturate 

during plasma discharges, the recycling of H back into the plasma poses problems for density 

control. Many fusion devices with graphite PFCs, including RFX-mod, addressed density 

control problems by implementing He glow discharge cleaning (GDC) to reduce the H 

inventory in the graphite [34–38]. The Li conditioning techniques previously described also 

help control plasma density and supplement He GDC. Injected Li is well-known to intercalate 

into graphite and is ionized in the process by donating an electron to the delocalized network 

of  bonds in graphite [39–42]. 

Ex situ surface analysis studies used secondary ion mass spectrometry (SIMS) and X-ray 

photoelectron spectroscopy (XPS) to characterize the spatial and depth distribution and 

chemical composition of films produced by lithiumization in RFX-mod [18,43]. Similar 

investigations of boronization in RFX-mod utilized SIMS, XPS, and Fourier Transform 

infrared attenuated total reflection (FTIR-ATR) spectroscopy to demonstrate toroidal 

variations in boron film thickness and film stoichiometry related to sample distance from the 

boronization glow discharge electrodes [44]. Such RFX-mod sample exposure experiments can 

be compared to ex situ surface analysis studies performed utilizing DIII-D’s Divertor Material 

Analysis System (DiMES) [45] or the in-vacuo surface analysis studies performed with the 

Materials Analysis and Particle Probe (MAPP) on LTX [46] and NSTX [47] or with the Sample 

Exposure Probe (SEP) on LTX- [48]. Other studies have used ex situ surface analysis to 

investigate the composition or erosion of samples taken directly from multiple PFC tiles after 

surface conditioning and plasma exposure in NSTX [49,50] and DIII-D [51].  

Our studies presented herein compare the spatial and depth distribution and the final chemical 

state of Li films deposited by the LPI, CPS, and MPI lithiumization methods in RFX-mod by 

using SIMS and high-resolution XPS (HR-XPS). We describe first an examination of the 

spatial and depth distribution of lithium deposition around the RFX-mod torus obtained by 

different Li injection techniques. Second, we report on the lithium abundance and elemental 

composition of the first wall surfaces. Lastly, chemical interactions of lithium with RFX-mod 

graphite and in-vessel and atmospheric impurities were investigated. These results are relevant 

to discussions of Li conditioning, density control, and H recycling in magnetic fusion devices 

with graphite PFCs, including the newly upgraded RFX-mod: RFX-mod2 [52]. 
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2. Materials and methods 

2.1. Lithium wall conditioning 

In RFX-mod, where particle control is particularly challenging [17], lithiumization was first 

introduced with the LPI technique, where right-circular cylindrical (Ø = 1.5 mm, L = 5 mm) 

lithium pellets were injected into He plasma discharges for ablation and distribution. Single 

lithium pellet injection proved successful by improving density control and overall plasma 

performance. The resulting Li coatings were uniform across the vessel. However, many time-

consuming He conditioning discharges were required in order to inject a sufficient amount of 

Li [16].  

 

Li evaporation was then tested via a CPS on loan from ENEA-Frascati laboratories, where it 

was used in the FTU tokamak as a LLL. A full description of the LLL was given by Alfier et 

al. [53]. While in past work the evaporator in RFX-mod was referred to as the LLL, we refer 

to it herein as the CPS, since this more clearly reflects the function of the device in this work 

as a Li evaporator. Briefly, the CPS is semi-cylindrical in shape with 120 cm2 of surface area. 

Li is evaporated by heating the CPS to 450 C. In a given cycle, 1 g of Li can be evaporated in 

90-120 mins. Prior to Li evaporation, the PFCs are exposed to extensive He GDC and He 

plasma discharges [17]. While the CPS technique deposited orders of magnitude larger mass 

of Li than the LPI technique, Li emission lines and initial SIMS measurements demonstrated 

that the evaporated Li was highly non-uniform toroidally [17,18].  

 

The latest Li conditioning technique tested, the MPI, sought to achieve the uniform Li coatings 

achieved with the LPI technique but at a higher Li injection rate. The MPI was developed by 

the Princeton Plasma Physics Laboratory and was described in detail by Mansfield et al. [54]. 

The MPI injects 1-mm Li spheres at a frequency of 250 Hz, which translates to 25 

mg/discharge. This rate can be compared to the LPI Li injection rate of 4 mg/discharge. Li 

emission lines and initial SIMS measurements demonstrated an improved spatial uniformity of 

the MPI technique over the CPS technique [18].  

2.2. Collector samples and dedicated manipulators 

Three manipulators enable the exposure of samples to lithium deposition and are located at 

three different toroidal positions. These toroidal manipulator positions are referred to as 9D, 

11D, and 2D and are depicted in Figure 1. With respect to position 9D, positions 11D and 2D 
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are 60 and 150 toroidal degrees away, respectively. Samples can be inserted into the vessel up 

to being flush with the first wall. Samples are shaped to be conformal to the surrounding 

graphite tiles and are kept at the same ground potential as the wall. One 1.5-cm diameter disc 

faces the plasma from an equatorial port at position 2D. At both positions 9D and 11D, four 

1x1-cm samples can be exposed simultaneously and removed independently from the 

manipulator heads. These manipulators are located at vertical ports on the high field side in the 

case of 9D and in the center for 11D. The LPI and CPS devices are located at the same toroidal 

section as the 9D sample, while the MPI device is 30° away. 

For the present work, the samples were obtained from spare blocks of the polycrystalline 

graphite used for the RFX-mod tiles. The graphite tiles are characterized by high and 

heterogeneous surface roughness and porosity, as previously reported [55]. After exposure, the 

samples were stored under vacuum (1 Pa) until analyzed. The samples used for SIMS and HR-

XPS analyses, along with the total injected lithium by each injection device, are given in Table 

1.  

Table 1. Positions of graphite samples during exposure to either the lithium pellet injector (LPI), multi-pellet 

injector (MPI), or capillary porous system (CPS) technique and the total mass of injected Li during 

conditioning.  

Analysis 
Technique 

Li Injection Device Sample Position during Exposure Total Injected Li (g) 

2D 9D 11D 

SIMS LPI         X X    0.23 

 MPI         X X  2.3 

 CPS  X   X 14.0 

HR-XPS LPI  X  0.19 

 MPI  X  0.09 

 CPS  X  1.0 

2.3. Instrumental details 

SIMS measurements and depth profiles of the species present were obtained by sputtering the 

sample surface using a monoenergetic O2
+ primary ion beam (6 keV, collimated to 50-µm dia.) 

from a VG Fisons mass-filtered duoplasmatron ion gun (DP50B). The ion beam was rastered 

over a 250 x 250-m area. A Hiden SIMS analyzer (EQS1000), using an electrostatic energy 

analyzer and a quadrupole mass filter, was used in pulse counting mode for negative and 

positive ion detection and collected ions from the central region (approx. 75%) of the rastered 

area. At least five depth profiles were conducted on each sample from different locations to 

confirm spatial uniformity, and only one of those depth profiles was then reported. The erosion 
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rate, measured by a KLA-Tencor mechanical surface profiler (P-10) with a 2-nm vertical 

resolution, was 7 nm/min for the LPI and MPI samples and 27 nm/min for the CPS samples.  

HR-XPS measurements, conducted in the Laboratory for Surface Chemistry (LSC) at Princeton 

University, were performed in an ultrahigh vacuum (UHV) instrument equipped with a VG 

Scienta XPS/UPS/ARPES/ISS hemispherical analyzer (R3000) with a 300-mm radius and a 

position-sensitive detector based on a resistive anode channel plate system. A Scienta X-ray 

source (MX 650) operated at 450 W and 15 kV and a 7-crystal monochromator provided Al K-

α X-rays (1486.7 eV). Ultimate performance of this instrument gave a Ag 3d5/2 peak with a 

full-width-at-half-maximum (FWHM) of 0.60 eV. Samples were mounted on a Mo flag and 

transferred to the analysis chamber (2×10-10 Torr). Spectra were obtained using a takeoff angle 

of 90° for photoelectrons with respect to the surface plane of the sample. Survey scans of the 

samples were obtained at a pass energy, Epass, of 200 eV (300 meV analyzer resolution), while 

scans of smaller energy regions were obtained at Epass = 100 eV (150 meV analyzer resolution) 

unless otherwise stated. For quantification, sensitivity factors of 0.025, 0.296, and 0.711 for Li 

1s, C 1s, and O 1s, respectively, were used [56]. Reported binding energies (BEs) herein are 

referenced to Au 4f7/2 at 84.0 eV BE. Sample charging was observed in the lithiated samples 

and was corrected by shifting the raw data to align the Si 2p peak, which arises from the 

overlapping 2p3/2 and 2p1/2 core lines, in the lithiated samples with the Si 2p peak (103.2 eV 

BE) in a reference graphite sample that exhibited no charging. Sample charging in the lithiated 

samples ranged from 0.3-0.9 eV. Si was an impurity found in all samples and is most likely 

present as SiO2. Our Si 2p peak BE for SiO2 matches previously reported values [57]. Peak 

fitting of HR-XPS spectra was performed in CasaXPS. The graphitic carbon C 1s peak was fit 

using a Doniach-Šunjić function [58] with the FWHM allowed to vary as a fitting variable. All 

other peaks were fit using mixed Gaussian-Lorentzian profiles with the FWHM of all peaks 

within a given spectrum set to be equal. A Shirley background was used in all cases [59]. 

3. Results and discussion 

3.1. SIMS measurements of lithium spatial and depth distributions 

Figure 2 compares the SIMS depth profiles for several of the positive ions produced from an 

unused graphite sample (Figure 2a) and samples exposed to either the LPI, MPI, or CPS 

lithiumization techniques at the 9D position (Figure 2b-d, respectively). Additional plots for 

samples exposed to the LPI and MPI techniques at the 2D position and the CPS technique at 



 7 

the 11D position can be found in the Supplementary Information. In the reference graphite 

sample, the 7Li+ signal is at a background level (350 cps), while the 7Li+ signal is 104 times 

larger in the samples exposed to Li conditioning. The 6Li+ signals were also recorded in the Li 

conditioned samples to ensure that the Li isotope signals matched throughout the depth profile. 

The 6Li+ and 7Li+ signals match in the LPI 9D sample in Figure 2b but cannot be compared for 

the MPI 9D and CPS 9D samples in Figures 2c and 2d, respectively, since at the higher Li 

levels in the MPI 9D and CPS 9D samples, the 7Li+ signal saturates the SIMS detector. Hence, 

the 6Li+ signal is used to follow the Li depth profiles, as presented later in Figure 3.  

The intensities of the 16O+ and 12C+ signals vary between samples and both show a trend of 

MPI 9D > LPI 9D > reference graphite > CPS 9D, which matches that found in ref. [18]. The 

12C+ intensity in the CPS 9D sample was 1-2 orders of magnitude lower than in the MPI 9D 

and LPI 9D samples throughout the top 150 nm. The intensity of the 11B+ signal varied between 

the samples with the following trend: MPI 9D > LPI 9D > CPS 9D ≈ reference graphite. The 

11B+ signal increased significantly in the LPI and MPI samples as a result of contamination 

from previous boron wall conditioning performed in RFX-mod. During the He discharge that 

ablates and distributes the Li pellets, B in the graphite PFCs is sputtered and redeposited on the 

LPI and MPI samples. The 11B+ signal in the CPS 9D sample remained at a background level 

similar to the reference graphite sample since there was no plasma during Li evaporation. 

Observation in Figure 2 of varying O, C, and B signals between the different Li conditioning 

methods indicates that these samples probed by SIMS had significantly different chemical 

environments, although we note that surface roughness and porosity could influence the 

measured signals as well. Such different chemical environments, or matrix effects, are known 

to cause changes in elemental ion yields, which makes quantifying SIMS data and comparing 

elemental signals challenging between chemically different samples [60–62]. Oxygen, which 

has a high electron affinity, introduces strong matrix effects in the surface that increase the ion 

yield of positive ions. This known matrix effect of oxygen prompts us to evaluate the Li 

concentration during the SIMS depth profiles by following the ratio of the 6Li+ signal to the 

16O+ signal (6Li+/16O+). This approach has been used in past SIMS studies on RFX-mod samples 

in efforts to limit the influence of oxygen matrix effects on depth profiles of Li, C, and B 

[18,55]. Given that other unknown matrix effects influence the SIMS data as well, our 

discussion of the SIMS results will be largely qualitative. 
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Figure 3a shows SIMS depth profiles utilizing the 6Li+/16O+ ratio for samples exposed to the 

LPI, MPI, or CPS lithiumization techniques at different toroidal positions (shown in Figure 1). 

We note that an instrumental artifact, or perhaps a drop in conductivity of the sample, occurred 

during SIMS data collection for the MPI 2D sample (all measured signals decayed rapidly to 

zero starting at 60 nm before rebounding near 175 nm), and so we have omitted the flawed data 

and approximated the signal in this region by a dotted line. Most notably, the three different 

lithiumization techniques produce dramatically different magnitudes of the 6Li+/16O+ ratio for 

the samples tested (note the different y-scales). We observe the following trend for the 

magnitudes of the 6Li+/16O+ ratio: CPS 9D > MPI samples > LPI samples ≈ CPS 11D. The LPI 

and MPI samples all exhibit 6Li+/16O+ depth profiles with peaks in the top 60 nm of the sample, 

which then decay with increasing depth. Features in the top 5-10 nm of the LPI and MPI sample 

depth profiles are likely distortions due to primary ion implantation effects, since there is a 

finite period until a steady state is reached between primary particle implantation and sputtering 

[62]. The shapes of the 6Li+/16O+ depth profiles of the CPS samples are distinct from those of 

the LPI and MPI samples. The 6Li+/16O+ depth profile of the CPS 11D sample is flat for the top 

10 nm prior to decaying, while that of the CPS 9D sample increases over the top 250 nm of the 

surface. The difference in the magnitudes of the 6Li+/16O+ ratio for the three techniques, 

excluding the CPS 11D sample, is sensible and follows the amount of Li injected with each 

technique (CPS: 14 g; MPI: 2.3 g; LPI: 0.23 g).  

The total integrated area beneath each 6Li+/16O+ depth profile in the top 250 nm is plotted in 

Figure 3b to more readily observe the relative Li content between the samples. The 

macroscopic spatial uniformity of Li deposition within RFX-mod is evaluated by comparing 

the total integrated area beneath the 6Li+/16O+ depth profile in the top 250 nm between samples 

that were exposed to the same lithiumization at different toroidal positions. Figure 3b shows 

that the LPI technique introduces a small quantity of Li with the highest spatial uniformity into 

RFX-mod compared to the MPI and CPS techniques. The MPI technique has an improved 

spatial uniformity compared to the CPS technique, and both MPI samples have a smaller total 

integrated 6Li+/16O+ ratio in the top 250 nm compared to the CPS 9D sample. The CPS 

technique exhibits the poorest spatial uniformity. The CPS 9D sample has the highest total 

integrated 6Li+/16O+ ratio in the top 250 nm, while the CPS 11D sample has the lowest. The 

relatively high 6Li+/16O+ ratio for the CPS 9D sample indicates a surface region that is much 

more Li-rich than any of the other samples. While quantitative Li thickness measurements 

would be advantageous, such quantitative reporting is not possible without preparation and 
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SIMS analysis of standards of known relevant mixtures of elemental concentrations and depth 

profiles to provide calibrations, which was not possible for this report. 

The poorer spatial uniformity of Li deposition observed for the MPI technique compared to the 

LPI technique matches prior reports [18]. The decrease in spatial uniformity for the MPI 

technique was attributed to the lower plasma penetration depth of the smaller Li pellets utilized 

with the MPI technique (spherical; Ø = 1 mm) compared to the LPI technique (right-circular 

cylindrical; Ø = 1.5 mm, L = 5 mm). High spatial nonuniformity between the CPS samples was 

expected from past SIMS and Li influx studies in RFX-mod [17,18]. Innocente et al. reported 

that proximity to the Li evaporator resulted in a thick Li film deposited on their 9D graphite 

sample and a mixed Li/C film deposited on their 11D graphite sample [18].  

By considering the plots shown in Figures 2 and 3, we can qualitatively describe how the 

graphite samples were modified by the three Li conditioning techniques. With both the LPI and 

MPI techniques, Li pellets are ablated during He discharges, and the resulting Li ions are 

transported through the plasma and eventually implant in graphite. The Li concentration in the 

graphite peaks within the top 60 nm, with Li intercalating more deeply into the bulk of the 

graphite. With the CPS technique, graphite in close proximity to the evaporator (i.e. at position 

9D) is coated by a thick layer of Li. Li intercalates into the graphite, but a significant Li film 

remains at the graphite surface. In contrast, the CPS 11D sample, 60 away toroidally from the 

evaporator, is coated with very little Li. The thin Li coating intercalates into the graphite bulk, 

and no appreciable Li film is left at the graphite surface. This conclusion is supported by the 

lack of a peak in the CPS 6Li+/16O+ ratio depth profiles and the low 6Li+/16O+ ratio for the CPS 

11D sample. 

Our assumption that there is a Li film on top of the graphite for the CPS 9D sample is supported 

by the 6Li+/16O+ depth profiles in Figure 3a, the lower 12C+ signal for the CPS 9D sample 

compared to the LPI 9D and MPI 9D samples in Figure 2, and the lack of a significant 11B+ 

signal in the CPS 9D sample compared to the LPI 9D and MPI 9D samples in Figure 2. This 

proposal also explains several aspects of the B signal in the CPS 9D sample. Since the CPS 9D 

sample was exposed to He GDC and He plasmas prior to Li evaporation, B from erosion and 

redeposition is likely to be present in the graphite similar to what was seen for the LPI 9D and 

MPI 9D samples in Figure 2b and 2c. However, no B signal was observed from the CPS 9D 

sample substrate because of attenuation by the Li coating. In contrast, the CPS 11D sample full 
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depth profile (see Figure S1c) shows a significant 11B+ signal due to the lack of a thick Li film 

on that surface. 

Thus, SIMS data indicates qualitatively that pellet injection provided the best toroidal 

uniformity, with the LPI technique performing better than the MPI technique. In contrast, Li 

evaporation via the CPS technique provided a highly localized deposition of a large quantity 

of lithium near the evaporator.  

3.2. HR-XPS measurements of surface elemental and chemical compositions 

HR-XPS (hereafter indicated as XPS for brevity) survey spectra of unexposed graphite from 

RFX-mod (used as a reference) and as-received post-exposure lithiated graphite samples are 

shown in Figure 4. Each lithiated graphite sample was exposed to Li conditioning at the 9D 

sample insertion position that is in the same toroidal section as the LPI and CPS and 30° away 

toroidally from the MPI. The XPS survey scans are plotted on an absolute scale and have two 

prominent peaks near 532 and 285 eV BE, corresponding to photoelectron emission from the 

O 1s and C 1s core levels, respectively. In the lithiated graphite samples, Li (Li 1s, 56 eV BE) 

was detected only for the CPS and MPI samples. The Li 1s peak for the MPI sample is difficult 

to see at the scale used in Figure 4 but is readily observed in a regional scan in Figure 5. Si (Si 

2s, 154 eV BE; Si 2p, 103 eV BE) and Na (Na KLL Auger, 498 eV BE) impurities were 

detected for all samples. Na is a known impurity in RFX-mod graphite [44]. The XPS spectrum 

from the unused graphite sample was dominated by a single, narrow graphitic C 1s peak at 

284.65 eV BE (FWHM 0.7 eV), as shown in a regional XPS scan in Figure 5. XPS spectra 

from the lithiated samples have a wider graphitic C peak and additional C peaks indicating 

other chemical environments due to oxidized carbon species, which will be discussed further 

below. Impurity oxygen in the unused graphite reference sample gave rise to an O 1s peak 

centered at 532.9 eV BE. The lithiated samples showed a larger oxygen peak than the graphite 

reference, which indicates an increased oxygen concentration at or near the surface due to 

oxidation, as described quantitatively below in Table 2. 

The surface elemental composition of the unexposed graphite and lithiated graphite samples 

was obtained by quantitative XPS analysis and is shown in Table 2. This analysis determined 

the average composition of the top several nm of the surface of the analyzed samples assuming 

a homogeneous depth distribution of the detected elements. Calculations were carried out using 

the expression Ci = (Ii/Si) / i(Ii/Si), where Ci is the concentration (atomic fraction), Ii is the 
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XPS signal intensity for each element, and Si is the atomic sensitivity factor for the measured 

elemental core level [56]. The values for Ii were determined by integration of the individual 

peak areas after appropriate background subtraction. 

Lithium surface abundance was greatest for the CPS sample at 15 at.% Li, while only 3 at.% 

Li was measured for the MPI sample. The difference in the amount of surface lithium between 

the CPS and MPI samples is consistent with the difference in total injected Li for the two 

samples. Li was not detected in the LPI sample by XPS, which was unexpected due to the 

larger amount of Li injected with the LPI technique compared to the MPI technique for the 

XPS samples (see Table 1). This disparity could again be a result of differences in the ablation, 

plasma penetration, and transport of Li pellets in RFX-mod due to differences between the two 

Li injection techniques in Li pellet size and the frequency of pellet injection. We note that 

SIMS, contrary to XPS, did detect Li in the LPI 9D sample, and B in all of the 9D samples, but 

that is not unexpected due to the differences in detection limits for XPS (0.1-1 at.%) and SIMS 

(ppm-ppb) and sampling depths for the two techniques.  

Oxygen levels in the lithiated graphite samples were notably higher than for the reference 

graphite sample. We interpret the higher oxygen concentration in the lithiated samples as the 

result of two effects. First, Li acted as a getter for oxygen-containing gases within the RFX-

mod vessel (i.e. H2O) and during sample exposure to ambient air. Second, background oxygen-

containing gases during the He GDC and He plasma discharges oxidized the graphite surface. 

As stated above, He GDC and He plasma discharges were performed prior to Li evaporation 

with the CPS, and He discharges were the method by which Li pellets were ablated and 

transported for the LPI and MPI. While He is inert and thus does not oxidize the surface 

directly, oxygen-containing gases increase in the background and are excited and ionized in 

the He GDC and He plasma discharges, and so increased interaction and reaction of oxygen 

with the initial graphite wall material results in increased oxygen levels in the lithiated graphite 

samples. 
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Table 2. Elemental composition of lithiated graphite samples as determined by XPS. 

Li Injection 
Technique 

Li Injection Device Total Injected Li (g) Li : C : O : Other (at.%) 

Pellet Injection Lithium Pellet Injection (LPI) 0.19 0.0 : 65.4 : 31.7 : 2.9 
 Multiple Pellet Injection (MPI) 0.09 3.1 : 66.3 : 28.2 : 2.4 

Lithium 
Evaporation 

Capillary Porous System (CPS) 1.0 14.8 : 48.4 : 34.1 : 2.7 

Unused Graphite (Reference) 0.0 0.0 : 79.2 : 18.3 : 2.5 

In order to obtain further information on the chemical nature of the lithiated graphite sample 

surfaces, we obtained narrow, regional scans of the XPS O 1s, C 1s, and Li 1s photoelectron 

peaks from the lithiated graphite samples. These XPS regional scans for the LPI, MPI, and CPS 

samples and the unexposed graphite reference are all presented in Figure 5, along with a 

determination of the constituent peaks from decomposition of the overall intensity and 

lineshape for each core level spectrum. Table 3 provides the BEs, FWHMs, and assignments 

for these constituent peaks. The spectra in Figure 5 are displayed after being normalized to 

have the same min to max intensities. All of the spectra were taken at Epass = 100 eV, except 

for the LPI Li 1s spectrum, which was taken at Epass = 200 eV. To correct for the increased 

intensity due to the two-fold higher pass energy, the intensity of the LPI Li 1s spectrum was 

divided by a factor of ten, as intensity is proportional to Epass
3.3 in our spectrometer. 

In assigning the Li compounds that comprise the deposited Li film surfaces, we consider the 

Li 1s spectra together with the C 1s and O1s spectra. A Li 1s peak was detected only for the 

CPS and MPI samples. The CPS sample Li 1s peak is asymmetric and was best fit with two 

peaks at 55.6 and 56.5 eV BE. Given that all the samples were exposed to ambient air between 

Li injection and XPS analysis, surface Li is likely present as Li2CO3 [49,50,63–65]. Thus, for 

the CPS sample, we assign the larger Li peak at 55.6 eV BE as due to Li2CO3, which is in close 

agreement with reported Li binding energies for Li2CO3 of 55.4-55.5 eV  [64,66]. When 

considering the BE separation of the accompanying C 1s and O 1s peaks from the Li 1s peak 

for Li2CO3, as described by Wood and Teeter [65], our assignment of Li2CO3 is supported by 

C 1s and O 1s peaks at 290.3 and 532.2 eV BE, respectively. Also, the Li 1s, C 1s, and O 1s 

peak areas have the proper stoichiometric ratio for Li2CO3 after correction for the sensitivity 

factors. We assign the second Li 1s peak in the CPS sample at 56.5 eV to lithium-intercalated 

graphite, commonly denoted as LiC6. Assignment of this peak to metallic Li or other oxidized 

Li compounds such as Li2O, LiOH, and Li2O2 was not preferred because the Li 1s BEs reported 

for these compounds are lower than that of Li2CO3, not higher [40,63–66]. O 1s peaks for Li2O, 

LiOH, and Li2O2 that have been reported to be 528.5-531.5 eV BE [42,49,50,64–66], were also 
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absent for the CPS sample. The assignment of the Li 1s BE for LiC6 in Figure 5 is within the 

range of previously reported values, which span 55.6-57.2 eV BE [40–42,63]. The 

corresponding C 1s peak at 285.1-285.2 eV BE assigned in part to LiC6 for the CPS sample is 

also in agreement with prior reports for LiC6 of 285.0-285.2 eV BE [40–42,63]. The MPI 

sample Li 1s spectrum can be fit with a single peak at 55.6 eV BE and is also assigned to 

Li2CO3, with consistent C 1s and O 1s peaks at 290.3 and 532.2 eV BE, respectively. 

Next, we discuss in more detail the C 1s spectra. Carbon shows the widest range of XPS peaks 

of the three elements presented here due to the wide variety of oxidation states possible (+4 to 

-4) and the roughly one-volt shift of the C 1s peak associated with each change. The CPS 

sample has a large C 1s peak at 290.3 eV BE assigned to Li2CO3. While every sample has a 

prominent peak at 285.1-285.2 eV BE, carbon in LiC6 definitively contributes to this peak only 

in the CPS sample, as determined by the LiC6 component in its Li 1s spectrum. On the low BE 

side of the C 1s lineshape, each sample has a narrow peak at 284.3-284.4 eV BE that we assign 

to graphitic carbon [40–42,49,63,67]. The graphitic carbon peak BE in the lithiated samples is 

slightly lower than that for the unused graphite reference, which is located at 284.65 eV BE. 

This observation could be explained by either a difference in cleaving of the graphite samples 

[67] or structural changes induced during He GDC/He plasma discharges [68]. We also 

observed a link between the intensity and the FWHM of the graphitic carbon peak. In the 

reference graphite and MPI samples, the graphitic carbon peak was prominent and narrow with 

0.7 eV FWHM. In the CPS and LPI samples, the graphitic carbon peak had a FWHM of 0.9 

and 1.1 eV, respectively, and appeared as a shoulder to the larger peak at 285.1-285.2 eV BE. 

Prior studies have reported broadening of the C 1s peak of highly ordered pyrolytic graphite 

(HOPG) and polycrystalline graphite due to Ar+ ion bombardment [44,67,69]. We therefore 

propose that the difference in the intensity and FWHMs of the graphitic carbon peaks between 

the three lithiated graphite samples is in part a result of varying plasma conditions or exposure 

times/fluxes during He GDC/He plasma discharges.  

The He GDC/He plasma discharges also had the effect of hydrogenating the surface carbon by 

reaction with excited, ionized, and/or dissociated H2 and H2O background gas molecules in the 

RFX-mod vessel. The growth of an XPS peak from hydrogenated carbon in graphite and carbon 

nanotubes after hydrogenation (i.e. by hydrogen plasma, H atom source, or Birch reduction) is 

well-documented with the peak at 285.1-285.5 eV BE (+0.6-1.0 eV BE relative to graphitic 

carbon/C-C sp2-hybridized bonds) [26–29,70,71]. We therefore assign the C 1s peak at 285.1-
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285.2 eV BE in all lithiated graphite samples to be in part due to hydrogenated graphite, in the 

range of prior reports. We also add that a final contribution to the C 1s peak at 285.1-285.2 eV 

BE could be from adventitious carbon contamination that occurs from air exposure prior to 

analysis. Adventitious carbon is typically reported to be at 284.8-285.0 eV BE. While this BE 

is slightly lower in BE than the peak at 285.1-285.2 eV, the adventitious carbon could be a 

small contribution that is within the peak envelope but unresolvable.  

We note that the reference graphite sample was not exposed to any He GDC or He plasma 

discharges and does not exhibit a significant signal at 285.1-285.2 eV BE. As such, we did not 

include the hydrogenated graphite peak in the fitting for the reference graphite. However, the 

reference graphite fitting required an additional peak at 285.0 eV BE. This peak at 285.0 eV 

BE is consistent with prior XPS studies of pristine or reference graphite where a peak near this 

location was assigned to a “defect peak” [72] or “disordered carbon” [67]. The reference 

graphite also has a small peak at 290.9 eV BE assigned to the well-documented →* 

transition satellite [67,72]. The remaining C 1s peaks (in all samples) at 285.7-285.8, 286.5-

286.6, 287.4, and 288.8-288.9 eV BE were assigned to carbon in carbon-oxygen functional 

groups as per the XPS C 1s model presented in López et al. (see Table 3) [73]. For carbon-

oxygen functional groups with multiple C atoms, the C atom for the assignment in Table 3 is 

indicated by an underline. We fitted the total sensitivity factor-corrected areas of the carbon-

oxygen functional group C 1s and O 1s peaks such that the C/O ratios were within reasonable 

agreement (C/O between 0.75-1). 

Finally, we discuss the O 1s spectra in additional detail. The overall O 1s lineshapes were 

decomposed into a combination of four or five peaks as shown in Figure 5 and described in 

Table 3. The CPS and MPI sample O 1s peaks include a Li2CO3 contribution at 532.2 eV BE 

with a stoichiometrically determined area based on the sensitivity factor-corrected areas of their 

corresponding Li 1s and C 1s peaks. The remaining four peaks used in the fittings at 531.1-

531.2, 532.0-532.1, 532.9-533.0, and 533.9 eV BE were assigned to oxygen in carbon-oxygen 

functional groups. While the O 1s XPS peak for oxidized carbon is often fit with only two or 

three broad peaks due to lack of sufficient peak structure to guide the fitting [67,74,75], small 

shoulders on the low and high BE sides of the O 1s spectra warranted the utilization of four 

oxidized carbon components. As such, we followed the more granular O 1s fitting utilized in 

Kwan et al. (see Table 3) [76]. For carbon-oxygen functional groups with multiple O atoms, 

the O atom for the assignment in Table 3 is indicated by an underline. 
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Table 3. Binding energies, full width at half maximums (FWHM), and peak assignments for the components in 

the HR-XPS regional scan decompositions in Figure 5. 

Core Level Binding Energy (eV) FWHM (eV) Assignment 

Li 1s 55.6 1.3 Li2CO3 

 56.5  LiC6 

C 1s 284.3-284.65 0.7-1.1 Graphitic Carbon 

 285.0* 1.3-1.4 Defective/Disordered Graphite; 
Adventitious Carbon  

 285.1-285.2  Hydrogenated Graphite; LiC6; 
Adventitious Carbon 

 285.7-285.8  C-CO=O 

 286.5-286.6  C-O 

 287.4  C=O 

 288.8-288.9  O-C=O 

 290.3  Li2CO3 

 290.9*   →* Satellite 

O 1s 531.1-531.2 1.5-1.6 C=O 

 532.0-532.1  O-C=O 

 532.2  Li2CO3 

 532.9-533.0  C-O-H  

 533.9  C-O-C 

*Indicates a component only used in the reference graphite HR-XPS fitting in Figure 5 

An unforeseen outcome of our HR-XPS regional scans of the lithiated samples was the clear 

identification of the hydrogenated carbon peak at 285.1-285.2 eV BE from the graphitic carbon 

peak at 284.3-284.4 eV BE in the C 1s spectra. While there are likely other contributions to the 

intensity at or near the hydrogenated carbon peak (i.e. LiC6 in the CPS sample), our data 

suggests a significant amount of the graphite in the top several nm is hydrogenated by the He 

GDC and He discharges before any exposure to H-fueled discharges. The source of H could be 

either H-containing residual vacuum gasses, i.e. H2 or H2O, or H that is sputtered and 

redeposited from the surrounding H-containing, graphite PFCs of RFX-mod [77,78].  

This observation of hydrogenation may seem counterintuitive as He GDC and He discharges 

are known to reduce the net H content of graphite PFCs in RFX-mod and other fusion devices. 

However, we again make the important distinction that our samples, contrary to fusion device 

PFCs, had not yet been exposed to any H plasmas prior to He plasma exposure. Therefore, in 

RFX-mod, He GDC/He discharges have the net effect of hydrogenating fresh graphite while 

reducing, but not eliminating, H levels in H plasma-exposed graphite PFCs. Prior investigations 

reported that increasing intensities of He ion bombardment [79] or baking [80] were required 

to remove increasing amounts of H in graphite. Our XPS results suggest that He GDC/He 

discharges in RFX-mod do not efficiently remove all of the tightly bound H in the graphite 
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tiles, which leaves sufficient hydrogenated graphite to generate the XPS peak at 285.1-285.2 

eV BE. If the graphite surfaces in RFX-mod are assumed to be partially hydrogenated at all 

times, it is important to consider that Li intercalates at twice the rate in H-containing graphite 

than H-free graphite [39]. 

Separately, the coexistence of Li2CO3 and LiC6 in the CPS XPS sample has important 

implications. We know already from previous reports that Li2CO3 readily forms on the surface 

of Li and Li compounds (i.e. Li2O, LiOH) when exposed to air. Our samples were exposed to 

air briefly during transfer from RFX-mod to the vacuum transfer module and again during 

transfer from the vacuum transfer module to our HR-XPS chamber. The continued presence of 

LiC6 in the sampling depth of our XPS measurements suggests that either (1) the Li2CO3 forms 

an outer surface layer that grows to a finite depth and eventually acts as a diffusion barrier to 

the reactant species H2O, CO2, and Li or (2) LiC6 is exposed through cracks in the Li2CO3 film 

or cluster formation of Li2CO3. The coexistence of Li2CO3 and LiC6 XPS peaks after LiC6 was 

exposed to a controlled, one-minute air exposure was previously reported [63]. In that study, a 

detailed analysis of surface structure or morphology was not performed, but Ar+ ion sputtering 

of the air-exposed LiC6 resulted in the removal of the Li2CO3 XPS peak. The CPS XPS sample 

in our study shows that LiC6 remains in the top several nm of Li-exposed graphite even after 

approximately one hour of air exposure.  

4. Conclusions 

This study used ex situ SIMS and XPS analysis to characterize and compare three 

lithiumization techniques in RFX-mod by investigating the final elemental and chemical 

compositions, depth profiles, and spatial uniformity of the surfaces resulting from Li 

depositions on graphite samples. SIMS analysis determined that Li depositions were the most 

uniform from the LPI technique, slightly less uniform from the MPI technique, and highly non-

uniform from the CPS technique. The LPI and MPI techniques appeared to implant Li into 

graphite, while the CPS technique evaporated a Li film on top of the graphite with the thickness 

highly dependent on proximity to the evaporator. With all of the techniques, Li intercalated 

deep into the bulk of the graphite samples. Both SIMS and XPS analyses demonstrated that the 

highest Li quantities were found in samples exposed to the CPS technique in the region closest 

to the evaporator, followed by samples exposed to the MPI technique, and then the LPI 

technique. Our SIMS results for the LPI and MPI techniques suggest that the spatial uniformity 

of Li deposition in the torus improves with increasing Li pellet size, agreeing with prior reports.  
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We detected Li with XPS only in samples exposed to the MPI and CPS techniques. The XPS 

spectra for the MPI and CPS samples exhibited peaks characteristic of Li2CO3, which formed 

at the surface after sample exposure to atmospheric air. Our understanding of the chemical state 

of surface Li in the RFX-mod vessel is convoluted by the observed formation of Li2CO3 in 

atmospheric air, which supports the utilization of in vacuo surface analysis for Li plasma 

material interactions studies. Peaks assigned to LiC6 in the Li 1s and C 1s XPS spectra were 

only evident in the CPS sample. All of the lithiated samples showed evidence of hydrogenated 

graphite, yet none of these samples were exposed to H-fueled plasma discharges. However, 

each sample was exposed to He-fueled GDC or plasma discharges either during Li injection 

(LPI and MPI techniques) or before Li evaporation (CPS technique). Given this sample history, 

our results suggest that He GDC/He plasma discharges can hydrogenate fresh graphite samples, 

which were previously unexposed to any plasma or Li conditioning. We propose that this 

hydrogenation occurs via the bombardment of the fresh graphite sample surface with excited, 

ionized, and/or dissociated H-containing gases (i.e. H2, H2O) from the residual vacuum or that 

are evolved from the graphite tiles during He+ ion bombardment. The observed hydrogenation 

in all of the XPS samples indicates that there are high levels of H in the RFX-mod vessel prior 

to Li conditioning. In order to improve density control and the cleanliness of the injected or 

evaporated Li, thereby improving plasma performance, we suggest more extensive He GDC or 

He plasma discharge exposure before Li conditioning is performed. 
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Figure captions 

Figure 1. Schematic view of the RFX-mod torus. Positions are indicated for the lithium pellet 

injector (LPI), multi-pellet injector (MPI), and capillary porous system (CPS) lithiumization 

systems (not to scale) and the manipulator positions for the graphite samples selected for post-

exposure surface analysis. 

Figure 2. Positive ion SIMS depth profile for (a) an unused graphite reference sample and 

(b)-(d) graphite samples after lithiumization at position 9D by the lithium pellet injector 

(LPI), multi-pellet injector (MPI), and the capillary porous system (CPS), respectively. SIMS 

intensities are shown as a function of depth for 6Li+, 7Li+, 11B+, 12C+, 16O+, CO+ or Si+, and 

CO2
+. 

 

Figure 3. (a) Positive ion SIMS depth profiles plotted using the 6Li+/16O+ ratio for samples 

exposed to the lithium pellet injector (LPI) at positions 9D and 2D, samples exposed to the 

multi-pellet injector (MPI) at positions 9D and 2D, and the capillary porous system (CPS) at 

positions 9D and 11D. (b) Total integrated value of the 6Li+/16O+ ratio in the top 250 nm for 

each depth profile shown in (a). 

 

Figure 4. HR-XPS survey scans showing the prominent photoelectron peaks for an unexposed 

graphite reference sample and post-exposure lithiated graphite samples conditioned by either 

the lithium pellet injector (LPI), multi-pellet injector (MPI), or capillary porous system (CPS). 

The intensity of each spectrum is plotted on an absolute scale. 

 

Figure 5. HR-XPS spectra of the O 1s, C 1s, and Li 1s regions of an unexposed graphite 

reference sample and post-exposure lithiated graphite samples conditioned at position 9D by 

either the lithium pellet injector (LPI), multi-pellet injector (MPI), or capillary porous system 

(CPS). Peak assignments for the component peaks are given in Table 3. The spectra were 

normalized to have the same min to max intensities. 
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Figure 2. Positive ion SIMS depth profile for (a) an unused graphite reference sample and 

(b)-(d) graphite samples after lithiumization at position 9D by the lithium pellet injector 

(LPI), multi-pellet injector (MPI), and the capillary porous system (CPS), respectively. SIMS 

intensities are shown as a function of depth for 6Li+, 7Li+, 11B+, 12C+, 16O+, CO+ or Si+, and 

CO2
+. 
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Figure 3. (a) Positive ion SIMS depth profiles plotted using the 6Li+/16O+ ratio for samples 

exposed to the lithium pellet injector (LPI) at positions 9D and 2D, samples exposed to the 

multi-pellet injector (MPI) at positions 9D and 2D, and the capillary porous system (CPS) at 

positions 9D and 11D. (b) Total integrated value of the 6Li+/16O+ ratio in the top 250 nm for 

each depth profile shown in (a). 
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Figure 4. HR-XPS survey scans showing the prominent photoelectron peaks for an unexposed 

graphite reference sample and post-exposure lithiated graphite samples conditioned by either 

the lithium pellet injector (LPI), multi-pellet injector (MPI), or capillary porous system (CPS). 

The intensity of each spectrum is plotted on an absolute scale. 
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Figure 5. HR-XPS spectra of the O 1s, C 1s, and Li 1s regions of an unexposed graphite 

reference sample and post-exposure lithiated graphite samples conditioned at position 9D by 

either the lithium pellet injector (LPI), multi-pellet injector (MPI), or capillary porous system 

(CPS). Peak assignments for the component peaks are given in Table 3. The spectra were 

normalized to have the same min to max intensities. 



 26 

 

 

 

References: 

[1] D.K. Mansfield, K.W. Hill, J.D. Strachan, M.G. Bell, S.D. Scott, R. Budny, E.S. 

Marmar, J.A. Snipes, J.L. Terry, S. Batha, R.E. Bell, M. Bitter, C.E. Bush, Z. Chang, 

D.S. Darrow, D. Ernst, E. Fredrickson, B. Grek, H.W. Herrmann, A. Janos, D.L. Jassby, 

F.C. Jobes, D.W. Johnson, L.C. Johnson, F.M. Levinton, D.R. Mikkelsen, D. Mueller, 

D.K. Owens, H. Park, A.T. Ramsey, A.L. Roquemore, C.H. Skinner, T. Stevenson, B.C. 

Stratton, E. Synakowski, G. Taylor, A. Von Halle, S. Von Goeler, K.L. Wong, S.J. 

Zweben, Enhancement of Tokamak Fusion Test Reactor performance by lithium 

conditioning, Phys. Plasmas. 3 (1996) 1892–1897. https://doi.org/10.1063/1.871984. 

[2] S. V. Mirnov, E.A. Azizov, V.A. Evtikhin, V.B. Lazarev, I.E. Lyublinski, A. V. Vertkov, 

D.Y. Prokhorov, Experiments with lithium limiter on T-11M tokamak and applications 

of the lithium capillary-pore system in future fusion reactor devices, Plasma Phys. 

Control. Fusion. 48 (2006) 821–837. https://doi.org/10.1088/0741-3335/48/6/009. 

[3] G. Mazzitelli, M.L. Apicella, D. Frigione, G. Maddaluno, M. Marinucci, C. Mazzotta, 

V.P. Ridolfini, M. Romanelli, G. Szepesi, O. Tudisco, F. Team, FTU results with a liquid 

lithium limiter, Nucl. Fusion. 51 (2011) 073006. https://doi.org/10.1088/0029-

5515/51/7/073006. 

[4] R. Majeski, R. Doerner, T. Gray, R. Kaita, R. Maingi, D. Mansfield, J. Spaleta, V. 

Soukhanovskii, J. Timberlake, L. Zakharov, Enhanced energy confinement and 

performance in a low-recycling tokamak, Phys. Rev. Lett. 97 (2006) 075002. 

https://doi.org/10.1103/PhysRevLett.97.075002. 

[5] R. Maingi, T.H. Osborne, M.G. Bell, R.E. Bell, D.P. Boyle, J.M. Canik, A. Diallo, R. 

Kaita, S.M. Kaye, H.W. Kugel, B.P. Leblanc, S.A. Sabbagh, C.H. Skinner, V.A. 

Soukhanovskii, Dependence of recycling and edge profiles on lithium evaporation in 

high triangularity, high performance NSTX H-mode discharges, J. Nucl. Mater. 463 

(2015) 1134–1137. https://doi.org/10.1016/j.jnucmat.2014.10.084. 



 27 

[6] J.C. Schmitt, T. Abrams, L.R. Baylor, L. Berzak Hopkins, T. Biewer, D. Bohler, D. 

Boyle, E. Granstedt, T. Gray, J. Hare, C.M. Jacobson, M. Jaworski, R. Kaita, T. Kozub, 

B. LeBlanc, D.P. Lundberg, M. Lucia, R. Maingi, R. Majeski, E. Merino, A. Ryou, E. 

Shi, J. Squire, D. Stotler, C.E. Thomas, K. Tritz, L. Zakharov, Results and future plans 

of the Lithium Tokamak eXperiment (LTX), J. Nucl. Mater. 438 (2013) S1096–S1099. 

https://doi.org/10.1016/j.jnucmat.2013.01.241. 

[7] G.Z. Zuo, J.S. Hu, J.G. Li, Z. Sun, D.K. Mansfield, L.E. Zakharov, Lithium coating for 

H-mode and high performance plasmas on EAST in ASIPP, J. Nucl. Mater. 438 (2013) 

S90–S95. https://doi.org/10.1016/j.jnucmat.2013.01.014. 

[8] G.L. Jackson, C.P. Chrobak, A.G. McLean, R. Maingi, D.K. Mansfield, A.L. 

Roquemore, P. Diwakar, A. Hassanein, A. Lietz, D.L. Rudakov, T. Sizyuk, J. Tripathi, 

Effect of lithium in the DIII-D SOL and plasma-facing surfaces, J. Nucl. Mater. 463 

(2015) 1160–1164. https://doi.org/10.1016/j.jnucmat.2014.12.004. 

[9] M.J. Baldwin, R.P. Doerner, S.C. Luckhardt, R.W. Conn, Deuterium retention in liquid 

lithium, Nucl. Fusion. 42 (2002) 1318–1323. https://doi.org/10.1088/0029-

5515/42/11/305. 

[10] P.S. Krstic, J.P. Allain, C.N. Taylor, J. Dadras, S. Maeda, K. Morokuma, J. Jakowski, 

A. Allouche, C.H. Skinner, Deuterium uptake in magnetic-fusion devices with lithium-

conditioned carbon walls, Phys. Rev. Lett. 110 (2013) 105001. 

https://doi.org/10.1103/PhysRevLett.110.105001. 

[11] L. Buzi, Y. Yang, F.J. Domínguez-Gutiérrez, A.O. Nelson, M. Hofman, P.S. Krstić, R. 

Kaita, B.E. Koel, Hydrogen retention in lithium and lithium oxide films, J. Nucl. Mater. 

502 (2018) 161–168. https://doi.org/10.1016/J.JNUCMAT.2018.02.010. 

[12] J.M. Canik, Z. Sun, J.S. Hu, G.Z. Zuo, W. Xu, M. Huang, L. Wang, J. Xu, T. Zhang, R. 

Maingi, R. Lunsford, A. Diallo, D. Mansfield, T. Osborne, K. Tritz, Active recycling 

control through lithium injection in EAST, IEEE Trans. Plasma Sci. 46 (2018) 1081–

1085. https://doi.org/10.1109/TPS.2017.2789119. 

[13] R. Majeski, H. Kugel, R. Kaita, S. Avasarala, M.G. Bell, R.E. Bell, L. Berzak, P. 

Beiersdorfer, S.P. Gerhardt, E. Granstedt, T. Gray, C. Jacobson, J. Kallman, S. Kaye, T. 



 28 

Kozub, B.P. LeBlanc, J. Lepson, D.P. Lundberg, R. Maingi, D. Mansfield, S.F. Paul, G. 

V. Pereverzev, H. Schneider, V. Soukhanovskii, T. Strickler, D. Stotler, J. Timberlake, 

L.E. Zakharov, The impact of lithium wall coatings on NSTX discharges and the 

engineering of the Lithium Tokamak eXperiment (LTX), Fusion Eng. Des. 85 (2010) 

1283–1289. https://doi.org/10.1016/j.fusengdes.2010.03.020. 

[14] D. Elliott, J. Anderson, R.E. Bell, T.M. Biewer, D.P. Boyle, D. Donovan, C. Hansen, P. 

Hughes, R. Kaita, B. Koel, S. Kubota, R. Lunsford, A. Maan, R. Majeski, F. Scotti, V. 

Soukhanovskii, L. Zakharov, Initial results from the newly upgraded LTX-β, IEEE 

Trans. Plasma Sci. 48 (2020) 1382–1387. https://doi.org/10.1109/TPS.2020.2983854. 

[15] G.Z. Zuo, J.S. Hu, R. Maingi, Z. Sun, Q.X. Yang, M. Huang, X.C. Meng, W. Xu, Y.Z. 

Qian, C.L. Li, H.L. Bi, Y. Chen, X.L. Yuan, X.F. Han, X. Zhu, Y.F. Wang, L. Zhang, 

H.Q. Liu, L. Wang, X.Z. Gong, K. Tritz, A. Diallo, R. Lunsford, M.J. Ni, J.G. Li, Results 

from an improved flowing liquid lithium limiter with increased flow uniformity in high 

power plasmas in EAST, Nucl. Fusion. 59 (2019) 016009. https://doi.org/10.1088/1741-

4326/aaedcb. 

[16] S. Munaretto, S. Dal Bello, P. Innocente, M. Agostini, F. Auriemma, S. Barison, A. 

Canton, L. Carraro, G. De Masi, S. Fiameni, P. Scarin, D. Terranova, RFX-mod wall 

conditioning by lithium pellet injection, Nucl. Fusion. 52 (2012) 023012. 

https://doi.org/10.1088/0029-5515/52/2/023012. 

[17] M.E. Puiatti, G. Spizzo, F. Auriemma, L. Carraro, R. Cavazzana, G. De Masi, M. 

Gobbin, P. Innocente, I. Predebon, P. Scarin, M. Agostini, A. Canton, S. Dal Bello, A. 

Fassina, P. Franz, L. Grando, D. Mansfield, L. Marrelli, P. Martin, G. Mazzitelli, S. 

Munaretto, L. Roquemore, A. Ruzzon, D. Terranova, M. Valisa, A. Vertkov, B. Zaniol, 

Wall conditioning and density control in the reversed field pinch RFX-mod, Nucl. 

Fusion. 53 (2013) 73001–73010. https://doi.org/10.1088/0029-5515/53/7/073001. 

[18] P. Innocente, D.K. Mansfield, A.L. Roquemore, M. Agostini, S. Barison, A. Canton, L. 

Carraro, R. Cavazzana, G. De Masi, A. Fassina, S. Fiameni, L. Grando, B. Rais, F. 

Rossetto, P. Scarin, Lithium wall conditioning by high frequency pellet injection in 

RFX-mod, J. Nucl. Mater. 463 (2015) 1138–1141. 

https://doi.org/10.1016/j.jnucmat.2014.11.088. 



 29 

[19] P. Martin, J. Adamek, P. Agostinetti, M. Agostini, A. Alfier, C. Angioni, V. Antoni, L. 

Apolloni, F. Auriemma, O. Barana, S. Barison, M. Baruzzo, P. Bettini, M. Boldrin, T. 

Bolzonella, D. Bonfiglio, F. Bonomo, A.H. Boozer, M. Brombin, J. Brotankova, A. 

Buffa, A. Canton, S. Cappello, L. Carraro, R. Cavazzana, M. Cavinato, L. Chacon, G. 

Chitarin, W.A. Cooper, S.D. Bello, M. Dalla Palma, R. Delogu, A. De Lorenzi, G. De 

Masi, J.Q. Dong, M. Drevlak, D.F. Escande, F. Fantini, A. Fassina, F. Fellin, A. Ferro, 

S. Fiameni, A. Fiorentin, P. Franz, E. Gaio, X. Garbet, E. Gazza, L. Giudicotti, F. 

Gnesotto, M. Gobbin, L. Grando, S.C. Guo, Y. Hirano, S.P. Hirshman, S. Ide, V. 

Igochine, Y. In, P. Innocente, S. Kiyama, S.F. Liu, Y.Q. Liu, D. Lòpez Bruna, R. 

Lorenzini, A. Luchetta, G. Manduchi, D.K. Mansfield, G. Marchiori, D. Marcuzzi, L. 

Marrelli, S. Martini, G. Matsunaga, E. Martines, G. Mazzitelli, K. McCollam, S. 

Menmuir, F. Milani, B. Momo, M. Moresco, S. Munaretto, L. Novello, M. Okabayashi, 

S. Ortolani, R. Paccagnella, R. Pasqualotto, M. Pavei, G. V. Perverezev, S. Peruzzo, R. 

Piovan, P. Piovesan, L. Piron, A. Pizzimenti, N. Pomaro, N. Pomphrey, I. Predebon, 

M.E. Puiatti, V. Rigato, A. Rizzolo, G. Rostagni, G. Rubinacci, A. Ruzzon, H. Sakakita, 

R. Sanchez, J.S. Sarff, F. Sattin, A. Scaggion, P. Scarin, W. Schneider, G. Serianni, P. 

Sonato, E. Spada, A. Soppelsa, S. Spagnolo, M. Spolaore, D.A. Spong, G. Spizzo, M. 

Takechi, C. Taliercio, D. Terranova, V. Toigo, M. Valisa, M. Veranda, N. Vianello, F. 

Villone, Z. Wang, R.B. White, D. Yadikin, P. Zaccaria, A. Zamengo, P. Zanca, B. 

Zaniol, L. Zanotto, E. Zilli, G. Zollino, M. Zuin, Overview of the RFX fusion science 

program, Nucl. Fusion. 51 (2011) 094023. https://doi.org/10.1088/0029-

5515/51/9/094023. 

[20] M. Valisa, T. Bolzonella, L. Carraro, E. Casarotto, S. Costa, L. Garzotti, P. Innocente, 

S. Martini, R. Pasqualotto, M.E. Puiatti, R. Pugno, P. Scarin, Locked modes induced 

plasma-wall interactions in RFX, J. Nucl. Mater. 241–243 (1997) 988–992. 

https://doi.org/10.1016/s0022-3115(97)80179-1. 

[21] S.A. Cohen, J. Ehrenberg, T.T.C. Jones, A. Gondhalekar, M. Bures, P. Coad, L. de Kock, 

K. Erents, P. Harbour, P.D. Morgan, J. O’Rourke, J.A. Tagle, M. Watkins, the JET 

Team, Particle balance and wall pumping in tokamaks, Plasma Phys. Control. Fusion. 

29 (1987) 1205–1217. https://doi.org/10.1088/0741-3335/29/10A/303. 

[22] A.P. Zakharov, A.E. Gorodetsky, V.K. Alimov, S.L. Kanashenko, A. V. Markin, 

Hydrogen retention in plasma-facing materials and its consequences on tokamak 



 30 

operation, J. Nucl. Mater. 241–243 (1997) 52–67. https://doi.org/10.1016/s0022-

3115(97)80030-x. 

[23] G. Federici, C.H. Wu, Modeling of plasma hydrogen isotope behavior in porous 

materials (graphites/carbon-carbon composites), J. Nucl. Mater. 186 (1992) 131–152. 

https://doi.org/10.1016/0022-3115(92)90329-J. 

[24] A.A. Haasz, P. Franzen, J.W. Davis, S. Chiu, C.S. Pitcher, Two-region model for 

hydrogen trapping in and release from graphite, J. Appl. Phys. 77 (1995) 66–86. 

https://doi.org/10.1063/1.359356. 

[25] A. Rai, R. Schneider, M. Warrier, Hydrogen release and retention from porous graphite, 

J. Nucl. Mater. 374 (2008) 304–312. https://doi.org/10.1016/j.jnucmat.2007.08.013. 

[26] P. Ruffieux, O. Grüning, P. Schwaller, L. Schlapbach, P. Grüning, Hydrogen atoms 

cause long-range electronic effects on graphite, Phys. Rev. Lett. 84 (2000) 4910–4913. 

https://doi.org/10.1103/PhysRevLett.84.4910. 

[27] A. Nikitin, L.Å. Näslund, Z. Zhang, A. Nilsson, C-H bond formation at the graphite 

surface studied with core level spectroscopy, Surf. Sci. 602 (2008) 2575–2580. 

https://doi.org/10.1016/j.susc.2008.06.012. 

[28] A. Nikitin, H. Ogasawara, D. Mann, R. Denecke, Z. Zhang, H. Dai, K. Cho, A. Nilsson, 

Hydrogenation of single-walled carbon nanotubes, Phys. Rev. Lett. 95 (2005) 225507. 

https://doi.org/10.1103/PhysRevLett.95.225507. 

[29] A. Nikitin, X. Li, Z. Zhang, H. Ogasawara, H. Dai, A. Nilsson, Hydrogen storage in 

carbon nanotubes through the formation of stable C-H bonds, Nano Lett. 8 (2008) 162–

167. https://doi.org/10.1021/nl072325k. 

[30] L. Hornekær, Ž. Šljivančanin, W. Xu, R. Otero, E. Rauls, I. Stensgaard, E. Lægsgaard, 

B. Hammer, F. Besenbacher, Metastable structures and recombination pathways for 

atomic hydrogen on the graphite (0001) surface, Phys. Rev. Lett. 96 (2006) 156104. 

https://doi.org/10.1103/PhysRevLett.96.156104. 

[31] L. Hornekær, W. Xu, R. Otero, E. Lægsgaard, F. Besenbacher, Long range orientation 

of meta-stable atomic hydrogen adsorbate clusters on the graphite(0001) surface, Chem. 



 31 

Phys. Lett. 446 (2007) 237–242. https://doi.org/10.1016/j.cplett.2007.08.064. 

[32] D. Schleussner, D. Rösler, J. Becker, W. Knapp, C. Edelmann, C. Garcı́a-Rosales, P. 

Franzen, R. Behrisch, Temperature programmed desorption from graphite, J. Vac. Sci. 

Technol. A Vacuum, Surfaces, Film. 17 (1999) 2785–2790. 

https://doi.org/10.1116/1.581945. 

[33] W.R. Wampler, B.L. Doyle, Release of deuterium from carbon during low-energy 

helium and carbon ion bombardment, J. Nucl. Mater. 162–164 (1989) 1025–1029. 

https://doi.org/10.1016/0022-3115(89)90403-0. 

[34] H.F. Dylla, P.H. Lamarche, M. Ulrickson, R.J. Goldston, D.B. Heifetz, K.W. Hill, A.T. 

Ramsey, Conditioning of the graphite bumper limiter for enhanced confinement 

discharges in tftr, Nucl. Fusion. 27 (1987) 1221–1230. https://doi.org/10.1088/0029-

5515/27/8/003. 

[35] G.L. Jackson, T.S. Taylor, P.L. Taylor, Particle control in DIII-D with helium glow 

discharge conditioning, Nucl. Fusion. 30 (1990) 2305–2317. 

https://doi.org/10.1088/0029-5515/30/11/008. 

[36] H.W. Kugel, R. Maingi, M. Bell, D. Gates, K. Hill, B. Leblanc, D. Mueller, R. Kaita, S. 

Paul, S. Sabbagh, C.H. Skinner, V. Soukhanovskii, B. Stratton, R. Raman, Development 

of NSTX particle control techniques, J. Nucl. Mater. 337–339 (2005) 495–499. 

https://doi.org/10.1016/j.jnucmat.2004.10.065. 

[37] J.S. Hu, X.M. Wang, J.H. Li, J.H. Wu, Y. Chen, H.Y. Wang, D.W. Yang, N.C. Luo, S.F. 

Li, G.Y. Li, L. Wang, Y.W. Yu, R.C. Dou, Q.S. Hu, L.M.Bao, Y.P. Zhao, J.G. Li, 

Vacuum and wall conditioning system on EAST, Fusion Eng. Des. 84 (2009) 2167–

2173. https://doi.org/10.1016/j.fusengdes.2009.03.016. 

[38] A. Canton, S. Dal Bello, M. Agostini, L. Carraro, R. Cavazzana, S. Fiameni, L. Grando, 

B. Rais, M. Spolaore, M. Zuin, Studies of spatial uniformity of glow discharge cleaning 

plasmas on the RFX-mod device, J. Nucl. Mater. 438 (2013) S1164–S1167. 

https://doi.org/10.1016/j.jnucmat.2013.01.257. 

[39] N. Itou, H. Toyoda, K. Morita, H. Sugai, Rapid diffusion of lithium into bulk graphite 

in lithium conditioning, J. Nucl. Mater. 290–293 (2001) 281–285. 



 32 

https://doi.org/10.1016/S0022-3115(00)00630-9. 

[40] G.K. Wertheim, P.T.T.M. Van Attekum, S. Basu, Electronic structure of lithium 

graphite, Solid State Commun. 33 (1980) 1127–1130. https://doi.org/10.1016/0038-

1098(80)91089-3. 

[41] C.M. Lee, S.H. Yang, B.J. Mun, P.N. Ross, Surface structure of lithiated graphite by X-

ray photoelectron diffraction, Surf. Sci. 477 (2001) 126–132. 

https://doi.org/10.1016/S0039-6028(00)01106-7. 

[42] E.Y. Kataev, D.M. Itkis, A. V. Fedorov, B. V. Senkovsky, D.Y. Usachov, N.I. 

Verbitskiy, A. Grüneis, A. Barinov, D.Y. Tsukanova, A.A. Volykhov, K. V. 

Mironovich, V.A. Krivchenko, M.G. Rybin, E.D. Obraztsova, C. Laubschat, D. V. 

Vyalikh, L. V. Yashina, Oxygen reduction by lithiated graphene and graphene-based 

materials, ACS Nano. 9 (2015) 320–326. https://doi.org/10.1021/nn5052103. 

[43] B. Rais, Wall conditioning studies and plasma-facing materials qualification for 

magnetically confined fusion experiments, Universita Degli Studi Di Padova, 2015. 

[44] F. Ghezzi, L. Laguardia, R. Caniello, A. Canton, S. Dal Bello, B. Rais, M. Anderle, 

XPS, SIMS and FTIR-ATR characterization of boronized graphite from the 

thermonuclear plasma device RFX-mod, Appl. Surf. Sci. 354 (2015) 408–419. 

https://doi.org/10.1016/j.apsusc.2015.04.109. 

[45] C.P.C. Wong, R. Junge, R.D. Phelps, P. Politzer, F. Puhn, W.P. West, R. Bastasz, D. 

Buchenauer, W. Hsu, J. Brooks, T. Hua, Divertor materials evaluation system at DIII-

D, J. Nucl. Mater. 196–198 (1992) 871–875. https://doi.org/10.1016/S0022-

3115(06)80159-5. 

[46] R. Kaita, M. Lucia, J.P. Allain, F. Bedoya, R. Bell, D. Boyle, A. Capece, M. Jaworski, 

B.E. Koel, R. Majeski, J. Roszell, J. Schmitt, F. Scotti, C.H. Skinner, V. Soukhanovskii, 

Hydrogen retention in lithium on metallic walls from “in vacuo” analysis in LTX and 

implications for high-Z plasma-facing components in NSTX-U, Fusion Eng. Des. 117 

(2017) 135–139. https://doi.org/10.1016/J.FUSENGDES.2016.06.056. 

[47] F. Bedoya, J.P. Allain, F. Scotti, B. LaBombard, R. Kaita, P.S. Krstic, Effect of 

boronization on plasma-facing graphite surfaces and its correlation with the plasma 



 33 

behavior in NSTX-U, Nucl. Mater. Energy. 17 (2018) 211–216. 

https://doi.org/10.1016/j.nme.2018.10.010. 

[48] A. Maan, E. Ostrowski, R. Kaita, D. Donovan, R. Majeski, D. Boyle, P. Hughes, E. 

Merino, T. Kozub, B.E. Koel, D. Elliott, T. Biewer, F. Scotti, V. Soukhanovskii, R. 

Lunsford, Plasma facing component characterization and correlation with plasma 

conditions in Lithium Tokamak Experiment-ß, IEEE Trans. Plasma Sci. 48 (2020) 

1463–1467. https://doi.org/10.1109/TPS.2020.2969115. 

[49] S.S. Harilal, J.P. Allain, A. Hassanein, M.R. Hendricks, M. Nieto-Perez, Reactivity of 

lithium exposed graphite surface, Appl. Surf. Sci. 255 (2009) 8539–8543. 

https://doi.org/10.1016/j.apsusc.2009.06.009. 

[50] J.P. Allain, D.L. Rokusek, S.S. Harilal, M. Nieto-Perez, C.H. Skinner, H.W. Kugel, B. 

Heim, R. Kaita, R. Majeski, Experimental studies of lithium-based surface chemistry for 

fusion plasma-facing materials applications, J. Nucl. Mater. 390–391 (2009) 942–946. 

https://doi.org/10.1016/j.jnucmat.2009.01.242. 

[51] G.M. Wright, A.A. Haasz, J.W. Davis, R.G. MacAulay-Newcombe, Chemical erosion 

of DIII-D lower divertor tiles, J. Nucl. Mater. 337–339 (2005) 74–78. 

https://doi.org/10.1016/j.jnucmat.2004.10.009. 

[52] M. Dalla Palma, G. Berton, A. Canton, R. Cavazzana, G. Gambetta, P. Innocente, S. 

Peruzzo, M. Siragusa, S. Spagnolo, M. Spolaore, Design of the RFX-mod2 first wall, 

Fusion Eng. Des. 160 (2020) 111795. https://doi.org/10.1016/j.fusengdes.2020.111795. 

[53] A. Alfier, R. Cavazzana, P. Scarin, S. Dal Bello, G. Mazzitelli, M. Pavei, W. Rigato, V. 

Cervaro, L. Franchin, F. Rossetto, A. Tiso, Liquid Lithium Limiter on the RFX-mod 

experiment, J. Nucl. Mater. 415 (2011) S413–S416. 

https://doi.org/10.1016/j.jnucmat.2011.01.120. 

[54] D.K. Mansfield, A.L. Roquemore, T. Carroll, Z. Sun, J.S. Hu, L. Zhang, Y.F. Liang, 

X.Z. Gong, J.G. Li, H.Y. Guo, G.Z. Zuo, P. Parks, W. Wu, R. Maingi, First observations 

of ELM triggering by injected lithium granules in EAST, Nucl. Fusion. 53 (2013) 

113023–113030. https://doi.org/10.1088/0029-5515/53/11/113023. 

[55] S. Fiameni, S. Barison, A. Canton, S.D. Bello, P. Innocente, C. Pagura, M. Fabrizio, S. 



 34 

Daolio, SIMS analysis of the interaction between plasmas and the graphite first wall in 

RFX-mod, Surf. Interface Anal. 45 (2013) 423–426. https://doi.org/10.1002/sia.5063. 

[56] J.F. Moulder, W.F. Stickle, P.E. Sobol, K. Bomben, Handbook of X-ray Photoelectron 

Spectroscopy, Perkin-Elmer Corporation, Eden Prairie, Minnesota, 1992. 

[57] F.J. Grunthaner, P.J. Grunthaner, R.P. Vasquez, B.F. Lewis, J. Maserjian, A. Madhukar, 

Local atomic and electronic structure of oxide/GaAs and SiO2/Si interfaces using high-

resolution XPS, J. Vac. Sci. Technol. 16 (1979) 1443. https://doi.org/10.1116/1.570218. 

[58] S. Doniach, M. Sunjic, Many-electron singularity in X-ray photoemission and X-ray line 

spectra from metals, J. Phys. C Solid State Phys. 3 (1970) 285–291. 

https://doi.org/10.1088/0022-3719/3/2/010. 

[59] D.A. Shirley, High-resolution X-ray photoemission spectrum of the valence bands of 

gold, Phys. Rev. B. 5 (1972) 4709–4714. https://doi.org/10.1103/PhysRevB.5.4709. 

[60] V.R. Deline, W. Katz, C.A. Evans, P. Williams, Mechanism of the SIMS matrix effect, 

Appl. Phys. Lett. 33 (1978) 832–835. https://doi.org/10.1063/1.90546. 

[61] M.L. Yu, W. Reuter, Matrix effect in SIMS analysis using an O2
+ primary beam, J. Vac. 

Sci. Technol. 17 (1980) 36–39. https://doi.org/10.1116/1.570390. 

[62] P.R. Boudewijn, H.W.P. Akerboom, M.N.C. Kempeners, Profile distortion in SIMS, 

Spectrochim. Acta Part B At. Spectrosc. 39 (1984) 1567–1571. 

https://doi.org/10.1016/0584-8547(84)80184-6. 

[63] S. Oswald, Binding energy referencing for XPS in alkali metal-based battery materials 

research (I): Basic model investigations, Appl. Surf. Sci. 351 (2015) 492–503. 

https://doi.org/10.1016/j.apsusc.2015.05.029. 

[64] A.C. Kozen, A.J. Pearse, C.F. Lin, M.A. Schroeder, M. Noked, S.B. Lee, G.W. Rubloff, 

Atomic layer deposition and in situ characterization of ultraclean lithium oxide and 

lithium hydroxide, J. Phys. Chem. C. 118 (2014) 27749–27753. 

https://doi.org/10.1021/jp509298r. 

[65] K.N. Wood, G. Teeter, XPS on Li-battery-related compounds: analysis of inorganic SEI 

phases and a methodology for charge correction, ACS Appl. Energy Mater. 1 (2018) 



 35 

4493–4504. https://doi.org/10.1021/acsaem.8b00406. 

[66] K.P.C. Yao, D.G. Kwabi, R.A. Quinlan, A.N. Mansour, A. Grimaud, Y. Lee, Y. Lu, Y. 

Shao-Horn, Thermal stability of Li2O2 and Li2O for Li-air batteries: in situ XRD and 

XPS studies, J. Electrochem. Soc. 160 (2013) A824–A831. 

https://doi.org/10.1149/2.069306jes. 

[67] R. Blume, D. Rosenthal, J.-P. Tessonnier, H. Li, A. Knop-Gericke, R. Schlögl, 

Characterizing graphitic carbon with X-ray photoelectron spectroscopy: a step-by-step 

approach, ChemCatChem. 7 (2015) 2871–2881. 

https://doi.org/10.1002/cctc.201500344. 

[68] J.C. Lascovich, R. Giorgi, S. Scaglione, Evaluation of the sp2/sp3 ratio in amorphous 

carbon structure by XPS and XAES, Appl. Surf. Sci. 47 (1991) 17–21. 

https://doi.org/10.1016/0169-4332(91)90098-5. 

[69] R.A.P. Smith, G.C. Smith, P. Weightman, Effects of low energy argon ion irradiation 

on the carbon 1s photoelectron line of highly oriented pyrolytic graphite, J. Electron 

Spectros. Relat. Phenomena. 152 (2006) 152–157. 

https://doi.org/10.1016/j.elspec.2006.05.004. 

[70] W. Xie, K.M. Ng, L.T. Weng, C.M. Chan, Characterization of hydrogenated graphite 

powder by X-ray photoelectron spectroscopy and time-of-flight secondary ion mass 

spectrometry, RSC Adv. 6 (2016) 80649–80654. https://doi.org/10.1039/c6ra17954a. 

[71] D. Bouša, J. Luxa, D. Sedmidubský, Š. Huber, O. Jankovský, M. Pumera, Z. Sofer, 

Nanosized graphane (C1H1.14)n by hydrogenation of carbon nanofibers by Birch 

reduction method, RSC Adv. 6 (2016) 6475–6485. https://doi.org/10.1039/c5ra22077g. 

[72] H. Estrade-Szwarckopf, XPS photoemission in carbonaceous materials: A “defect” peak 

beside the graphitic asymmetric peak, Carbon. 42 (2004) 1713–1721. 

https://doi.org/10.1016/j.carbon.2004.03.005. 

[73] G.P. López, D.G. Castner, B.D. Ratner, XPS O 1s binding energies for polymers 

containing hydroxyl, ether, ketone and ester groups, Surf. Interface Anal. 17 (1991) 267–

272. https://doi.org/10.1002/sia.740170508. 



 36 

[74] Z.R. Yue, W. Jiang, L. Wang, S.D. Gardner, C.U. Pittman, Surface characterization of 

electrochemically oxidized carbon fibers, Carbon. 37 (1999) 1785–1796. 

https://doi.org/10.1016/S0008-6223(99)00047-0. 

[75] E. Desimoni, G.I. Casella, A.M. Salvi, T.R.I. Cataldi, A. Morone, XPS investigation of 

ultra-high-vacuum storage effects on carbon fibre surfaces, Carbon. 30 (1992) 527–531. 

https://doi.org/10.1016/0008-6223(92)90171-R. 

[76] Y.C.G. Kwan, G.M. Ng, C.H.A. Huan, Identification of functional groups and 

determination of carboxyl formation temperature in graphene oxide using the XPS O 1s 

spectrum, Thin Solid Films. 590 (2015) 40–48. 

https://doi.org/10.1016/j.tsf.2015.07.051. 

[77] R.A. Langley, Helium-ion-induced release of hydrogen from graphite, J. Nucl. Mater. 

162–164 (1989) 1030–1034. https://doi.org/10.1016/0022-3115(89)90404-2. 

[78] A. Matsumota, Y. Yamauchi, T. Hino, K. Nishimura, Y. Ueda, Deuterium retention in 

graphite and its removal by inert gas glow discharge, Plasma Fusion Res. 7 (2012). 

https://doi.org/10.1585/pfr.7.2402090. 

[79] M.A. Lomidze, S.L. Kanashenko, A.E. Gorodetsky, V.K. Alimov, A.P. Zakharov, 

Evolution of hydrogen-containing traps in graphite under helium ion bombardment, J. 

Nucl. Mater. 212–215 (1994) 1483–1487. https://doi.org/10.1016/0022-

3115(94)91074-X. 

[80] K. Ashida, K. Ichimura, K. Watanabe, Two different species of deuterium implanted 

into a pyrolytic graphite observed by XPS-SIMS, J. Vac. Sci. Technol. A. 1 (1983) 

1465–1468. https://doi.org/10.1116/1.572169. 

 


	Email: bkoel@princeton.edu, Phone: 609-258-4524

