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Abstract: Surface-modified graphite is studied as an electrode material, an adsorbent, and a mem
brane component, among other applications. Modifying the graphite with plasma can be used 
to create relevant surface functionalities, in particular, various oxygen groups. The application of 
surface-oxidized graphite often requires its use in an aqueous environment. The application in an 
aqueous environment is not an issue for acid-oxidized carbons, but a discrepancy in the structure- 
activity relationship may arise because plasma-oxidized carbons show a time-dependent decrease 
in the degree of functionalization and related properties. Moreover, plasma-oxidized materials are 
often characterized in terms of their chemical and physical properties, most notably their degree 
of functionalization after plasma treatment, without contact with water. In this study, we used 
low-temperature plasma oxidation with pure oxygen and carbon dioxide and sample-washing with 
concentrated nitric and sulfuric acids. To evaluate the electronic properties of modified graphite, the 
work function changes and surface oxygen content were measured just after plasma modification 
and after water immersion. We show that water immersion drastically decreases the work function 
of plasma-treated samples, which is accompanied by a decrease in the number of radicals introduced 
by plasma. Our results demonstrate that the increase in stable work function as a result of plasma 
treatment, brought about by an increase in the surface oxygen species concentration, can be realized 
most effectively for the acid-washed graphite.

Keywords: plasma; work function; oxygen functional groups; OFG; graphite; XPS; surface 
functionalization; carbon materials

1. Introduction

N atural graphite can be classified into three principal types: crystalline sm all flake 
graphite (or flake graphite), crystalline vein  or lum p graphite, and am orphous graphite 
(very  fine flake graphite). E ach  natural graphite has different physical properties, ap
pearance, chem ical com position, and im purities [1]. Recently, m uch attention has been 
focused on the use of econom ically  attractive electrodes based on natural graphite. It is 
relatively abundant and inexpensive, has good durability and relatively low mass, and has 
excellent porosity and conductivity [2,3 ]. Moreover, an im provement in the electrochemical 
perform ance of graphite can be achieved through several m ethods such as mild oxidation, 
surface deposition of m etals/m etal oxides, or polym er coating [4 ]. Such actions m ay lead 
to significant changes in  the surface of the m aterial, such as the rem oval of som e reactive 
sites and/or defects, the creation of an oxide layer, the formation of a porous structure, the 
change in electronic conductivity, and the reduction in the thickness of the solid electrolyte 
interface layer [5 ]. To obtain  the best properties, the carbon content in  graphite m u st be 
maximized. It can be achieved by purification w ith acids such as HCl, HNO3, H 2SO4, or HF. 
A ccording to the authors [6], a m axim um  carbon content of 98.4%  w as obtained for acid 
treatm ent of flake graphite. The com bined a cid -a lk a li-ac id  (H 2SO 4/H2O 2-N aO H -H C l) 
treatm ent im proved this score to 99.68%  or even 99.72%  if H F w as also em ployed. N itric 
acid  treatm ent is also a very  popular m ethod for introducing surface oxygen functional 
groups (O FG ), m ainly carboxylic, onto various carbon m aterials, such as am orphous car-
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bon  [7], carbon nanofibers [8 ], m ulti- and single-w all carbon nanotubes [9,10], and high 
surface area graphite [11].

C old  plasm a processing is a low -cost, highly  effective, and green technology w idely 
used for m odification of the surface properties of m aterials. It is gaining popularity in the 
fields of biom aterials, adsorbents, polym ers, electrodes, and others [12- 14]. Depending on 
the application, plasm a treatm ent is used to clean, coat/deposit, or functionalize the sur
face [14]. The degree of surface changes depends on plasm a param eters such as generator 
power, total gas pressure, and plasm a treatm ent tim e [13,15] . O ptim ization of the plasm a 
m odification process is extrem ely im portant because excessive surface treatm ent can lead 
to degradation and destruction of the sam ple. Moreover, it should be em phasized that the 
effect of plasma treatm ent evolves w ith time after plasma removal because of the variability 
of the state of the plasm a-generated surface functional groups. Their orientation changes 
tow ards low ering the surface energy; they m ay diffuse on  the surface or recom bine and 
eventually leave the surface [15]. W hen plasma-modified m aterial is applied in an aqueous 
environm ent, special attention should be paid to the characteristics after im m ersion.

The degree of plasm a m odification of the m aterial surface can be follow ed by  the 
m easurem ents of changes in the w ork function (W F). The w ork function of a m aterial 
is defined as the m inim um  energy required to m ove an electron from  the Ferm i level 
into the vacuum . Its value provides inform ation on the electronic properties of the solid 
surface [16]. Since the w ork function is directly related to the electron donor properties, 
its studies can be successfully  used to optim ize the surface state of m any m aterials. To 
this end, D uch et al. presented a substantial increase of about 1 eV in the w ork function of 
the graphenic sheets upon oxygen plasm a treatm ent. The authors also revealed that the 
plasm a-m odified electronic properties change toward the initial state w ith time; however, 
the final value of the w ork  function after 2  m onths w as still h igher than for the native 
sam ple [15]. The literature survey indicates the particular significance of plasma treatm ent 
in the area of carbon materials. Their properties are tailored by plasma m odification in many 
different applications [13- 15,17,18]. In [19], the authors described the positive influence 
of plasm a treatm ent (plasm a N 2 + H 2) on the graphite anode in lithium  ion batteries. The 
authors were working w ith graphite powders with a m ean particle size of about 3 pm. The 
observed im provem ent in electrochem ical perform ance (exceeding the theoretical lim it of 
the capacity) resulted from  significant structural m odifications of the surface of graphite, 
including the introduction of N  atom s into the graphite lattice sites. H igh-surface-area 
graphites, used as catalyst support in  a variety  of chem ical reactions, are often  m odified 
w ith plasm a to create a surface w ith a high concentration of catalytic active sites [17]. The 
oxygen plasma treatm ent is a dry and environm entally friendly alternative to conventional 
chem ical and electrochem ical oxidation in gaseous (O 2, O 3, C O 2) or liquid m edia (acids, 
H 2O 2). In  turn, carbon biom aterials are treated w ith  p lasm a to ensure their resistance to 
bacterial adhesion. The attachment of pathogenic bacteria that possess a net negative charge 
to biom aterials has been reported to be strongly correlated with their work function [18,20]. 
Epifanio et al. demonstrated a positive effect of air plasma treatm ent on the electrochemical 
adhesion of active m icroorganism s to the graphite electrode [21]. Atm ospheric air plasm a 
treatm ent o f the electrode surface introduced hydrophilic functional groups, leading to 
an increase in  cell adhesion and electroactivity. Such results indicate that air plasm a 
pretreatm ent is an effective option for increasing the output current in bioelectrochem ical 
system s. The application of plasm a for the functionalization of carbon-based m aterials for 
electrochem istry is noteworthy. In [22], the authors used a dual oxygen plasm a oxidation 
approach follow ed by H 2O 2 treatm ent to functionalize graphite felt electrodes for an all
vanadium  flow -through battery  system . This com bination of treatm ents increased the 
energy efficiency of the cell by  8 .2 % com pared to oxidation by therm al treatm ent in air. 
The use of the above-m entioned solution m ay reduce the cost of vanadium  flow -through 
battery cells, and thus increase the scale of their application. The reactivity of carbon-based 
electrocatalysts, for exam ple, for the oxygen reduction reaction, is correlated w ith  the 
functional oxygen groups present in  the carbon m aterials [23] and can be successfully
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im proved by using plasm a. A clear co rrelation betw een their electrocatalytic activity and 
w ork function indi cates that the latter can be a com m on descriptor e f activity [24]. We 
recently aepoetep that the degree of functi onalization of the plasm a-m odified graohene 
paper is contrrl led by the post-plasm etic reactions i n  wcter. Im m ersion in w ater of plasma- 
treated graphene paper resulted in stabile surface functionalization, confirm ed by  the 
constant value of the w ork functio n [25].

The need hoc preli m inary puriffcation of natural graphita before ite application and 
possible surface functionalization with oxygen groups m ativated us to inveutigate theeffect 
of acid w ashing on plasm a oxidation. We aim ed to evaluate the effect of plasm a treatm ent 
on the electronic properties and surface com position of the off-the-shelf graphite m aterial 
w ashed w ith  different acids. We used oxygen and carbon dioxide plasm as to evaluate 
the extent r f  possible W F changes and confronted the rasults for two approaches: plasm a 
oxidation of the off-the-shelf sample and the same treatm ent of graphite, w hich underwent 
acid purification.

2. Results

The m ust spectaeular change s are observed by  follow ing the contact potential d t  
ference (C PD ) w ith  the K elvin  probte for the sam ples belore and aftar plasm a treatm ent, 
Figure 1. TUe initial incruase in the C PD  is oa the ordur cet 1 V, equivalent to on inc rease 
of 1 eV  of the w ork function o fth e  m aterial. The observed m odification e f ülne electronic 
properties of the surface is not stable over time end decreases substantially, with the magni- 
tudr of the affect depending on the typie of plasm a (O2, CO2) and the tim e of treatment. As 
presented in Figure I CO 2 plasm a treatm ent cetu lts irt a higher d ecrease in CPD  than O2 
plasma. The graphs of the short-term  evolution of CPD for different plasm a treatm ents are 
presented in Figures S1 and S2 in Supplem entary M aterials. Acid-washed sam ples exhibit 
a similar pattern of high initial increase in CPD followed by substantial decrease over time.

Figure 1. Work function changes after one week and one month after plasma treatment of of-the-shelf 
end acid-treated graphite samptes. (A) oxygen plasma-G(O2), (B) CO2 plasma-G(CO2). GN-nitaic 
acid-washed graphite, GN(O2) and GN(COa)-plasma-treafed nitric acid-washed graph ite, GU-sulfuric 
aciU-washed graphite, GS(O2) and GS(CO2) plasma-treafed culfuric at5d-washed graphite.

To obtain a s tabla surface of the plasma-modified graphites, ihe sampiles w ere washed 
with deionized water. Such a treatm ent was chosen to rem ove the static electricity charging 
of the sam ples created by plasm a treatm ent and to prom ote surface reactions that lead to 
uhaeges in surface composition. This ireatm ent allowed the m aterial to have stable surface 
properties, as evidenced by  a constanit value o5 the change in w ork function (change in 
CPD) relative to the stetting m aterial (Figure 2).
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Figure 2. Contact potential difference of 10 min oxygen plasma-treated graphite immersed in water.

The effect o f w ater for different p lasm a treatm ent tim es for O 2 and C O 2 gases is 
preseneed in  Figure 3 . A n im m ediate decrease irt w ork  function is easily  observed, and 
the final C PD  value s vary  de {rending; on the type of p lasm a and tire treatm ent tim e. The 
increase in final w ork function due to plasma and w ater treatm ent is more pronounced for 
O 2 plasm a than for C O 2 plasm a. In the case of oxygen plasm a, the m axim um  changes of 
surface electronic properties (ACPD) are observed for 10 m in of p lasm a treatm ent, w hile 
for carbon dioxide plasm a the m axim um  is m uch less pronounced and is located at 15 min 
of plasm a treatm ent.

Plasma treatment time/min Plasma tratment time/min

Figure 3. Changes in graphite surface contact potential difference (work function) for different times 
of plasma treafment with O2 (A) and CO2 (B). ASAP-CPIff measurement performed ae soon as 
possible apter flasma treatment.

XRD characterization w as perform ed to verify tire structural integrity of the modified 
graphite samples; Figure 4 . The diffractien patterns exhibif typical two maxima assigned to 
the cryslal planes 10012)) and (004). Notably, tto ofher phases are detected. N either plasm a 
nor acid treatm ents induce noticeable structural changes. To further analyze the data, 
the crystallite sizes w ere determ ined w ith  the Scherrer form ula u sing (002) d iffraction 
m axim um  [26]. For the unm odified graphite sam ple, it is equal to a b o et 80 nm , w hereas 
plasm a m oahfication results in  a slight decreaee to 615 nm . Both ecid w ash ing; treatm enta 
result in a detrease in tire average crystalline size of g ra .h ite  So 50 nm, w hich is nol further 
influenced yy  plasm a oxidation.



Figure 4. Powder X-ray diffractograms of the studied samples: reference-GREF, 5 min oxygen 
plasma-treated-G(O2), nitric aoid-treated-GN, nitric acid + oxygen plasma-GN(O2) treated, sulfuric 
acid-treated-GS, and sulfuric acid + oxygen plasma-GS(O2).

The structural characterization by XRD  was supported by Ram an spectroscopy studies. 
The R am an spectra of the reference (GREF) and m odified graphite sam ples, treated w ith 
oxygen (G(O2)t or carbon dioxide (G(CO2)) plasm as using t ,  5 ,1 0 , and 20 min ot exposure 
tim e, and w ith nitric or sulfuric acid are presented in Figure 5A . In all cases, intense bands 
are present at ~1580 (G) and ~2725 cm - 1 (2D), w hich are d istinctive for graphite. The G 
band is related to the vibrational m ode of graphitic ca rb tn , w hereac the 2D  band, w ith  
typical graphite asymmetry, is the result of the tw o-phonon lattice vibrational process [27], 
On the spectra of the modified samples, the disorder-induced D band at ~1355 cm - i appears 
with its intensity slightly decreasing with plasma treatm ent time, while the band associated 
w ith the carbon am orphization process at ~1620 cm - 1 (D ') is alm ost unnoticed. To assess 
the degree of disorder of the graphite otructure, the Id/Ig and I2d/Ig rstioa were calculated 
(Figure 5B). The low intensity of the D band, together w ith the Irrelevant variations in the 
IaD/IG and Id/Ig values, indicates that the extent of disordoa of the bulk graphite structure 
is negligible, regardless of the m odification procedure (plasm a versus acid treatm ent, 
plasm a exposure time). This assertion, reinforced by the highly ordered structure inferred 
from  the XRD  results (Figure 3 ), is in  line w ith previous research [17] . The slight decrease 
in the Id / I g ratio w ithin the G (O 2) and G (C O 2) series can be sttributed to the rem oval of 
disord ered graphitic laye rs w it i  a longer plasm a exposure time S17]. Similarly, the specific 
surface area is not influenced by 1 m in of oxygen plasm a (the sam e 12 m 2 g - 1 before 
and after) and only slightly  decreases after prolonged plasm a treatm ent (8 m 2 g - 1 after 
20 min). The m orphology oi the oxidized graphite sam ples did not differ appreciab ly fsom 
th et of the starting m aterial even after a haash su lfu rit acid  treatm ent (scanning electron 
microscopy, SEM , pictuees in Figure S3).



Figure 5. (A) Raman spectra of reference (GREF) and oxidized samples: treated with O2 plasma for 
1 min—G1(O2), 5 min— G5(O2), 10 min—G10(O2); treoted with CO2 plasma for- 1 min—G1(CO2), 
10 mrin—G10(CO2) , 20 min—G20(CO2); treated with nitric acid (GN), and treated with sulfuric acid 
(GS). (B) Analysis o  f Id/Ig and I2d/Ig in tensity ratios from Raman spectro of studied samples.

A  com plem antary characterisation of the m aterials w as p erfo rm ed b y  therm ogravi- 
m etric studies, Figure 6 . Plasm a treatm ent w as found to have no influence on the therm al 
strtúhty of graphite. However, heatm ent w ith acids, especially nitric acid, increeses thermal 
stebilily. "The effect is due to the removal of iron oxide impurity, w hich acts as an oxidation 
catolyst [28]. The oxyghn plasm a traatm enl of the acid-w ashed hamples did not chango 
their therm al stability appreciably, sim ilarly to that of the unw arhed grophite.

Figure 6. Thermal stability of acid and plasma-treated materials. Reference graphite (GREF) and 
plasma oxidized samples: treated with Cb plasma for 5 min-G5(02), treated with CCb plasma for 
10 min Gf 0(CO2)e treated wifh nitric acid )GN), and heated with sulfuric acid (GS), GS(O2) and 
GN(O2)-acid washed samjales treated with O2 plasma for 10 min.

N orm alized  XPS C 1 r and O  1 s spectra of p lasm a ond acid-treated grap hite s are 
collected in Fiaure 7. The full sets of narrow seen XPS spectro for the investigated sam ples 
can be found in Supplem entary M aterials, Figures S4-S14. A com parison of the normalized 
ypectra for- O 2 and C O 2 plasm a m odified sam ples indicates that speciadon of ihe oxygen 
functional groups does n ot change. A lthough the C I s  specira of acid-w xshxd graphites 
(nitric acid-w ashed, GN , sulfuric acid-w ashed, G Si do n ot differ noticeably, plxsm a treat
m ent in  these cases results in an increased intensity  of around 286.1 eV, characteristic for



C -O -type functional groups [29]. The O  1 s spectra of acid-w ashed sam ples differ from  
those of the starting m aterial, probably due to the rem oval of inorganic im purities, such 
as Fe2O 3. Follow ing Table S1, it can lie concluded tliat acid w ashing rem oves iron oxide 
im purities and uncovers SiO 2, changing the oxygen balance ini the nample. "To account 
for tha changed in tine; chem ical com pos ition of graphite due to the rem oval of Fe2C>3 and 
the u ncaveting  of SiO 2, the corrected oxygen atom ic com position bound in the functional 
carbon-oxygen groups was obtained by subtracting the oxyaen from Fe2O 3 (Fe at.% x 1.5), 
SiO 2 (Si af.%o x 2), and SO 3 w hete adequate (Si at.%0 x 3). The sum m ary of surface quantifi
cation w ith XPS is collected in Table S1, Supplem entary M aterials.

Figure 7. XPS core C 1 s and O 1 s spectra of graphite treated with O2 plasma (A,E), CO2 plasma 
(B,F), nitric acid (C,G), and sulfuric acid (D,H).

The EPR spec tra of the investigated sam ples registered at room temperature are shown 
in Figure 8 . The cam posite EPR spectrum  for the; refarence sam ale (GREF) w as sim ulated 
as o superpoaition of tw o com p onent! characterized by gy = 2.0459 and g± = 2.0028 for 
the first one (G R EFC -1), w hile the second center w as characterized by g = 2.0198 and 
g = 2.0002 (G REFC -2). The sim ulation represented a very  good fit; how ever, a sm all 
discrepancy can be observed around g ~2 w hich m ight be attributed to an additional sharp 
signal. D ue to the very  sm all intensity, this line w as not included in the sim ulation. The 
signal denoted GREFC-1 was attributed to electrons that can travel through a large number 
of crystallites before a change in spin orientation takes place [30]. The observed shape of the 
EPR spectrum  is due to a tim e averaging of the anisotropy ow ing to electron m otion. The 
second signal, GREFC-2, originates from the electron whose spin flipped after only crossing 
a few crystallites. The signal from plasm a treated graphite show s a sim ilar shape and also 
consists o f tw o com ponents (gy = 2.0459 g = 2.0027 and SG -2 gy = 2.0199 g = 2.0039), 
though, its intensity  increased significantly. A fter im m ersion of the sam ple in w ater, the



shape and intensity  of the EPR  signal returned to that observed for the native graphite 
(gii = 2.0459 g ±=  2.0028, and ge = 2.0198 g± = 2.0002).

Magnetic Field/  G Magnetic Field I G Magnetic Field / G

Figure 8. EPR spectra of plasma-treated graphite. (A) reference graphite; (B ) measured as soon as 
possible aftee plasma treatment; iC) plasma and water treated sample.

3. D iscuss . on

The physicochem ical characterization of m odified graphites show s that the applied 
treatm ents influence neither the structuee nor the m orphology of the com m ercial gsaphite 
used. This is expected for p lasm a treatm ent, since oxidation is restricted to the near
surface region (Tables S1-S3). The increase in the Si content of SiO 2 in the plasm a-treated 
sam ples is a sign of total oxidation of som e of the carbon com ponents that reveal the 
silica im purity. N evertheless, plasm a treatm ent does not influence the therm al stability 
of graphite, m ost likely due to a negligible effect on the structure of the m aterial and 
the introduction only of unstable oxyjtjen species. In contrast, acid w oth ing  increases the 
thormal stabihty of the graphito materiol as a result of the removal o . iron impurity, w hich 
acts as an oxidation catalyst.

The surface changes of graphite result in an increase in w ork function (dues to the mild 
oxidation. However, the changes are unstable over time and a gradual decrease in the work 
function is observed. Thes effeci can be expfained 0 y  considering tw o com ponents of the 
m odifications: electrostatic and chem ical. The form er (s related fo the edfect o f graphite 
pow der charging w ith  static slectricity  during plasm a treatm ent and a  diocharge during 
m easurem ent w ita  the Kelviu probe, where the sam ple is grounded. The latter com ponent 
is responsible for m ore slabie surface m odificoO on-the introduction of oxygan functional 
groups. To equilibrate the cam ples and rem ove the charging, graphite pow ders w ere 
im m ersed in  w ater after plasm a treatm ent: This procedure also decreases the num ber ot 
unpaired elec trons os shown by EPR m easurem cntr. "The additional effect of such treatm ent 
is related to the surface reactivity upon activatton irr placma. As expected, for each ptasma 
treatm ent, tire values oW the w ork function (CPD) decretsed  suhctantiallp but w eie higher 
titan for the original sam ples (ACPD n 0, Cigure 9 ).



Figure 9. Changes in contact potential difference (changes in work function) of graphite samples—a 
comparison of acid and plasma treatments. G(O2)—oxygenplasma-treated sample, G(CO2)—CO2 
plasma-treated sample, GN, GS—nitric acid and sulfuric acid-washed samples later treated with 
oxygen plasma.

Quantifieation of oxygen htnciional groups in grap hite sam ples is shown in Figu re 10. 
The oxygen content (based on  Table S I)  in the O 2 and C O 2 plasm a and w ater-)reated 
sam ples is higher than in the original graphite, w hich explains (he increase in wnrk lunction. 
Interestingly, CO2 plasm a is more effective in introducing OFGs, bu i w ater treatm ent leads 
)o eheir pecrease. In ein trast, oxygen plasma appears to also activate the materials, similarly 
to the effect reported for graphene paper [25].

Figure 1f . O xygen content determined with XPS annlysis of plasma and acid-treated graphite s amples. 
pegend: (2—graphite reference, G(O2)—O— plasma-treated graphite; C)(Ci2) -1 H^O—water-washed 
G(O2), GtCO2)—CO2 pfssma-treated graphite, G(CO2) + HpO—water-waxhed G(CO2), GN —nitric 
acid-washed graphite, GN(O2)—O2 plsema-triated graphite GNp GN(O2) + H2O—water-washed 
GN(02), GS—sulfuric acid-washed graphite, GS(O2)—O2 plasma-treated graphite GS, GS(O2) + 
H2O—water-washed GS(O2).

Sample desianation

Sample designation



The investigated, off-the-shelf graphite contained im purities in the form  of SiO 2 and 
Fe2O 3. To purify the m aterial, nitric and sulfuric acids w ere used. Acid treatm ent resulted 
in  substantial rem oval of iron oxide im purity. A t the sam e tim e, the w ork function  of 
the graphite increased, despite the substantial decrease in  the content of the oxygen func
tional groups. H ow ever, as evidenced in Figure 7G ,H , the shift in the O  1s spectra m ay 
indicate a change in O FG  speciation, leading to the m odification of the w ork function. 
In  the case of the sulfuric acid-w ashed sam ple, sulfate groups are present on  the surface 
(Figures S12 and S13) possibly  adding to the observed increase in w ork function. H ow 
ever, these groups d isappear after oxygen plasm a treatm ent follow ed by w ater w ashing 
(Figure S14). Moreover, intim ate interaction betw een the graphite and iron im purities may 
result in a decreased work function of the of-the-shelf graphite. Nevertheless, plasma treat
m ent of the acid-washed sam ples resulted in the incorporation of stable oxygen functional 
groups, w hich further increased the w ork function graphite.

Plasm a, consisting of radicals and free electrons, can transfer these species and charges 
to the m aterials in  contact. The studied graphite already contains radicals in the form  of 
free electrons, bu t p lasm a treatm ent increases their concentration, as show n in Figure 8 . 
Follow ing the adopted experim ental procedure, im m ersion in w ater results in the removal 
of these additional radicals. Electron paramagnetic resonance studies allow for some insight 
into the state of the graphite sam ples upon plasm a treatm ent. The increase in the radical 
signal coincides w ith  the increase in the w ork function and the surface oxygen. Similarly, 
the decrease in the radical signal for the w ater-treated graphite follow s the decrease in 
w ork function. C hanges in the surface oxygen content do not increase uniform ly after 
the w ashing of the plasm a-oxidized sam ples. Therefore, the reactivity in w ater— increase 
or decrease in  the num ber of functional oxygen groups— w ill depend on the interplay 
betw een surface disordering due to ion bom bardm ent, the form ation of radicals, as well as 
the num ber and type of OFG already present.

4. M aterials and M ethods

Graphite powder (Polskie Odczynniki Chem iczne, POCH) w as modified in this work 
using both acid im m ersion and plasm a treatm ent. The w et acid m odification w as carried 
ou t by placing 2 g of graphite in a round bottom  flask and adding 80 m L of concentrated 
acid. Sulfuric acid (VI) (Chempur) w ith a concentration of 95% and nitric acid (V) (POCH 
Basic) w ith  a concentration of 65%  w ere applied. The m ixtures w ere then heated to a 
tem perature of about 96 °C  for 16 h. The product w as then filtered on a Buchner funnel 
and w ashed w ith  deionized w ater until pH  w as close to neutral. The obtained pow ders 
w ere dried and ground in a mortar.

P lasm a treatm ent w as carried out using the com m ercial cold plasm a system  (Fem to- 
Diener Electronic GmbH, Nagold, Germany) with a generator frequency of 40 kHz, em ploy
ing pure oxygen (Air Products, 99.9998% O2) or CO2 (Air Products, X50S 37.5 K, ultra-pure) 
as feed gases for p lasm a generation. The optim ization of the plasm a m odification pa
ram eters w as perform ed w ith  the use of 100% pow er and 0.2 m bar pressure for different 
plasm a treatm ent tim es: for oxygen plasm a, the tim es were: 1, 5 , 10, and 20 m in (sam ples 
designation: G1(O2), G5(O2), G10(O2), G20(O2)), and for CO 2 plasm a, 1 ,5 ,1 0 ,  and 20 min 
(sam ples designation: G 1(C O 2), G 5(C O 2), G 10(C O 2), G 20(C O 2)). The p lasm a treatm ent 
w as applied to unm odified graphite and sam ples already treated w ith concentrated acids. 
A fter plasm a treatm ent, the sam ples w ere im m ersed in deionized w ater (DI) for surface 
stabilization and dried at 60 °C. Based on the relative changes in w ork function before and 
after water im m ersion, 5 min of plasma treatm ent w as selected to modify acid-treated sam 
ples, as well as samples for electron paramagnetic resonance (EPR) and X-ray photoelectron 
spectroscopy (XPS) studies.

To determine the effect of applied modifications on the electronic properties of graphite, 
the w ork function changes w ere follow ed. W ork function studies for plasm a treatm ent 
w ere perform ed in  a series of three m easurem ents: untreated sam ple, sam ple ju st after 
plasm a treatm ent, and sam ple im m ersed in DI w ater just after plasm a treatm ent.



C hanges in the w ork function of graphite sam ples w ere investigated by  m easuring 
contact potential d ifference (ACPD) m easurem ents. The experim ents w ere carried out 
using the Kelvin probe method with a KP6500 device (McAllister Technical Services, Coeur 
d 'A lene, ID, USA ). The stainless steel plate (d = 3 m m ) w as used as an electrode (W Fref = 
4.3 eV). The m easurem ents were carried out under am bient conditions (room temperature, 
atm ospheric pressure), w ith vibration frequency at 114 H z and am plitude at 40 a.u.

The structural analysis of the reference and functionalized sam ples w as carried out 
using a R igaku M ultiflex diffractom eter, using  C u Ka radiation (40 kV, 40 m A). Pow der 
X-ray diffractogram s w ere collected in the 2theta range of 10-70° (step size of 0 .0 2° and 
accum ulation time of 3 s). gRaman spectra of the sam ples were collected using a Renishaw 
InVia spectrom eter equipped w ith  a 514 nm  laser. M easurem ents w ere carried ou t in the 
spectral range of 1000-3000  cm -1  w ith  a resolution of 1 cm - 1 . The accum ulation of ten 
scans w as applied for each spectrum .

Therm ogravim etric analysis of reference and functionalized sam ples w as perform ed 
using TGA/DSC 1 equipm ent (M ettler Toledo). A pproxim ately 10 m g of the sam ple were 
heated in the flow  of synthetic air 40 m L m in -1  (m ixed w ith  A r 20 m L m in - 1 ) in the 
tem perature range of 25-1100 °C w ith a heating rate of 20 degrees per minute.

The surface com position w as exam ined using XPS w ith  a SESR 4000 analyzer (Gam - 
madata Scienta, Uppsala, Sweden, the XPS setup was provided by Prevac, Rogów, Poland). 
The base pressure in a vacuum  cham ber was below  5 x 10-9  mbar, and m onochrom atized 
A l-K a  source w ith the 250 W  at 1486.6 eV em ission energy w as used w ith the pass energy 
for selected narrow-range binding energy scans of 100 eV. To process the raw data, CasaXPS 
Version 2.3.24PR1.0 (Casa Softw are Ltd., Teignm outh, UK) w as used [31].

Local structural changes o f m odified graphites w ere investigated using a Renishaw  
InVia spectrom eter equipped w ith  a 514 nm  laser. gRam an spectra w ere collected in 
the range of 1000-3000  cm -1  w ith  a resolution of 1 cm - 1 , by  accum ulating  ten scans for 
each spectrum .

The num ber and type of param agnetic species in the graphite sam ples w ere inves
tigated using EPR  spectroscopy. C ontinuous w ave EPR  spectra w ere m easured w ith  a 
Bruker Elexsys E500 X-band spectrom eter equipped with the Xepr data system  for spectra 
acquisition and m anipulation and the super high-sensitivity cavity ER 4122 SHQE. Spectra 
w ere recorded w ith  a 100 kH z m agnetic field m odulation. In standard experim ents, the 
m icrow ave pow er w as 2 mW, sweep w idth 20 mT, m odulation am plitude 0.2 mT, num ber 
of points 1024, and 4 scans w ere acquired. The EPR  spectra w ere sim ulated using the 
EPRsim 32 program  w ritten in M icrosoft V isual C++ 6.0 u sing the M icrosoft Foundation 
Class library [32].

5. Conclusions

Graphite is being investigated for potential and im proved applications in m any areas 
w here tuning the surface properties is param ount to its perform ance. In this study, w e 
evaluated  the tuning of the surface electronic properties and surface oxygen content by 
oxidative plasm a m odification of the sam ple of com m ercial graphite. Since the surface of 
the plasma-oxidized graphite is unstable over time, simple w ashing with w ater w as chosen 
to obtain a stable m aterial. Additionally, because the various graphite sam ples m ay differ 
according to their origin, the effect of acid w ashing w as also evaluated. The m ain finding 
of this research is that the com bination of acid and plasm a treatm ent is the m ost effective 
w ay to m odify the electronic properties and surface functionalization of m icrocrystalline 
graphite m aterial.

The nitric and sulfuric acid w ashing results in a decrease in iron oxide impurity, w hich 
increases the therm al stability of graphite. For the investigated graphite sam ples, the 
increase in the stable w ork function due to plasm a treatm ent is caused by  (1 ) an increase 
in  the concentration of surface oxygen species and (2 ) a change in the speciation of the 
surface oxygen species. Stable plasm a functionalization w ith oxygen functional groups is 
m ost evident in nitric and sulfuric acid w ashed sam ples, w hich is reflected in the highest



observed increase in w ork function for acid-treated sam ples and a visible increase in the 
relative content of C-O functional groups.
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