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Active-screen plasma surface multi-functionalisation of biopolymers and 
carbon-based materials – An overview 
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A B S T R A C T   

Biopolymer and carbon-based materials have found widespread applications, spanning across different in-
dustries, including the medical, energy storage, wind energy, and aerospace sectors. The increasing popularity of 
both types of materials in industry has created a driving force for the enhancement of their properties to meet the 
current and future requirements. Active-screen plasma (ASP) has attracted much attention as a versatile and 
powerful surface engineering solution to meet these growing demands, owing to its treatment uniformity, remote 
plasma nature, capability for treating both electrically conductive and insulating materials, ability to function-
alise surfaces, and the unique combined function of surface activation and deposition (CFAD). Through the 
introduction of moieties, modification of chemical bonding, change of morphology, and improvement in 
wettability on the treated surfaces, recent studies have demonstrated the ability for ASP treatments to enhance 
the biocompatibility of biopolymers. Moreover, ASP has also been tested (and ‘bespoke’ ASP techniques 
developed) for advanced carbon-based materials for tailored applications with promising property/performance 
enhancements, including a) enhanced wettability and interfacial shear strength for carbon fibres in polymer 
matrix composites, b) improved catalyst layer growth on carbon paper, c) improved electrical conductivity and 
capacitive performance for carbon nanofibers, and d) enhanced electric and electrochemical properties for 
graphene oxide. 

This review evaluates the recent achievements and findings of ASP treatments performed on biopolymers and 
carbon-based materials from the Surface Engineering group in the University of Birmingham. The current status 
of ASP surface multi-functionalisation is communicated, along with the future research focus for materials with 
poor electrical conductivity and/or vulnerability to degradation.   

1. Introduction 

Plasma, being the fourth state of matter (after solids, liquids and 
gases), was initially identified by William Crooks in 1879 as “radiant 
matter” and then named as “plasma” by Irvine Langmuir in 1923 [1]. 
However, credit for the work leading up to this discovery also go to 
numerous notable researchers from the 16th and 17th centuries, 
including William Gilbert, Charles-François de Cisternay du Fay, Ewald 
Jürgen von Kleist, Andreas Cunaeu, Abbé Nollet, Charles Cavendish, 
Benjamin Franklin and Joseph Priestley, who all worked on the funda-
mentals of electricity and the formation of arc discharges, laying the 
foundations for the later identification, description and exploitation of 
plasma-based technologies [2–5]. Thermal plasma can be generated by 
heating substances to several thousand Kelvin (e.g. solar corona, where 
electrons and gases are at similar temperatures). On the other hand, non- 

thermal plasma (or non-equilibrium plasma) is where electrons possess 
high kinetic energy while larger ions or neutrals remain at relatively low 
temperatures, thus requiring less input energy and generating less total 
heat, and therefore is often employed in surface engineering technolo-
gies, typically for surface modifications [6,7]. In this regard, after 
(partial) ionisation, plasma can be considered as conductive gas which 
contains species physico-chemically more ‘active’, such as ions, radicals 
and neutrals (as well as electrons, photons, X-rays, etc.), that can be 
exploited to modify engineering surfaces with limited, or in complete 
absence of, damage/influence to the underlying substrate material. 

Industrial plasma technologies can be broadly divided into atmo-
spheric pressure plasma (APP) and low-pressure plasma (LPP). APP can 
be generated, in the absence of vacuum conditions, through direct cur-
rent (DC) glow discharge [8,9], corona discharge [10], and quite 
popularly, under dielectric barrier discharge [11–14], where the 
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atmospheric pressure working conditions give rise to various benefits (e. 
g. lower equipment costs, remote operation, and ease of integration into 
existing ‘roll-to-roll’ manufacturing lines). A variety of “cold” atmo-
spheric plasma technologies have subsequently emerged, including 
“diffuse coplanar surface barrier discharge” [15,16], “plasma jet” 
[17,18] and “micro-plasma” [19–21]), and have attracted extensive 
attention for surface modification due to their capabilities for retaining 
gas temperature at near room temperature. Nevertheless, oxidation and 
surface property degradation can be an issue during APP treatments of 
some materials. Compared with APP techniques, LPP treatments offer an 
alternative scalable surface modification approach (i.e. batch produc-
tion, for simultaneously treating large quantities with varying geome-
tries), with an extra level of process ‘cleanliness’ and treatment 
uniformity, while also allowing the use of specific gas atmospheres 
capable of achieving enhancements necessary for high-end industrial 
applications. 

Conventional LPP can be achieved via applying a DC potential be-
tween two conductive plates in an evacuated chamber [1,6,7,22]. 
However, such conventional low-pressure DC plasma configurations 
require electrically conductive workpieces, which exhibit strong 
plasma-surface interactions (such as ionic bombardment) and result in a 
substantial rise in temperature (e.g. > 200 ◦C) during treatment. In 
addition to other limitations, such as arcing, hollow cathode formations 
and edge effects [6,23,24], these conventional DC plasma treatments are 
not suitable for materials that are electrically non-conductive and/or 
vulnerable to low-temperature degradation. LPP treatments of non- 
conductive materials can be realised via radio frequency and micro-
wave plasma; however, they require more sophisticated processing and 
significantly higher equipment capital (as reviewed by Corujeira Gallo 
et al. [25]). 

To overcome the problems associated with DC plasma treatment of 
materials, an alternative approach to plasma treatment was adopted in 
the early 1990s, labelled as active-screen plasma (ASP) treatments [26]. 
Under ASP treatment conditions, rather than applying the cathodic 
potential directly to the workpiece, as is the case under DC plasma 
treatments, materials to be treated are held at floating potentials or at a 
small negative bias (as shown in the two configurations demonstrated in 
Fig. 1). Under ASP conditions, a metal cage consisting of a cylinder 

screen and lid with perforated holes – collectively known as the active- 
screen (AS) – enclose the workpiece to be treated, and are subjected to 
the high cathodic potential during treatment [27,28]. The strong 
plasma-surface interactions (as during DC plasma) are redirected from 
the workpiece to the active-screen system during ASP treatments, 
leading to some profound influences, including [29–37]:  

1. Effective reduction or avoidance of surface damage to the workpiece 
due to the remote plasma nature.  

2. Workpieces no longer required to be electrically conductive, such 
that electrically insulating materials (such as polymers and ceramics) 
can be treated/functionalised.  

3. Effective removal of inhomogeneous plasma heating of workpieces 
(resulting from hollow cathode formations and/or edge effects).  

4. Uniform heating of the workpiece can be achieved through thermal 
radiation from the active-screen.  

5. Deposition of nano/micro particles can be achieved via a “sputtering- 
deposition” mechanism [28,29,32,38] from the active-screen, which 
can be integrated with ‘sputtering targets’.  

6. Introduction of additional treatment variables (e.g. active-screen to 
workpiece distance, active-screen configuration, and ‘sputtering 
target’ materials and configurations). 

Adjustment of ASP treatment conditions can enable achievment of 
bespoke surface modification outcomes, with some controllable or 
measurable variables being listed in Tables 1 & 2 (namely, temperature, 
duration, gas pressure, gas mixture and distance between AS and the 
surface to be treated). The effect of treatment temperature and time are 
relatively straightforward and more or less equivalent to those described 
in other metallurgical processes (e.g. heat treatments) [39]. The work-
ing gas mixture and pressure also have profound effects on the eventual 
surface modifications. Gases such as H2 and Ar contribute to the gen-
eration of the plasma and etching/sputtering of material surfaces in situ 
[24,40,41]. The use of ‘reactive’ gases such as N2, O2 or CH4, which 
contain elements such as nitrogen, oxygen or carbon, provide the basis 
for chemical modifications of surfaces, through either: a) addition of 
functional groups at low temperatures (e.g. <200 ◦C) and/or short 
treatment durations (e.g. <2 h), or b) introduction of ‘thick’ diffusion- 

Fig. 1. Schematic illustrations for active-screen plasma configurations, where the sample is held at a) floating potential (in a modified Klöckner DC plasma furnace), 
and b) floating potential or negatively biased (in an industrial active-screen plasma furnace). 
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based treatment layers at relatively higher temperatures (e.g. >300 ◦C) 
and/or longer durations (e.g. >5 h). ASP treatments are typically carried 
out with a gas pressure between 50 and 400 Pa (0.5–4 mbar) [6,23,42]. 
Gas pressure determines the key gaseous constants (e.g. total number 
and mean free paths of gas molecules), which influence the negative 
glow of the glow-discharge plasma within the chamber, in addition to 
the power transfer density between the anode and the cathode during 
ASP treatments. 

More importantly, it is also possible to adjust the processing condi-
tions at the treated surface by changing the ASP treatment configura-
tion. In close vicinity of the surface to be treated, the level of plasma 
intensity and the density of sputtered material (that originated from the 
active-screen) can be adjusted by controlling the distance between the 
surface and the active-screen. For example, ASP treatments within a 
typical modified Klöckner DC plasma unit (Fig. 1a) employ distances 
ranging at 10–30 mm (between sample surface and the top AS lid). 

Given the perforated mesh structure of the active-screen, treatments 
tend to become inhomogeneous under small spacing (e.g. < 10 mm, 
after which outlines of the active-screen holes are observed on the 
treated surface), while large spacing (e.g. > 20 mm) typically results in 
lower plasma intensity and ‘milder’ treatments. In the case of industrial 
scale active-screen furnaces (Fig. 1b), in lieu of this spacing, a bias power 
(with low current) can be used to overcome the large distances between 
sample surfaces and the active-screen and to provide homogeneous 
treatment coverage [31,38,43]. Additionally, different sputtering tar-
gets (typically made of precious metals, as shown in Section 3) can be 
integrated with the AS to achieve deposition of nanoparticles for surface 
functionalisation. 

Plasma technologies have been extensively adopted for surface 
modification (for enhanced hardness and wear performance) of ferrous 
alloys (e.g. austenitic [40,44–49], ferritic [50], martensitic [51,52], and 
duplex stainless steels [53]), titanium alloys (e.g. Ti6Al4V [36]) and 
CoCrMo alloys [54]. More recently, for its unique characteristics (pre-
dominantly the remote plasma nature and the sputtering-deposition 
from the active-screen), ASP has been explored for the treatment of 
biopolymers and carbon-based materials (that have demonstrated 
promising property enhancements), which forms the theme of this cur-
rent state overview. In this paper, the recent developments (and impact) 
of active-screen plasma technologies for the multi-functionalisation of 
biopolymers and carbon-based materials are introduced and reviewed. 

2. Active-screen multi-functionalisation of biopolymers 

Polymer materials are widely used within the medical and biomed-
ical industries, as both temporary and permanent solutions, and can be 
found applied as modules within prosthetic implants [55], as bone ce-
ments [56], as scaffolding for tissue engineering [57], as part of drug 
delivery systems [58,59], and within medical instruments/devices (e.g. 
urinary catheters) [60,61]. Therefore, modification of polymer mate-
rials through surface engineering has widespread potential for the 
enhancement of performance and expansion of applications. Although 
there are widespread surface engineering techniques reported for the 
modification of biopolymers [61–65], in this section we review the 
recent work carried out within the University of Birmingham on ASP 

Fig. 2. Showing the change in surface roughness (Sa & Sq) following ASPN 
treatment of UHMWPE (PE-0) at 120 ◦C for 10 (PE-PT1), 30 (PE-PT2) and 60 
(PE-PT3) min [66]. 

Fig. 3. AFM surface morphology images of polyurethane, a) untreated, b & c) after ASPN at 80 ◦C and 130 ◦C for 30 min, respectively, and d & e) after thermal 
treatment at 80 ◦C and 130 ◦C for 30 min, respectively [69]. 
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multi-functionalisation of biopolymers (e.g. polyethylene [66], poly-
tetrafluoroethylene (PTFE) [67], polycaprolactone (PCL) [68], poly-
urethane [69,70]), where the focus is on the influence of ASP treatments 
on the surface topography, surface chemistry, wettability and biocom-
patibility of the polymeric materials (as summarised in Table 1). Typi-
cally, for biopolymer treatments, ASP nitriding (ASPN) is employed 
using varying ratios of nitrogen and hydrogen (with 25% N2 + 75% H2 
being the most common) [43]. 

2.1. Effect on surface topography 

Given the phenomena of material sputtering from the active-screen, 
followed by the subsequent deposition onto samples, it would be 
reasonable to expect an increase in surface roughness following ASP 
treatment; and indeed, this is a widely reported effect for treatments at 
high temperatures (e.g. > 300 ◦C) for prolonged durations (e.g. > 5 h) 
[73,74]. However, at low temperatures and for short treatment dura-
tions where such “sputtering-deposition” material transfer mechanisms 
are limited, as typically used for polymeric materials, the reported 
findings have varied [66,69,75,76]. 

In the study by Kaklamani et al. [66], it was observed that ASPN 
treatments of ultrahigh molecular weight polyethylene (UHMWPE) at 
120 ◦C initially resulted in the reduction of the measured surface 
roughness (10 & 30 min treatments), while only the prolonged treat-
ment (for 1 h) gave the expected increase in surface roughness (Fig. 2). 
However, this finding can potentially be misleading, given the limitation 
of laser interferometry for measuring the true surface profile of deep and 
narrow valleys (as found on the treated sample surfaces), thus leading to 
the impression of surface rounding (or smoothing) and overall reduction 
of surface roughness following the short plasma treatments. With 
extended treatment durations, the protruding roughness induced due to 
the ASP treatment (e.g. from sputtering) begin to outweigh the other 
measuring limitations, and result in a measured increased in roughness. 

Similar findings have also been previously reported on the reduction of 
surface roughness following ASP treatment of polymers [70] and 
aluminosilicate glasses [71] when using laser interferometry to quantify 
surface roughness. Additionally, similar trends have also been reported 
using 2D stylus profilometry of ASP treated polyurethane samples, 
which can suffer from similar limitations as laser interferometry 
(depending on the radius of the stylus tip) [69]. 

In a study by Fu et al. [69], comparisons were made between vacuum 
thermally treated and ASP treated polyurethane samples, and it was 
found that no significant difference could be measured between the 
surfaces of the two treatment types using 2D stylus profilometry. 
However, this was not the case when using scanning electron micro-
scopy (SEM) imaging to measure the surface topography, which 
revealed significant modifications of the surface following ASP treat-
ment (in comparison with untreated and those vacuum heat treated 
surfaces at equivalent temperatures), thereby demonstrating the influ-
ence of the ASP treatment on both the surface morphology and condi-
tion. SEM and atomic force microscopy (AFM) images of the ASP treated 
polyurethane surfaces revealed a change in surface roughness with 
increasing plasma treatment temperature. The sample surfaces were 
found to change from closed cell structures to porous open structures 
containing adjacent cracks (Fig. 3). Fu et al. [69] suggested that this was 
due to the active species within the plasma impinging onto the treated 
surface, which formed deeper and wider craters/pores. Additionally, by 
exceeding the Tg (glass transition temperature; 112.5 ◦C) of the poly-
urethane during the plasma treatment at 130 ◦C, the increased mobility 
of the molecular chains enabled these pores and craters to be formed 
more readily (Fig. 3c). Further evidence of the influence of the plasma 
atmosphere was demonstrated by the lack of pore/crack formation 
following thermal treatment at 130 ◦C, with surface smoothing being 
observed instead, which can be attributed to the increased mobility of 
the polymer chains when exceeding the Tg (Fig. 3e). 

Fig. 4. XPS analysis of UHMWPE treated for 60 min under ASPN conditions, showing deconvoluted peaks of a) C1s, b) N1s and c) O1s, and d) overall XPS survey 
spectrum of the sample [70]. 
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2.2. Effect on surface chemistry 

The reactive and energetic nature of plasma, even at collectively low 
gas temperatures (e.g. <150 ◦C), creates opportunities to modify the 
chemistry of surfaces or to form, in situ, chemical compounds or reactive 
species (e.g. reactive oxygen species) under mild treatment conditions. 
Exploitation of this advantage has enabled a multitude of applications, 
including the treatment and functionalisation of polymer materials 
[66,68–72], potential future treatments of cancerous cells [77–80], 
potential enhancement of wound healing [81–85], and treatment of fi-
bres within fibre-reinforced composites [86–89]. 

ASP treatments have been widely reported to be effective for both the 
introduction and reorganisation of surface chemistry of polymeric ma-
terials. In a study by Kaklamani et al. [70] on the ASPN treatment of 
UHMWPE, it was found through X-ray photoelectron spectroscopy (XPS) 
analysis that the overall nitrogen content increased on the treated sur-
faces. Deconvolution of the XPS spectra at the C1s (285 eV) peak and the 
shifting of the N1s peak position (from 400 eV to ~402 eV) of the treated 
surfaces revealed the potential introduction of numerous nitrogen- 
containing functional groups through the formation of new covalent 
bonds, such as C–N, C––N, C–––N and C–N–O (Fig. 4). The formation of 
these nitrogen moieties (functional groups) was explained to be due to 
the strong reductive nature of the hydrogen plasma found in typical 
nitriding treatments (75% H2 + 25% N2), in combination with the for-
mation of nitrogen species (e.g. primary amides) in the remote plasma (i. 
e. away from the active-screen) [90,91]. These findings agree with 
previous reports on ASPN treatment of UHMWPE [66], where the 
measured nitrogen content and quantity of moieties were also found to 
increase. This was further confirmed using Fourier-transform infrared 
spectroscopy (FTIR) data in the study by Kaklamani et al. [66], where 
the development of N–H stretching and C–N stretching absorption 
peaks at wavenumbers of 829 cm− 1 and 1286–1288 cm− 1, respectively, 
were found to have formed after 30 and 60 min ASPN treatment. Similar 
findings have also been reported for polyurethane [69], where an 
overall increase in surface nitrogen concentration, increase of existing 
(or formation of new) nitrogen-containing bonds, and potential forma-
tion of cross-linked networks were observed using XPS analysis 
following ASPN treatment. 

The introduction of oxygen and oxygen-containing functional groups 
is another interesting phenomenon observed following ASPN treatment 
of polymers. In a study by Fu et al. [68] on the ASPN treatment of PCL, 
modification of oxygen groups were observed following plasma treat-
ment. Specifically, decomposition of –(C=O)–O–, C–O–C and C––O 
bonds into hydroxyl containing groups, as well as the development of 
cross-linking between polymer chains, were identified as potential 
causes for this change (Fig. 5). According to the findings by Kaklamani 
et al. [66], the increased presence of oxygen can be explained through 
the introduction of free radicals onto the treated surfaces, thereby 

creating ‘active’ surfaces. The combination of surface activation, with 
subsequent sample storage and sample transport in air, enabled the post- 
treatment rapid modification (oxidation) of the surface, including the 
uptake and formation of oxygen moieties. A recent study [72] on the 
ASPN treatment of polyhedral oligomeric silsesquioxane combined with 
poly(carbonate urea) urethane (POSS-PCUU) has also demonstrated the 
formation of R–C=O bonds (using XPS), as well as the potential for-
mation of –COOH functional groups and NH2 (suggested by the pH 
sensitive nature of the treated materials) following ASPN treatment. 

2.3. Effect on surface wettability 

The most common form of surface wettability assessment is per-
formed using deionised water as the testing liquid. The angle formed 
between the fixed volume of water used in the test can give insights into 
the hydrophilicity (< 90◦) or hydrophobicity (> 90◦) of the surface [92]. 
Given the mixture of polar (σP) and dispersive (σD) energies within the 
surface tension of deionised water (σP = 51.00 mN/m; σD = 21.8 mN/ 
m), the change in angle formed before and after a surface treatment can 
give an indication of any alteration in the surface functionality or the 
surface free energy. It should be noted that surface topography can also 
play a critical role on the observed contact angle, with different out-
comes being arising depending on whether the testing liquid can pene-
trate surface features (Wenzel state) [93] or air can become trapped 
within topographical features (Cassie-Baxter state) [48,94,95]. Howev-
er, significant influence of such phenomena are typically only observed 
on specifically developed surfaces (e.g. textured surfaces with highly 
repetitive features). In addition to water contact angle (WCA) mea-
surements, it is also possible to perform more general wettability as-
sessments of surfaces to quantify their polar, dispersive and total surface 
free energies (sum of polar and dispersive components). This can be 
performed by measuring the contact angles formed when 2 or more 
testing liquids (with known surface tensions) are dropped onto the 
surfaces. Subsequent use of the Fowkes or Owens-Wendt-Rabel-Kaelble 
models, which are both extensions of the Young's equation and the 
Good's equation, can then be applied to calculate the surface tension 
values. Due to its fully dispersive surface free energy (i.e. no polar 
component), which simplifies the calculations, diiodomethane is typi-
cally the most popular wetting liquid used, in conjunction with deion-
ised water, for wettability assessments [92,96]. 

Given the potential for ASP treatments to both introduce surface 
functional groups (nitrogen-containing and oxygen-containing moieties) 
and alter the surface topography of different polymer materials (see 
Sections 2.1 & 2.2), it is reasonable to expect modification of the surface 
wettability to also follow. In the study by Mehrban et al. [72], a 
measured reduction in WCA was found for POSS-PCUU samples after 
ASP treatments under different gas combinations of air, nitrogen and 
hydrogen. Moreover, the increased hydrophilicity was maintained, 
despite changes to the pH levels of the deionised water (achieved using 
HCl or NaOH additions). Enhanced wettability was also reported by Fu 
et al. [68], who observed reduced contact angles against both deionised 
water and ethylene glycol following ASPN treatment of PCL at 50 ◦C for 
10 min. Subsequently, using the measured angles for the two liquids, the 
total surface free energy of the PCL was also calculated to increase (from 
28.76 mN/m to 31.87 mN/m), with the contributions being largely 
assigned to the increased polar component (increased by 2.80 mN/m). 
Similar findings were also reported following ASPN treatment of poly-
urethane samples at 80 ◦C for 30 min [69]. The increase in surface free 
energy was attributed to a mixture of functionalisation of the surface (e. 
g. formation of hydroxyl groups, C–N bonds, C––N bonds and C–––N 
bonds) and modification of the topography (e.g. formation of open 
pores). However, under higher temperature conditions (130 ◦C), a 
reduction of the total surface free energy was observed (due to possible 
re-organisation of whole polymer chains). Despite the reduction of the 
total surface free energy at the higher temperature, the overall ratio of 
the polar component of the surface free energy was maintained, going 

Fig. 5. FTIR spectra of PCL polymers before and after ASPN at 50 ◦C for 10 
min [68]. 
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from 15.54% (for the untreated polyurethane) to 96.36% and 94.97% 
for the 80 ◦C and 130 ◦C treated surfaces, respecitvely. 

Despite the reported excellent enhancements in surface wettability 
and increased surface free energy of ASP treated biopolymers, it is 
widely known that such modified surfaces undergo dynamic changes 
over time, until relative stabilisation is achieved [48,97,98]. These 
changes over time are collectively known as the ageing behaviour of the 
material and can lead to changes (typically tending to return to the 
untreated state) in the chemical/physical status and biocompatibility of 
the surfaces (as is described in Section 2.4) [99]. In the case of surface 
wettability, this is referred to as the hydrophobic recovery, and is 
commonly attributed to the reorganisation of the hydrophilic polar 
groups, diffusion of the polymer chains or movement of low molecular 
weight species from the bulk to the surface, and annihilation of residual 
radicals (or radicals introduced during ASP treatment) [100–102]. This 
phenomena was recently demonstrated in a study by Che et al. [21] on 
the ageing behaviour of glass fibre reinforced polyamide 6 following 
surface modification using micro-plasma (labelled as μPlasma in the 
study). It was demonstrated that, across 28 days, large reductions in 
wettability developed, with rapid hydrophobic recovery arising within 
the first 5 h, followed by a period of gradual stabilisation in the subse-
quent weeks. Within the study, the importance of storage conditions 
(especially relative humidity) to the rate of ageing were also demon-
strated, with significantly reduced hydrophobic recovery being reported 
for micro-plasma treated materials stored under vacuum conditions (in 
comparison to air storage). Although the concept of material ageing is 
well known, no direct investigation on the hydrophobic recovery of the 
biopolymers has been carried out within the studies listed in Table 1. In 
the future, it would be scientifically valuable to investigate the ageing 
behaviour of ASP treated biopolymers, as well as methods to preserve 
the modified surfaces over extended periods of time. 

2.4. Effect on biocompatibility 

In response to the variety of potential animal cells (e.g. fibroblasts, 
osteoblasts, immunological cells (e.g. macrophages)), chemical condi-
tions (e.g. pH, proteins), physical conditions (e.g. size, temperature 
range, flow rates/turbulence) and bacterial cells that can be present 
within the environment of biomaterials, no surfaces or materials can be 
regarded as being completely biocompatible [60]. Instead, the response 
of abiotic materials and/or cells to one another is usually labelled as 
broad (and ambiguous) levels of biocompatibility, which correspond to 
the ability of the material to perform its desired function within the 
biological environment without damage or provoking a local/systemic 
toxic reaction [103]. Typically, the evaluations of the biocompatibility 
of materials are measured in differing approaches between studies, with 
the stages of cell attachment following contact with the surface, 
degradation of material (e.g. with time) following contact, or potential 
fouling of the surface being a few of the commonly used approaches for 
this assessment [60]. 

With regards to modified surfaces, it is commonly expected that 
polar surface with increased surface free energies and wettability will 
induce stronger and more prevalent cell attachment and cell spreading 
events to arise, which lead to enhanced biocompatibility [104–106]. 
Given the changes in surface chemistry and wettability (as discussed in 
Sections 2.2 & 2.3), the improvement of the overall biocompatibility of 
ASP treated biopolymers are to be expected. 

Preliminary studies of the in vitro biocompatibility of ASPN treated 
UHMWPE with 3T3 fibroblast cells have demonstrated increased (in 
comparison to untreated counterparts) cell density, confluency 
(coverage) and proliferation rates following a period of 4 days of incu-
bation at 37 ◦C [66]. Agreement with these findings has also been 
demonstrated within the more in-depth analysis of the biocompatibility 
of UHMWPE with NIH 3T3 fibroblast cells by Kaklamani et al. [70]. 

Fig. 6. SEM micrographs of osteoblast-like cell attachment morphology following 1 h contact with a) untreated and b) ASPN treated (at 50 ◦C for 10 min) PCL 
surfaces [68]. Images b and d correspond to the magnified regions located at the arrows of images a and c, respectively. 
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Within this study, a significant enhancement of cell attachment, cell 
coverage, cell flattening, and extracellular matrix excretion was 
measured after 28-day exposure of the cells on 1 h ASPN treated sur-
faces. In comparison, no such attachment or flattening could be 
observed on untreated surfaces. Furthermore, quantification of the 
number of viable cells presents following 0, 7, 14 and 28 day exposure to 
the ASPN treated UHMWPE surfaces was analysed using MTT (3-(4,5- 
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) metabolic ac-
tivity assays, which revealed maximum cell activity following 7 days of 
contact exposure. Although a reduction in fibroblast activity was 
observed for 14 and 28 day contact periods, the number of cells recorded 
were still measured to be greater (≈ 3×106 cells) than the initially 
seeded quantity (7.5×105 cells). This enhancement after ASPN treat-
ment was explained to be due to the chemical modification of the treated 
surface, going from an inert surface to a functionalised surface featuring 

both oxygen- and nitrogen-containing moieties. The introduction of 
these functional groups is believed to improve the adhesion of glyco-
proteins (e.g. fibronectin and vitronectin, which typically precede cell 
attachment), which create the necessary bridge for faster and stronger 
cell attachment to follow [107–109]. 

Similar findings have also been reported by Fu et al. [68] on the 
enhanced in vitro biocompatibility of PCL polymers with mouse MC3T3 
osteoblast-like cells following ASPN treatment at 50 ◦C for 10 min. 
Within this study, more cells were observed to have anchored onto the 
PCL surface, and at later stages of cell attachment, as demonstrated by 
the formation of extended filopodial growth and flattening of cells on 
the surfaces following 1 h of exposure (as shown in Fig. 6). Moreover, a 
reduction of the degradation rate of the ASPN treated PCL was also re-
ported during the accelerated degradation testing with PCL (against the 
enzyme lipase obtained from Pseudomonas cepacian). The enhancement 

Fig. 7. XPS spectra for N1s peak for a) untreated CFs, b) ASP treated CFs as-treated (at 300 V for 20 min), and c) ASP treated CFs after subsequently ageing in air for 
28 days; d) shows the evolution of WCA on vitreous carbon disc, going from left to right: untreated, ASP treated, ASP treated and aged for 2 weeks, and ASP and aged 
for 4 weeks [118]. 

Fig. 8. a) Schematic illustration of ASP treatment for CFs and b) the measured single fibre strength before and after ASP treatments, and flexural strength of the CF/ 
resin composite with CFs before (pristine) and after different ASP treatments (reproduced from Ref. [89]). 
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of the biocompatibility and reduction of the degradation rate were 
attributed to the improved surface hydrophilicity (enabling more inti-
mate cells-surface interactions to develop) and to the potential cross- 
linking of the PCL polymer near the surface (as previously described 
in Section 2.2). 

3. ASP functionalisation of carbon-based materials 

Carbon-based materials, owing to their vast abundance, thermal 
stability, good mechanical properties, corrosion resistance and electro-
chemical properties, have been increasingly studied and implemented in 
a wide range of applications, ranging from carbon fibres (CFs) for me-
chanical reinforcement in composites [110] to carbon nanofibres (CNFs) 
or graphene oxide (GO) for energy conversion and storage devices 
[111–113]. Further efforts are being made to improve and expand their 
capabilities, for existing and potential applications, through surface 
engineering. Firstly, rendered by their chemical inertness, CFs show 
poor interfacial bonding strength to polymeric matrix materials for 
composites. This long-standing challenge can be overcome through 
surface modification of CFs [114]. Secondly, in addition to capabilities 
for enhancing surface wettability (to electrolytes), carbon-based elec-
trodes can also be activated with “capacitor-like” surface functional 
groups following surface modification, that contribute to increased 
“apparent-capacitance” via a “pseudo-capacitor” behaviour for high- 
performance electric capacitors [115]. CNFs, which have high surface- 
to-volume ratios, show more pronounced benefits from the addition of 
functional groups after surface modifications. A great number of studies 
have already been carried out to functionalise CNFs [116]. Additionally, 
GO (and reduced GO) – being a promising 2D material for capacitors 
[117] – can also benefit from surface modifications. ASP, being a ver-
satile and powerful surface engineering technology with good track re-
cord for treating metals and polymers, offers great opportunities for 
surface modification of the abovementioned carbon-based materials. 
Studies on ASP treatment of carbon-based materials have been carried 
out and are reviewed in this section (as summarised in Table 2). 

3.1. ASP activation of CFs for enhanced wettability and improved 
bonding to polymer in composite 

Plasma – as review by Corujeira Gallo and Dong [25] – is capable for 
surface modifications of CFs, via the introduction of functional groups, 
ion bombardment to aid contamination removal, micro-roughening and 
increasing structural disorder. In 2017, Corujeira Gallo, et al. [118] 
reported that ASP treated CFs (at <100 ◦C for 5–40 min in 25% N2 +

75% H2), while showing no obvious changes in surface morphology 
compared to untreated CFs, exhibited significant changes in the shape of 

the N1s peak and increases in the N content under XPS analysis 
(Fig. 7a&b), which correlated well to the active species of NH and N2* in 
plasma observed using optical emission spectroscopy (OES). Given the 
difficulties associated with the direct measurement of WCAs of fine CFs 
(e.g. with fibre diameter of 7 μm), WCAs have been instead measured on 
ASP treated vitreous C disks, which revealed significantly reduced 
WCAs, dropping from ~80◦ (for untreated disks) to as low as ~10◦ (after 
ASP treatment at 300 V for 5 min). Investigation on hydrophobic re-
covery revealed a stabilised WCA at ~70◦ for ASPN-treated C disks after 
exposure in air for one week (Fig. 7d) [118]. 

As reviewed by Sharma et al. [114], most surface treatments for CFs 
(such as conventional LPP, acid, γ-ray, etc.) show increased structural 
disorder ratio (i.e. ID/IG) and decreased surface crystallite size (La), 
which can be translated to the distortion of the graphitic structure [125]. 
The interfacial bonding of CFs to resins is often improved at the cost of 
reduced single fibre tensile strength using conventional LPP [126,127]. 
However, Liang, et al. [89] reported that, compared with untreated CFs, 
ASP treated CFs were observed to have decreased ID/IG ratios with 
increased crystallite sizes. It was demonstrated that short ASP treat-
ments (of the order of ~2–5 min) can improve the interfacial bonding of 
CFs to epoxy resins with no reduction of, and in some cases improvement 
of, single fibre tensile strength (Fig. 8b). This finding can be attributed to 
the remote plasma nature of the treatment, thus limiting ion bombard-
ment (and subsequent material damage/degradation) as a result of the 
floating potential conditions, and large spacing (i.e. 30 mm) to the 
active-screen, employed during ASP treatments (Fig. 8a) [89]. Similarly, 
in a separate study by Semitekolos et al. [119], the single fibre tensile 
strength of CFs was measured to drop by 10–15% after conventional LPP 
treatments (for 5 min at 20–40 Pa in O2 atmosphere). Whereas, the 
single fibre tensile strength of CFs increased after ASP treatments, 
leading to significantly improved (by 11–16%) bending strength for the 
following CF-reinforced polymer composite. Additionally, the wetta-
bility of ASP-treated CFs was evaluated using the contact angles formed 
between resin droplets and single CFs, where the resin contact angle was 
shown to reduce from ~70.6◦ for pristine CF to ~57–61◦ for CFs after 
short (2–8 min) ASP treatments. Comparing the resin contact angles for 
day 1 and day 10 after ASP treatment, hydrophobic recovery between 
0.62 and 5.04% was reported [128]. 

3.2. ASP activation of C paper to promote the growth of Pt nanowires 

In 2014, Du et al. [120] demonstrated that short (10 min) ASP 
treatment at 120 ◦C can be used to activate the surface of commercial C 
paper for vertically growing 2.5–3 nm diameter Pt nanowires (during a 
subsequent wet chemical process) to obtain large and high-performance 
catalyst electrodes, which outperformed a conventional Pt nanoparticle 

Fig. 9. a) XPS survey spectrum of C paper before (pristine) and after ASP activation, retrieved from Ref. [120]; b) cathode CV for the Pt nanowires synthesised on C 
papers after 10 min of ASP activation at different treatment temperatures [121]. 
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cathode under cyclic voltammetry (CV) testing in a direct methanol fuel 
cell. Both the introduction of functional groups (such as C–N, C––N, and 
–OH) and N-doping during the ASP treatment were revealed under XPS, 
which was believed to have promoted the formation of uniform Pt nuclei 
in the subsequent chemical growth process [120]. Additionally, 
comparing the XPS profiles of pristine and ASP treated C paper, the 
absence of F1s peak (for C–F) and C1s peak (for C–F2) following ASP 
treatment indicated the removal of the hydrophobic PTFE film on pris-
tine C paper [120], that also contributed to promoting the growth of 
uniform Pt nanowires (Fig. 9a). 

In 2016, Lin, et al. [121] systematically explored the influence of 
treatment temperature and time (at 100–210 ◦C for 10–30 min) on the 
electrical properties of the following catalyst layer grown, attempting to 
optimise ASP treatment conditions. The improvement in electrical 

properties after ASP treatment was evident from the CV shown in 
Fig. 9b. The specific power density at 0.4 V was found to be at the 
highest (at 63.9 mW/cm2) for the samples after ASP treatment at 120 ◦C 
for 10 min, compared to those without ASP activation (at 18.2 mW/ 
cm2), and to those at other ASP treatment conditions (ranging between 
15.2 and 52 mW/cm2). Further increases in ASP treatment temperature 
(above 120 ◦C) and duration (above 10 min) resulted in a “dispropor-
tionate decline” of power density, that could be associated to the 
development of large pores after ASP treatment and/or the compara-
tively shorter Pt nanowire grown during subsequent wet chemical pro-
cess [121]. 

3.3. ASP-deposition on CNFs for improved electrical properties 

Apart from enabling surface modification at floating potential, ASP- 
deposition of metallic nanoparticles (NPs) via the “sputtering-deposi-
tion” mechanism [28,29,32,38] can also be exploited in surface treat-
ments through the integration of metallic sputtering targets to the ASP 
configuration (e.g. Ti and Cu metal plate lids, which can be traced back 
to a study in 2002 by Li et al. [29]). In 2017, Corujeira Gallo et al. [122] 
explored the feasibility of functionalising CNFs with Ag and Ni nano-
particles under ASP treatment in 25% N2 + 75% H2 at 75 Pa, where Ag 
or Ni target plates were attached at the top of the AS cage (Fig. 10). 
Formation of nanoparticles on the surfaces were observed under both 
SEM and transmission electron microscopy (TEM), as shown in Fig. 11. 
Both ASP-deposited Ag and Ni NPs showed increasing particle size with 
increasing treatment duration (15–120 min), which correlated strongly 
with the increasingly larger loop areas observed under CV curves. While 
enhanced electrical capacitance was observed on CNFs after ASP 
deposition with both Ag and Ni NPs, those CNFs after ASP-Ag treatment 

Fig. 10. Experimental setup for ASP-deposition treatments of CNFs [122].  

Fig. 11. SEM and TEM images for CNFs a, c) before and b, d) after ASP-Ni treatment [122].  
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demonstrated much greater capacitance enhancement in comparison 
with those after ASP-Ni treatments [122]. It is also worth mentioning 
that poor deposition uniformity and coverage was observed [122], that 
may require further improvement in the future. 

Under similar ASP treatment conditions, Li et al. [34] explored sur-
face modification of CNFs with Ag, Pd and Pt particles at ~320 ◦C for 
6–60 min, where ASP treated CNFs were found to exhibit different levels 
of enhancement in electrical capacitance. The scan-rate-dependent en-
hancements in electrical capacitance were discussed with respect to the 
different types of porous structures obtained (i.e. macropores at >50 
nm, mesopores at 2–50 nm and nanopores <2 nm) on surfaces after ASP- 
Ag/Pd/Pt treatments. Although the highest capacitance (at 10.5 F/g) 
was seen for those CNFs with Pt NPs, the ASP-Pt treated CNFs showed a 
poor rate capacity. While Ag and Pd nanoparticles were found to 
agglomerate (increase in size) with ASP treatment time, ASP-deposited 
Pt NPs, showed a constant fine distribution at all three treatment du-
rations employed in the study (i.e. 6, 12 and 30 min) [34]. The fine ASP- 
deposited Pt NPs appear to pile up evenly on the CNFs with increasing 
treatment duration, forming a smooth final surface finish. It was argued 
that the lack of mesopores for fast ion diffusion on the smooth ASP-Pt 
modified surfaces limited the formation of the electrochemical double 
layer, resulting in poor rate capacitance. It was also found that ASP-Ag 
treated CNFs presented the best life-cycle performance. After 2000 
charge/discharge cycles, in comparison to the 15–17% reduction in 
electrical capacitance for the ASP-Pt/Pd treated CNFs, those CNFs after 
ASP-Ag treatments showed no significant drop in capacitance. 

3.4. Multipurpose ASP treatment of GO films for enhanced electric and 
electrochemical properties 

In 2015, Chen et al. [123] characterised and compared drop-casted 
GO films (on polyethylene terephthalate substrates) after thermal 
annealing (in pure H2) and after ASP treatments (in pure H2 and in a gas 
mixture of H2 + N2) at 100–200 ◦C. In addition to the changes in colour, 
going from a light brown (as drop-casted) to a silver-grey (after ASP), 
ASP treatments also acted to simultaneously reduce the GO, dope the GO 
surface with N (from the nitrogen-rich atmosphere) and deposit the GO 
surface with metallic species (from the active-screen) [123]. The elec-
trical resistance of ASP treated GO was found to reduce with increasing 
treatment temperature [123]. However, compared with thermally 
annealed GO at equivalent treatment conditions, ASP treatments 
induced greater enhancement in electrical conductivity for GO films 
(more significant at the lower treatment temperature of 150 ◦C than 
those at 200 ◦C) [123]. Moreover, ASP treatments in N2 + H2 gas mix-
tures were always found to provide better enhancements in electrical 
conductivity than those in pure H2 (when other treatment conditions 
were kept the same), which can be associated to the higher efficiency in 
“multi-element doping” provided by the additional N2 in the gas mixture 
[123]. 

In 2020, Jing et al. [124] further investigated the enhanced elec-
trochemical properties for drop-casted GO films (on Si wafer substrates) 
after ASP treatment in 25% N2 + 75% H2 at 100 ◦C, which were also 
compared to thermally annealed GO films (at 100 ◦C in pure Ar). 
Compared to thermal annealing, ASP offered a multi-functional 

Fig. 12. High-resolution XPS spectra showing C1s peak for a) untreated GO, b) thermally annealed GO, c) ASP treated GO and d) N1s peak for ASP treated GO [124].  
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treatment with combined GO reduction, N doping and deposition of 
metal NPs on GO films [124]. Significantly improved electrical con-
ductivity was also measured after ASP treatment, with sheet resistance 
being reduced from 5.2 × 106 Ωsq− 1 as drop-casted to 1.1 × 106 Ωsq− 1 

after ASP treatment [124]. This change can be attributed to the reduc-
tion of the GO, combined with the introduction of graphitic N (which 
may work as an electron doner during the charge/discharge process 
[129]) and the absence of pyridinic N (Fig. 12). In agreement with the 
minor concentrations of Fe, Mn and Cr detected with XPS measurements 
after ASP treatment, fine (< 10 nm) metal NPs were observed on the 
surfaces of the GO films. The idea was put forward that the decoration of 
metal NPs could also have contributed to the good capacitive perfor-
mance of the ASP treated GO. 

4. Summary and concluding remarks 

4.1. Summary and conclusions 

In summary, the advanced ASP technology has been developed and 
examined for multi-functionalising biopolymers and carbon-based ma-
terials, which possess low electrical conductivity and/or are vulnerable 
to surface degradation. 

The biocompatibility of biopolymers has been shown to be effec-
tively enhanced by low-temperature active-screen plasma activation and 
functionalisation through the adequate modification of surface 
morphology, introduction of desirable functional groups and improve-
ment of surface wettability. This has shown potential for generating 
strong fixation on polymeric implants, rapid growth of cells on poly-
meric scaffolds for tissue engineering and the adsorption of functional 
peptides onto implantable polymers. 

Enhanced interfacial shear strength between carbon fibres and the 
polymeric matrix has been achieved through active-screen plasma 
activation and functionalisation. Due to the remote plasma nature, the 
single fibre tensile strength of the CFs has been demonstrated to increase 
after ASP treatment, rather than decrease (as is the case for many other 
plasma treatment techniques). These achievements could pave the way 
towards future carbon fibre reinforced high-performance and long-life 
composites for aerospace, automotive and wind energy applications. 

The unique combined function of surface activation and deposition 
(CFAD) of nanoparticles using the advanced ASP technology has shown 
great potential for improving the electrochemical response of CNFs and 
GOs. Significantly improved cyclic voltammetry performance and spe-
cific capacitance have been achieved on CNFs through the additions of 
Ag, Pd and Pt nanoparticles by the CFAD mechanism of the ASP tech-
nology, while the ASP multi-functionalisation of GO has shown signifi-
cantly improved electrical properties and effectively enhanced super- 
capacitive performance as a consequence of reduction, nitrogen 
doping and metal/metal oxides NP decoration of GOs. 

4.2. Challenges and future directions 

As with any technology, it is not possible to satisfy every requirement 
or scenario, and the three main drawbacks of ASP treatments are: (1) 
accurate control of the amount and size of the deposited nanoparticles is 
challenging, (2) it is difficult to treat a large amount fibres continuously 
due to the batch treatment nature, as is the case for most LPP techniques, 
and (3) some “line of sight” issues can be developed with complex 
workpiece geometries under floating potential conditions [130]. 

The future development of ASP multi-functionalisation of materials 
with poor electrical conductivity and/or vulnerability to degradation 
will have the following principle directions: (1) investigation of the 
time-dependent behavioural changes (e.g. wettability or chemical 
functionality) of ASP treated biopolymers and carbon-based materials 
across both short (e.g. <1 day) and prolonged (e.g. 28 days) periods of 
time, post-treatment; (2) development of continuous treatment tech-
niques for long fibres through the design of roll-to-roll mechanisms 

within low-pressure ASP chambers; (3) improvement of the control of 
surface activation and deposition through the incorporation of addi-
tional power source within ASP treatments (i.e. triple-glow plasma 
technologies [131]), enabling multiple simultaneous glow-discharges, 
and thus rendering extra dimensions of adjustment and more accurate 
control on plasma intensity and nanoparticles deposition; (4) extending 
the research to other materials with poor electrical conductivity and/or 
high sensitivity to surface degradation such as glass fibres and bio-
ceramics; and (5) further explorations of the interactions of ASP treated 
biopolymers and carbon-based materials to biotic matter, including the 
antimicrobial activity and biocompatibility assessment of ASP treated 
biopolymers, and the potential for engineering antibacterial CF rein-
forced composites through CFAD of Ag nanoparticles. 
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