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A B S T R A C T

Plasma activation is increasingly used to tailor the electronic properties o f carbon materials by surface functionalization, especially with various oxygen groups. 
However, the actual application o f these materials may be some time after the modification was performed, and what is more, in a different environment, e.g. in an 
aqueous solution. The presented research addresses the problem o f instability o f plasma-induced changes o f graphene paper material where the desired surface 
property -  work function -  was verified just after plasma treatment and after bringing the plasma-treated surface to a stable state. In this study, we optimised plasma 
treatment for the maximum work function changes, and then we determined the speciation o f the resulting oxygen groups before and after immersion o f the plasma- 
treated samples in water. We found that the plasma-modified graphene paper’ s functionalization degree and electronic properties highly depend on the post
plasmatic reactions in water, which increase the concentration o f surface oxygen groups. The observed reactivity is rationalized in terms o f plasma-emitted irra
diation in the ultraviolet range resulting in an enhanced delocalized radical species generation. These radicals react upon contact with water and increase the number 
o f oxygen functional groups.

1. Introduction

Surface reactivity modification o f carbons, especially o f graphene 
and graphene-related materials, is o f continuously increasing interest to 
the scientific community. Work function (WF, 0 )  is a surface-sensitive 
parameter describing the electron-donor properties o f the materials. It 
is a key parameter o f materials especially in heterogeneous catalysis 
[ 1-4 ], in electrochemistry [ 5,6], and biocompatible medical elements 
[7 -9 ]. Work function o f a material is defined as the minimum energy 
required for moving an electron from the Fermi level into the vacuum. 
Its value gives information about the electronic properties o f the solid 
surface. It is a key parameter in describing charge exchange events at 
interfaces. Work function has been w idely studied for model metal 
surfaces promoted with alkali [ 10]. The promotional effect o f alkali is 
mainly related to their low  ionization potentials which allow for a 
charge transfer to the material surface, inducing an electric field 
gradient at the surface, generated by the resulting dipole moment. This 
is especially pronounced in the case o f heavier alkali atoms due to their 
large ionic radii which in turn gives rise to large values o f the dipole 
moment and the associated work function changes. The introduction o f 
oxygen functionalities onto a carbon surface changes it from super
hydrophobic to a completely wettable one, modifies its acid-base 
properties, and enhances the adsorption by formation o f new active 
centers. The electronic effect, however, is opposite to alkali addition,

since the partial negative charge is located at the surface, and negative 
charge just below the surface, which leads to an increase o f the mate
rial’s work function [7]. Although the work function can be calculated 
from the first principles [ 11], it is not trivial, and sometimes only 
changes in the electrostatic potential are determined [ 12]. Since the 
work function is one o f the most sensitive parameters characterizing 
surface electronic properties, it can be succesfully used to monitor the 
changes o f oxygen functional groups coverage in carbon materials.

Work function tuning o f graphene materials surfaces is o f particular 
interest due to the application o f graphene as both anode and cathode in 
organic field-effective transistors, organic light-emitting diodes, and 
organic photovoltaic cells. Apart from the other required characteristics 
o f  the electrode material, the interface between the semiconductor and 
electrodes has to be optimised to maximize the performance o f  the de
vice. As recently reviewed in Ref. [ 5] any incompatibility o f the work 
functions o f organic semiconductors and electrodes w ill result in high 
contact resistance, which w ill lead to a decrease in the charge injection 
and extraction efficiency. It was pointed out that a design o f  graphene 
with both high electron injection (low  W F) and high hole injection (high 
W F) abilities is in demand. Therefore, extensive research effort has been 
exerted in the last decade to develop modulation methods for tuning the 
WF o f graphene. Following this strategy, a technique o f controllable 
wettability modification through low-damage plasma O2/H2 treatment 
o f  graphene to introduce oxygen functional groups (OFG) was evaluated
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for potential application in graphene-based sensors/devices [ 13]. 
Similarly, nitrogen plasma under different conditions was shown to be 
able to decrease the work function o f graphene by 0.54 eV to optimize 
the efficiency o f optoelectronic and electronic devices [ 14].

Plasma surface modification techniques are also used in the context 
o f carbon biomaterials, where surface electron-donor properties deter
mine the successful performance o f the medical device in the body. One 
o f the strategies to prevent the attachment o f pathogenic bacteria pos
sessing a net negative charge to the biomaterials is to lower their work 
function [8,15]. It was found, that the concentration o f surface oxygen 
groups is a key factor in bacterial adhesion to graphenic surfaces [9].

Electrocatalytic materials, especially for the oxygen reduction reac
tion (ORR), reveal a correlation between their work function and ORR 
reactivity. It was concluded that the work function o f the heteroatom 
doped nanocarbons and other carbon-based formulations can be 
generally used as an activity descriptor for the ORR and can be applied 
as a design principle for the development o f advanced electrocatalysts 
for other important reactions [6, 16]. Moreover, the work function 
tailoring via graphene shell encapsulation o f transition metals was 
shown to be a powerful approach for the preparation o f highly durable 
non-precious metal nanostructures for ORR [ 17].

Surface modification with different functional group types, even o f 
the same element -  oxygen, leads to different WF changes. The func
tionalization with oxygen groups can be effectuated by various methods, 
such as thermal treatment, wet acid treatment, electrochemical oxida
tion, or plasma oxidation. It was shown that the oxidation o f multiwall 
carbon nanotubes (M W CNT) by heating in air flow  mainly introduces 
hydroxyl and carbonyl groups and results in a moderate increase o f the 
work function. On the other hand, plasma treatment destroys the 
n-conjugation, forms an amorphous carbon phase, and introduces sur
face dipole moments, while substantially increasing the work function. 
W et acid-oxidation introduces the highest fraction o f carboxylic acid 
groups on the surfaces o f MWCNTs and produces the highest work 
function material [ 18]. Although acid treatment o f carbon materials is 
usually associated with the introduction o f the highest number o f  car- 
boxylic groups, a high level o f carboxylic groups can be also added to the 
carbon nanotubes as a result o f the plasma treatment [ 19]. The final 
work function change depends on the degree o f the plasma modification. 
In Ref. [ 12] two different modification effects o f MWCNTs were iden
tified and associated with various oxygen adatom locations: out-of-plane 

(Csurf-Oadatom) and in-plane (Csurf-Osurf-Csurf). It was found that the for
mation o f surface oxygen groups promotes the work function increase by 
creating isolated dipoles, whereas deeper subsurface and bulk oxidation 
leads to a reversed effect -  work function decrease. It was concluded that 
the work function is a suitable descriptor o f the degree o f functionali- 
zation restricted to the surface and an indicator o f subsequent MWCNT 
amorphization. Recently, it was calculated that different oxygen func
tional groups, such as C-OH, C- O, and -COOH, result in different WF 
changes for the same number o f surface O atoms. In particular, the 
introduction o f HO-C- O groups results in the lowest WF increase, while 
for C-O-C groups the increase is the highest. The C- O and C-OH groups 
were shown to influence WF changes similarly, with the magnitude 
between the two former groups [20]. It was also shown that the number 
and type o f surface oxygen groups have a great influence on ORR ac
tivity [ 21].

Oxidative plasma treatment leads to surface functionalization o f 
carbon surfaces due to the formation o f  reactive plasma species -  ions, 
radicals, electrons -  which react with the surface o f  the material. The 
surface can be activated due to the interaction with the plasma com
ponents and plasma-generated irradiation [22]. The surface modifica
tion in plasma is influenced by every parameter used to generate plasma, 
such as generator power, total pressure, and modification time [7,23, 
24]. The resulting plasma-treated surfaces are not stable in time, and it 
was postulated that plasma-induced changes evolve when 
plasma-generated surface functional groups reorient themselves to 
lower the surface energy as oxygen species diffuse on the surface, or

Table 1
A  summary o f plasma conditions applied in the experiments.

Factor Levels

M in  va lue  ( - 1 ) M ax  value ( + 1 )

I time 6 s 15 min

II pow er 40 W 100 W

III pressure 0.2 m bar 0.8 m bar

recombine into H2O, and subsequently desorb [7,25]. Moreover, it was 
suggested that the density o f polar groups decreased non-linearly over 
time before reaching saturation for 7 days after treatment [23]. Signif
icantly, in a recent study o f functionalization with plasma o f carbon 
surfaces, it was shown that regardless o f the gas used the physical and 
chemical plasma-related effects resulted in the creation o f activated 
surfaces. However, the induced surface changes such as increased sur
face roughness, increased water contact angle, and other modifications 
o f  physicochemical properties were unstable in time. The degree o f 
surface activation decreased as the elapsed time after the modification 
increased [24].

The possibility to tune the work function o f graphenic surfaces and 
the challenges resulting from the instability o f the plasma-treated sur
faces motivated us to investigate the effect o f water on the plasma- 
treated graphene paper. W e aimed at optimization o f  plasma treat
ment towards maximization o f the stable work function modification o f 
graphene paper. To this end, we used five different plasma gases to 
evaluate the extent o f possible WF changes. To allow better comparison 
with the literature data we also performed surface free energy calcula
tions for pure oxygen plasma. Following the initial design o f the ex
periments (DoE) study, we performed fine-tuning o f the relevant 
parameter for each plasma gas. To obtain stable surface modifications, 
we used immersion in water to remove the electrostatic charging o f the 
sample and promote surface reactions with H2O. W e found that after 
initial post-plasma reactions in the air, which occur upon sample 
exposure to the ambient atmosphere, the surface o f graphene paper is 
still reactive and the concentration o f oxygen functional groups still 
increases after immersion in water. The effect o f water immersion on 
plasma-treated carbonaceous material is presented here for the first 
time.

2. Experimental

The paper graphene (GP) sheets were from Graphene Laboratories, 
Calverton NY, USA. The thickness o f the used material was 25 pm, the 
density o f 2 g cm~3, and the conductivity 3.19-105 S m~1. The samples o f 
GP sheets were cut in the form o f square pieces (usually 1 cm x 1 cm). 
The plasma treatment was carried out with the commercial cold plasma 
system using different gases: oxygen (A ir Products, 99.9998% O2), 5% 
O2/He (A ir Liquide, 5.000% O2), air (A ir Products, X40S COM, 2.2), Ar 
(Siad, 99.9998%), CO2 (A ir Products, X50S 37.5 K, ultra pure). Deion
ized (DI) water was obtained with HLP Hydrolab w ith a conductivity o f 
0.05 pS.

2.1. Plasma treatment

The graphene paper was modified by plasma treatment using a 
commercial cold plasma system (Femto - Diener Electronic GmbH, 
Nagold, Germany) with a generator frequency o f 40 kHz. Additional 
details and a scheme o f the device can be found in the supplementary 
information (SI, Fig. S 1). Pure oxygen, air, 5% O2 in He, CO2, and Ar 
were used as feed gasses for plasma generation. Optimization o f plasma 
modification parameters was done using a design o f experiments 
approach, where the factors were changed follow ing Table S 1 and 
Table 1. The design o f experiments approach was based on a 2n factorial 
plan, where n is a number o f factors to be investigated such as time, 
pressure, and power, and 2 relates to two values, the minimum and the



maximum, used to perform experiments. A  series o f  8 experiments were 
performed for each plasma gas. Table S 1 presents the parameters matrix 
used in the study. The exact plasma parameters applied in the experi
ments are presented in Table 1, where the minimum and maximum 
values are defined as — 1 and +1, respectively. For each o f the applied 
plasmas, an optimization o f plasma modification was based on the 
studies o f the graphene paper electronic properties -  work function. As a 
response variable, the work function changes were used and the mea
surements were performed successively for the unmodified graphene 
paper, just after plasma treatment, and after water immersion and 
drying at 60 °C for several minutes. Contact angle measurements were 
also performed for the oxygen plasma DoE study, and surface free energy 
was used as a response variable.

For each type o f  plasma, the emission spectra measurements were 
performed using the spectrometer (StellarNet) and software (SpectraWiz 
v5.33). The parameters applied were 0.2 mbar or 0.8 mbar and for each 
pressure, the power was set to 20 W, 40 W, 60 W, 80 W, and 100 W. The 
readings were taken through the quartz w indow o f the plasma chamber.

2.2. Work function measurements

To determine the work function changes o f graphene paper the 
contact potential difference (VCPD) was measured. Experiments were 
performed by the dynamic condenser method o f Kelvin using a KP6500 
probe (McAllister Technical Services). The stainless-steel plate was used 
as an electrode (0 ref  =  4.3 eV) with 3 mm in diameter. The measurement 
parameters were: the vibration frequency at 114 Hz and the amplitude 
at 40 a.u. To obtain a single value o f VCPD was measured for five backing 
potentials, each was an average o f 32 independent measurements. 30 
average points were used to obtain the final VCPD value. The work 
function values were calculated based on the equal: eVCPD =  0 ref  — 

0 sample. The work function change (Aq>) is equal to the difference be

tween ę  o f the plasma-treated paper graphene sample (sample 2) and 
the reference untreated material (sample 1). It is equal to -e  

(V cpd (sample 2 ) -  Vcpd (sample 1 )). The measurements were carried out at 
ambient conditions (room temperature, atmospheric pressure). In situ 
work function measurements during ultraviolet (UV) irradiation with a 
260 nm light were performed on a Kelvin probe with an Au grid as a 

reference electrode (Instytut Fotonowy, eVCPD =  0 sampie — ®ref). The 
light source was a 150 W  Xe-lamp equipped with an automatically 
controlled monochromator. The Vcpd o f the reference o f paper graphene 
was measured for 6 min in the first part, then the UV light was turned on 
and the sample was irradiated for 10 min, after this time the UV light 
was turned off.

2.3. Water contact angle measurements

The wettability and surface free energy (SFE) o f paper graphene 
sheets were followed by the contact angle measurements w ith H2O and 
CH2 I2 . It was carried out using a goniometer (Surftens Universal In
strument, OEG GmbH, Frankfurt (Oder), Germany). Static contact an
gles for at least eight 1.0 pL drops o f deionized water and diiodomethane 
for each sample were measured using windows image processing soft
ware (Surftens 4.3). The contact angle value was an average measure
ment for each liquid. The SFE was calculated using the Owens-Wendt 
method.

2.4. Spectroscopic characterization

The X-ray photoelectron spectra were collected with a SESR4000 
analyzer (Gammadata Scienta) in a vacuum chamber with a base pres
sure below  5^10~9 mbar. Monochromatized Al-Ka source with the 250 
W  at 1486.6 eV emission energy. The pass energy for selected narrow 
range binding energy scans was 100 eV. CasaXPS Version 2.3.24PR1.0 
was used to process the raw data [26]. The analysis o f the C 1s peak was

performed based on the recommended fitting procedure and spectral 
components [27,28]. Briefly, the main peak around 284.5 eV was 
modelled with three components: surface defects component (~2 84  eV), 
main graphitic carbon asymmetric peak (~284 .4  eV), and disordered 
carbon component (~285.3  eV). HOMO-LUMO transition for primary 
C-C peak, n-n*, with a relatively large full width at half maximum 
(FW HM ) is added above 290 eV. The oxygen functional groups are 
modelled by three components 1) C-O - ether and hydroxyl bonded C, C 
associated with ether bond in lactone/esters at 285.9-286.6 eV, 2) C- O 
- carbonyl groups and carbons attached to two ether/hydroxyl groups at 
286.7-287.5 eV, and 3) COO - carboxyl, lactone and ester groups at 
288.3-288.9 eV. For the plasma-treated samples, additional components 
at the lowest and highest binding energies were sometimes added to 
improve fitting quality. The fitting procedure was based on the com
parison o f the relative content o f spectral components due to 
carbon-oxygen groups from the C 1s range along with the elemental 
composition based on C 1 s and O 1s regions. The simplest model was 
used to calculate the relative content o f spectral components due to 
carbon-oxygen groups from C 1s, where the C-O and C- O peaks scale 
1:1 with surface oxygen, and the COO peak is multiplied 2x. To obtain 
the agreement between relative oxygen content based on C 1s compo
nents and C 1s and O 1 s regions, the asymmetry o f the main C-C peak 
was adjusted manually. The rest o f the peak parameters, such as peak 
position, area, and FWHM resulted from the software peak fitting 
procedure.

The pRaman spectra o f the reference and plasma-treated graphene 
paper samples were collected by a Renishaw InVia spectrometer 
equipped with a 514 nm laser. The measurements were performed in the 
spectral range o f 1000-3000 cm~1 with a resolution o f 1 cm~1. Accu
mulation o f ten scans was applied for each spectrum.

EPR measurements were performed at room temperature using a 
Bruker Elexsys E500 spectrometer operating in X-band (9.8 GHz) and 
100 kHz magnetic field modulation equipped with super high sensitivity 
cavity ER 4122 SHQE. The spectra were recorded at 2 mW microwave 
power, 0.1 mT modulation amplitude, time constant 40.96 ms, and 
conversion time 81.92 ms. In standard experiments 4 scans were ac
quired. Samples were irradiated with an ER 203 UV irradiation system 
(50 W  high-pressure mercury lamp, full light).

2.5. Experimental procedure

The reference sample was characterized with the use o f XPS, Raman 
spectroscopy, and work function measurements. A  scheme o f the 
experimental procedure o f plasma modification is presented in Fig. S 2. 
Before the modifications, the VCPD values o f the samples were measured 
as a reference value. Afterwards, the samples were subjected to plasma 
treatment, according to Table S 1 and Table 1. The graphene paper after 
the plasma is exposed to the ambient atmosphere, and primary post
plasma reactions occur. In addition, other surface and bulk processes 
take place which influence the electronic properties o f the materials. 
Therefore, we took the initial values o f  the measured VCPD for further 
analysis -  taken as soon as possible after plasma treatment VCPD(asap). 
Subsequently, the same samples were immersed in water for surface 
stabilization and dried at 60 ° C. W e found that the duration o f water 
treatment or sonication does not influence surface changes. A ll the 
water-treated samples were again measured for their VCPD values, 

denoted as VCPD(H2O).
The samples with the optimised work function modifications were 

transferred as soon as possible after plasma treatment to the XPS vacuum 
chamber for spectroscopic analysis. Analogous water-treated samples 
were also investigated with the use o f XPS. A ll the water-treated samples 
from the final optimization (usually time optimization for fixed gener
ator power and total pressure) were investigated with Raman 
spectroscopy.



Fig. 1. Work function (contact potential difference) changes o f graphene paper in time after oxygen plasma treatment (100% O2, 100 W, 0.2 mbar, 10 min) without 
(A ) and with water immersion (B). Inset -  initial changes. (A  colour version o f this figure can be viewed online).

Time Anin Time /m in

Fig. 2. Optimization o f key parameters o f plasma treatments based on DoE results from Fig. S 3; work function changes after immersion in water vs time for plasmas 
A ) 100% O2, B) air; D) CO2, E) Ar, and pressure for plasma C) 5% O2. (A  colour version o f this figure can be viewed online).

3. Results

Plasma treatment o f graphene paper results in a drastic initial in
crease o f the work function, as shown in Fig. 1A. The observed apparent 
work function increase diminishes quickly over time, with at least two 
time constants. Even after two weeks (336 h) after plasma treatment, the 
A 0  values still change to some degree. Immersion in DI water, on the 
other hand, results in stable values o f A 0 , as presented in Fig. 1B.

Statistical Design o f experiments (DoE) was used to identify the pa
rameters o f used plasma treatments influencing the resulting properties 
o f the surface to the highest extent. Design o f experiments methodology 
is a statistical tool used for planning and conducting experiments but 
also analysing and interpreting data obtained from the experiments. It is 
a branch o f applied statistics that is used to research a system, process, or 
product in which the input variables have been manipulated to inves
tigate their effect on the measured response variable. This method is 
particularly popular in scientific areas o f medicine, physics, engineer
ing, biochemistry, and chemistry [29-31]. The DoE analysis results are 
presented in Fig. S 3, where the magnitude o f the standardized effect o f 
each investigated parameter is presented (parameters I, II, and III from

Table S 1 and Table 1). In addition, the standardized effect o f the 
combinations o f each pair o f parameters and all o f them combined are 
also shown. Because the absolute values o f VCPD(asap) are much higher 

than VCPD(H2o ) the magnitude o f the standardized effect is also higher for 
results taken as soon as possible after plasma treatment. From the 
qualitative point o f view , the key factor responsible for maximal 
modification o f the work function does not change for most samples. For 
the plasma parameters, where the time was most influential on the 
modification o f  electronic properties it remained so after immersion in 
water for 100% O2, air, and CO2. The total pressure in the plasma 
chamber influences the most WF modifications in 5% O2/He and Ar 
plasma.

The optimization series o f the selected critical parameter for each 
plasma type are presented in Fig. 2. Moreover, since for the 100% O2 and 
air plasmas the combined effect o f pressure and time is relatively high, 
the time optimization was performed for the two limiting pressure 
values. For the total pressure o f 0.2 mbar in the plasma chamber, the 
electronic properties are modified to the highest extent -  work function 
increase - in the short time range, up to about 1 min, followed by a 
decrease o f the work function. The higher total pressure o f 0.7 mbar



Fig. 3. Water contact angle values and Surface Free Energy calculations for the reference sample and plasma-treated (100% O2, 100 W, 0.2 mbar, 6s) before and after 
immersion in H2O accompanied by the results o f the DoE. (A  colour version o f this figure can be viewed online).

Fig. 4. Raman spectra o f reference and plasma-treated graphene paper samples. Time series are used for 0.2 mbar total pressure for gases A ) 100% O2, B) air; C) 5% 
O2; D) Ar, and E) CO2. (A  colour version o f this figure can be viewed online).

results in more controlled modifications, with a maximum o f the WF 
increase around after 5 min o f plasma treatment. The experimental er
rors were obtained by repeating the plasma modification procedure at 
least three times. The largest errors are observed for 5% O2/He and Ar 
plasmas, where the concentration o f oxidizing species in the plasma is 
low  or not present at all. The higher the pressure, the weaker the 
oxidizing potential o f plasma, which in the case o f 5% O2/He plasma 
results in w ide distribution o f measured values for higher total pressures 
in the plasma chamber. The low  repeatability o f results could stem from 
the higher reliance on primary post-plasma oxidation in air and thus

lower control over the surface modification. Other contributions to the 
observed errors could originate from plasma inhomogeneity or from the 
dependence o f post-plasma reactions in water on time elapsed from the 
end o f plasma treatment.

The results o f water contact angle measurements and calculated SFE 
allow  follow ing the changes induced by plasma immediately after the 
treatment as w ell as after sample immersion in water. The water contact 
angle (0w) for the reference sample is 96° ±  1.9 with a total SFE o f 37.4 
mJ/m2 with a minimal polar component contribution (0.3 mJ/m2). 
After the water immersion, the surface o f the reference sample becomes

Fig. 5. Analysis o f ID/IG and I2D/IG from Raman spectra o f plasma-treated graphene paper samples. Time series are used for 0.2 mbar total pressure with gases A ) 
100% O2, B) air; C) 5% O2; D) Ar, and E) CO2. (A  colour version o f this figure can be viewed online).



Fig. 6. XPS C 1s spectra and deconvolution o f A ) 100% O2 plasma at 0.2 mbar total pressure -  just after plasma, B) 100% O2 plasma at 0.2 mbar total pressure -  after 
water immersion, C) air plasma at 0.7 mbar total pressure -  just after plasma, D) air plasma at 0.7 mbar total pressure -  after water immersion. (A  colour version o f 
this figure can be viewed online).

more wettable (0w =  80.1° ±  2.3) with a slightly higher polar compo
nent o f 4 mJ/m2 (total SFE =  40.9 mJ/m2). The effect o f plasma treat
ment on 0w and SFE for the investigated samples are presented in SI 
(Fig. S 4). In Fig. 3A  the representative results for plasma-treated sample 
(parameters in Table S 1), for which the changes were most pronounced 
are presented. After exposure to plasma, graphene paper surface be
comes hydrophilic with 0w =  23.4° ±  2.5 immediately after the treat
ment, after immersion in water the surface preserves its hydrophilic 
properties, although 0w increases to 34.3° ±  2.2. Plasma treatment has 
also a significant effect on total SFE which raises to 64.2 mJ/m2 and 
48.9 mJ/m2 for the sample measured immediately after the treatment 
and after water immersion, respectively. The polar contribution o f SFE 
differs significantly when compared calculations for both types o f 
plasma-treated samples, i.e. immediately after the plasma treatment the 
polar component is 30.7 mJ/m2 and decreases to 15.1 mJ/m2 after 
water immersion. The design o f experiment analysis based on water 
contact angle and SFE confirms the importance o f exposure time opti
mization. However, the total pressure in plasma emerges here as an 
important contribution (Fig. 3B and C), similarly to 5% O2/He with the 
work function changes as the response variable (Fig. S 3C).

To verify the structural integrity o f the plasma-modified samples 
spectroscopic Raman characterization was performed. The Raman 
spectra for graphene paper samples treated with plasma in O2, 5%O2/ 
He, air, CO2, and Ar gases are presented in Fig. 4. Each o f five individual 
spectra sets (A  -  E) compares the spectra o f non-modified reference and 
samples treated with plasma using gradually increasing exposure time. 
For all samples, two intense characteristic G and 2D bands are present, 
located at ~1580 and ~2725 cm~1, respectively. The G band is

associated with the vibrational mode o f graphitic carbon (E2g optical 
mode) while the 2D band (also called G’ ) is related to the two-phonon 
lattice vibrational process. The latter is divided into two components, 
which is typical for multilayer graphite materials as well as for bulk 
graphite [32].

Regardless o f the gas used, no significant changes in Raman spectra 
upon plasma modification are observed. Only, a very low-intensity peak 
at ~1358 cm~1 appears, indicating that the plasma treatment is acti
vating the disorder-induced D band. This band is due to the A 1g 
breathing modes o f six-atom rings [33]. However, the very low  in
tensities o f appearing D bands indicate their low  concentration and 
therefore the negligible extent o f the plasma influence on the bulk 
structure o f studied graphene paper. Moreover, the D’ band at 1600 
cm~1, which is the next step o f the carbon amorphization process does 
not appear at all. In turn, to analyze the effect o f modification time the 
ratio o f peak intensities ID/IG and I2D/IG were calculated and presented 
in Fig. 5. For each o f the gases employed during plasma treatment, the 
values o f the ID/IG ratio are practically constant, indicating no signifi
cant influence on the bulk structure o f graphene paper, regardless o f the 
exposure time.

The selected samples from the optimization series for each plasma 
type with the highest change in their work function (Fig. 3) were 
investigated with the use o f the XPS. To determine the origin o f the effect 
o f  water on the work function changes, the samples were transferred to 
the XPS vacuum chamber as soon as possible after plasma treatment and 
after water immersion. The comparison o f C 1s spectra for 100% O2 and 
air plasmas just after plasma treatment and after water immersion is 
presented in Fig. 6. Also, the spectra for the sample treated with 100%



Table 2
XPS-derived total surface oxygen content and relative oxygen functional groups 
content for plasma modified graphene paper samples.

Sam ple nam e/  

p lasm a treatment

Total

O

Total

N

C 1s components

C -O /  c = o /

Ctot Ctot

C O O /

C tot

A<P

(H20)/
eV

Reference 2.2% 0% 2.2% - - -

Reference +  H 2 Ob 2.1% 0.2% 2.2% - - -

100%  O 2 6 .8% 0% 2.2% 1.2% 1.9% -

100%  O 2  +  H 2 O 12.7% 0.5% 4.5% 3.2% 2.8% 0.46

A ir 8 .2% 0% 2.8% 1.0% 2.7% -

A ir  +  H 2 O 20.9% 1.1% 3.5% 2.9% 7.3% 0.45

5 %  0 2 /He 9.8% 0% 2.8% 3.0% 2.3% -

5 %  0 2 /H e +  H 2 O 14.1% 1.3% 3.4% 3.1% 4.5% 0.26

C O 2 13.9% 0% 5.3% 2.4% 3.3% -

C O 2  +  H 2 O 16.1% 0.7% 7.6% 5.2% 2.2% 0.32

A r 6.7% 0% 2.2% 2.0% 1.4% -

A r  +  H 2 O 11.6% 0.5% 4.6% 1.8% 2.9% 0.26

a Ctot -  total area o f C 1s peak; C-O, C- O, COO -  area o f individual 
components.

b Reference sample immersed in water and dried, according to the procedure 
for plasma-treated samples.

O2 plasma at 0.7 mbar and 5 min were recorded and presented along 
with the reference graphene paper spectra in Fig. S 5. The C 1s range 
after 5% O2/He, Ar and CO2 plasmas are presented in Fig. S 6. The 
respective O 1s and N  1s XPS spectral ranges are shown in Fig. S 7 
(reference, 100% O2, air) and Fig. S 8 (5%  O2/He, CO2, Ar).

The quantification o f the surface composition based on the C 1s, O 1s, 
and N  1s spectral ranges is presented in Table 2. Total oxygen content, in 
the form o f oxygen functional groups, increases substantially for all 
plasma-treated samples, regardless o f the plasma type. A  striking effect 
is observed for the water-immersed samples, for which the oxygen 
content increases even more. This effect is most pronounced for the air 
plasma and the least pronounced for the CO2 plasma. However, while 
the air plasma-treated sample contains also the highest number o f ox
ygen groups, the CO2 plasma-treated sample is the second-highest in 
that respect. Interestingly, the speciation o f the OFGs is entirely different 
for these plasma and water-treated samples, wherein for the air plasma 
the -COO type groups dominate and for CO2 plasma it is the -C-O type 
groups. To verify the effect o f total pressure in the plasma chamber on 
the number o f surface oxygen groups we quantified the oxygen content 
in the sample treated with 100% O2 plasma at 0.7 mbar (XPS spectra in 
Fig. S 5B and Fig. S 7C, D), for the modification time o f maximum WF 
increase (5 min, AWF =  0.34 eV, Fig. 2). After water immersion, the 
oxygen content was found to be 8.8 at.%, the lowest o f all o f the opti
mised samples for each plasma gas.

4. Discussion

The work function increase just after plasma treatment is caused by a 
combination o f several possible effects. They include the insertion o f 
surface functional groups in oxidative plasmas, surface oxidation in the 
air o f the plasma-activated surface, creation o f plasma-induced defects 
and disorder in carbon lattice as well as static electrification o f the 
carbon material in plasma. Plasma oxidation combined with post
plasma reactions in the air is most pronounced for the 100% O2 

plasma gas at low  pressure, where the maximum WF changes are ob
tained within seconds o f plasma treatment. For weaker oxidative con
ditions, the time needed to reach maximum work function modification 
is longer, but the number o f introduced oxygen groups can be similar. 
Plasma treatment does not deteriorate the structure o f the material since 
the ID/IG ratio from the Raman spectra does not show any appreciable 
increase in the structural disorder. Immersion in water leads to further 
post-plasma reactions, which lead to a decrease in the work function

and, surprisingly, to an increase in the number o f oxygen functional 
groups. A t the same time, the interaction with water results in a decrease 
in the surface free energy, very likely through the saturation o f surface 
defects, i.e. dangling bonds, by creating oxygen functional groups.

4.1. Tuning the work function

The application o f the design o f experiments approach allowed to 
select the key parameter to optimize for maximum work function 
changes o f the studied graphene paper material with different plasmas. 
Except for the 5% O2/He plasma, the plasma treatment time was found 
to influence the most electronic properties o f the materials. Very high 
initial Á 0 , obtained just after plasma treatment was confirmed to 
decrease in time. The time scale o f the changes is o f the order o f days 
(Fig. 1A ) and may include mechanisms such as reactive desorption o f 
surface oxygen groups by interaction w ith water vapour or oxygen [7]. 
W e have noticed, however, that the samples are electrostatically 
charged after plasma, and such charging may substantially influence the 
VCPD reading from the Kelvin probe [34,35]. Nevertheless, the graphene 
paper should quickly release the excessive change in contact with the 
metal holder during WF measurements, which is not observed -  the 
initial short time scale changes are in the order o f hours. It may be so due 
to the limited conductivity o f graphene perpendicular to the hexagonal 
axis. The additional effect which may result in the WF decrease over a 
longer than anticipated period could be reciprocal stabilization o f the 
extra charge and surface oxygen functional groups. From the practical 
point o f v iew  (sample shelf life, application in an aqueous conditions), 
the work function changes after immersion in water and drying can be 
more relevant (Fig. 1B). Except for the 100% O2 plasma at 0.2 mbar, 

the values o f VCPD(asap) and VCPD(H20) exhibit a linear correlation (Fig. S 
9), where final VCPD(H20) values are higher than initial VCPD. It in
dicates that the decisive changes to the graphene paper surface are 
induced during the plasma treatment and subsequent exposure to the 
air. The follow ing water immersion stabilizes the activated, reactive 
surface and the changes are proportional to the initial plasma activa
tion. Moreover, the estimated slopes o f the linear function, which could 

be fitted to the VCPD(H20) vs VCPD(asap) data in Fig. S 9 exhibit different 
slopes and intercepts, indicating plasma-specific effects.

Following the DoE analysis, it can be concluded that work function 
tuning can be achieved with better precision for 0.7 mbar total pres
sure o f air in the chamber, rather than for 0.2 mbar total pressure o f 
pure oxygen. The higher pressure o f feeding gas in the plasma chamber 
results in milder conditions and thus slower surface activation and 
functionalization. It is reflected in the longer times required to reach 
the maximum o f the work function for each material. In contrast, for 
0.2 mbar total pressure o f O2, the initial changes, below  1 min, exhibit 
a complicated character. In summary, the application o f the air plasma 
at 0.7 mbar total pressure allows for the highest range o f work func
tion increase with the controlled kinetics -  the smoothest course o f the 

y CPD(H2O) vs time curve. Lower reactive oxygen concentration, result
ing from lower oxygen partial pressure or fragmentation o f  CO2 does 
not allow  for such high WF changes. The Ar plasma, which relies 
solely on the post plasma reactions in air and water allows the lowest 
range o f the work function changes.

4.2. Surface functionalization

The surface composition o f WF-optimised samples was investigated 
with the XPS, to determine whether the total surface oxygen concen
tration changes after immersion in water and to evaluate the speciation 
o f  oxygen functionalities. Based on Table 2, a distribution o f oxygen 
among the three generic oxygen surface groups can be analysed. Using 
the simplest model [27], one has -C-O groups (hydroxyl), -C - O groups 
(carbonyl), where the area o f the respective C 1s peak relative to total C 
1s range signal represents both to the concentration o f these groups and 
the concentration o f oxygen bound within them. The third type o f



Fig. 7. Speciation analysis based on Table 2 and a simple model for oxygen 
functional groups. PL -  plasma. (A  colour version o f this figure can be 
viewed online0.)

species is -COO groups (carboxyl), where the relative concentration o f 
oxygen bound to carboxyl groups is two times higher than the concen
tration o f these groups determined from their C 1s component, as pre
sented in Fig. 7.

Interestingly, the same WF changes are observed for air and 100% 0 2 
plasma-treated samples, but the oxygen surface concentration is almost 
two times higher for the former (20.9 vs 12.7 at.%). On the other hand, 
similar oxygen surface concentrations for Ar and 100% O2 yield very 
distinct A 0  values (0.26 and 0.46 eV, respectively). Moreover, WF- 
optimised 5% O2/He plasma treatment with subsequent water immer
sion allowed for the introduction o f more surface oxygen groups (14.1 
at.%) than 100% oxygen plasma (12.7 at.%), but the work function 
changes are significantly higher for the latter (0.26 vs 0.46 eV, Table 2). 
This analysis, limited to the samples for which the work function 
changes were maximized, shows that not only the number o f surface 
oxygen groups but also their specification determines the surface elec
tronic properties, such as WF. The air plasma-treated sample immersed 
in water contains the highest number o f oxygen functional groups, but 
among them the fraction o f the -COO type is the largest. It is different for 
100% 0 2 plasma, where the highest number o f carbon atoms bonded to 
oxygen groups is in the form o f -C-O type (see also Table 2). For Ar and 
5% O2 plasma-treated samples immersed in water the WF changes are 
similar, but the 5% 0 2 treated sample has more surface oxygen, with a

higher fraction o f  -COO groups. This rough qualitative analysis allows 
concluding that the -COO type groups contribute to a much lower extent 
to the work function changes by forming weaker surface dipoles than the 
-C-O type groups (hydroxyl groups). This observation can be corrobo
rated by a recent work where similar conclusions were drawn [20].

The CO2 plasma was used to study the possible enhanced formation 
o f  -COO type groups as observed for polymeric surfaces [36]. Interest
ingly, this plasma type allowed for the introduction o f the highest 
number o f oxygen functional groups, as measured just after plasma, with 
the highest fraction o f -COO component. The surface stability o f such a 
surface is also the highest, which is evidenced by the lowest oxygen 
content increase after immersion in water. The water stabilized sample 
can be tuned to intermediate maximum work function changes, with a 
decrease o f the relative -COO type surface groups upon immersion in 
water. Interestingly, for this sample, the surface coverage with -C-O type 
groups is the highest, which is not reflected in the WF change o f the 
surface. A  tentative explanation is that these groups are formed on the 
additional carbon atoms inserted onto the surface, and form a different 
type o f dipole than hydroxyl groups located directly on the surface 
defect sites.

5. Post-plasma reactivity in water

Based on the literature data, we hypothesized that the reactivity in 
the water o f the plasma-treated graphene paper surface is due to the 
radicals present even after exposition to the air upon completion o f the 
plasma treatment [22]. Therefore, we measured the EPR spectra o f the 
GP just after plasma treatment and then after water immersion. We 
found that there are radicals present in the graphene paper, even for the 
unmodified materials. However, the plasma treatment results in an in
crease o f the concentration o f the radicals to c.a. 110% with respect to 
the untreated sample, while water immersion causes a decrease down to 
~60% . It has to be noted, that the analysed graphene paper easily un
dergoes electrostatic charging, which influences the EPR measurement. 
The EPR spectra exhibited Dysonian lineshape, which is typical for 
conducting materials [37,38]. The determined g factor equal to 2.004 is 
usually observed for free radicals in carbon materials [39]. The hy
pothesis that the reactivity o f graphene paper in water is due to the 
radicals was further verified. First, we checked i f  the radicals are formed 
upon UV irradiation o f graphene paper. To that end, a graphene paper 
sample was subjected to UV irradiation in situ during the EPR mea
surement, and the results show that radicals were readily formed, but 
disappeared upon switching o ff the light source, Fig. 8A. The maximum 
increase in the concentration o f the radicals was 25% (curve: 7 min), and 
this value stabilized within several minutes after turning on the light 
source. To evidence the role o f radicals on the electronic properties o f 
graphene paper we also performed in situ work function measurement, 
where UV light (260 nm) was shone on the surface o f GP. The work 
function gradually increased after turning the light source on, and 
similarly gradually decreased after turning it off, Fig. 8B. These obser
vations may explain why a gradual decrease in WF values is observed 
after removing the sample from the plasma chamber. Plasma treatment

Fig. 8. A ) EPR spectra changes o f the spectrum upon UV irradiation; B) WF changes upon UV irradiation, C) XPS O 1s, N 1s and C 1s spectra o f UV treated sample 
before and after water immersion. (A  colour version o f this figure can be viewed online).



Fig. 9. A  simplified scheme o f plasma and post-plasma modification o f graphene paper surface. -CS denotes a fragment o f the graphene surface rather than a single 
carbon atom. Only the simplest forms o f oxygen functional groups are included in the chemical reactions. (A  colour version o f this figure can be viewed online).

results in the formation o f both stable and unstable radicals, and in a 
short time scale a deexcitation o f the unstable radical species occurs 
leading to a relatively fast work function decrease. Furthermore, to 
obtain the final piece o f evidence o f the surface radicals’ reactivity we 
subjected the GP sample to UV irradiation for 15 min and then immersed 
it in water, as in the procedure for plasma-treated samples. W e inves
tigated the sample by XPS and found an increase in oxygen surface 
concentration from 2.2% to 5%, while the UV light alone, without water 
immersion, did not affect the surface composition, Fig. 8C. Similarly, 
immersion in water alone did not increase the OFG concentration, 
Table 2. The changes in the work function and carrier concentration 
upon ultraviolet irradiation have been previously reported, and it was 
shown that ultraviolet irradiation may lead to oxygen desorption, thus 
reducing the hole density and work function o f graphene [40]. In our 
case, however, the work function changes, are one order o f magnitude 
smaller in comparison with plasma functionalization, indicating minute 
changes in the surface coverage. Observed changes can be attributed to 
the additional functionalization o f graphene with oxygen in very small 
surface concentrations, not detectable in the XPS spectra [41].

The effect o f different plasma types on the post-plasma reactivity in 
water can be rationalized based on the plasma gas emission spectra in 
the plasma chamber. The emission spectra o f different plasmas are 
collected in Fig. S10. The measurements were taken through the quartz 
w indow o f the plasma chamber, and the results are comparable to the 
spectra reported in the literature [42-44]. It was reported that carbon 
structures o f graphene or nanotubes may undergo photooxidation in 
water under UV light irradiation [41,45,46]. For the plasma gasses 
applied, the strongest post-plasma reaction in water is observed for the 
air plasma, for which the nitrogen present in the chamber results in high 
light emission between 300 and 400 nm. The delayed effect o f oxidation 
during water immersion can be explained by the stabilization o f free 
radicals in the graphene resonance rings, whereas the radicals are 
created by plasma irradiation [22]. Interestingly, C02 plasma also emits 
radiation below 400 nm. In this case, however, we hypothesise that the 
grafting o f carbon atoms on the graphenic surface leads to a decreased 
stabilization o f radicals. Less stable radicals would exhibit an increased 
reactivity in air and a more stable resulting surface i.e. less reactive in 
water, which is what we observe for this sample.

6. Conclusions

A  complementary optimization o f graphene paper surface plasma 
modification with five different gases is presented in terms o f work 
function optimization. To stabilize the carbon materials after plasma 
exposure, the samples were immersed in water. Based on our observa
tions we propose a simplified scheme, where subsequent functionaliza
tion o f the graphene paper takes place, Fig. 9. Primary reactions o f 
plasma-activated surface occur during the sample exposure to the air, as 
confirmed by the Ar plasma treatment. However, the surface o f gra
phene paper after the post-plasma reactions in the air is still highly 
reactive, as demonstrated by the work function changes measurements. 
Immersion in water results in a stable surface o f graphene paper

exemplified in the constant values o f the work function. A t the same 
time, the oxygen functional group concentration increases in compari
son with plasma-treated-only samples.

W e showed that the concentration o f carbon radicals increases after 
plasma treatment and disappears after immersion in water. At the same 
time, UV irradiation o f  graphene paper brings about an increase in 
carbon radicals concentration which coincides with a work function 
increase. Moreover, we observed an increase in the surface oxygen 
functional group concentration in the non-plasma UV irradiated sample 
immersed in water. Therefore, we concluded that the increase o f the 
surface oxygen group concentration after plasma treatment and subse
quent immersion in water results from secondary post-plasma reactions 
involving radicals. This implies that the most pronounced effects o f the 
plasma treatment on the work function changes, without water im
mersion, are due to electrostatic charging and radical formation under 
plasma irradiation.

From a practical standpoint, one has to be careful to study a stable 
surface not exhibiting the post-plasma reactivity or electrostatic 
charging to fine-tune the work function o f the graphene paper and 
related materials. Finally, for a controlled work function modification, it 
is most beneficial to use mild plasma conditions by applying high total 
pressure and decreased oxygen partial pressure. The application o f 
different plasma gasses can be used to additionally tune oxygen content 
and its speciation for the desired work function changes.
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