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A B S T R A C T

Electrosorptive desalination is a very simple and appealing approach to satisfy the increasing demand for
drinking water. The large-scale application of this technology calls for the development of easy-to-produce,
cheap and highly performing electrode materials and for the identification and tailoring of their most influential
properties, as well. Here, biosynthesised bacterial cellulose is used as a carbon precursor for the production of
three-dimensional nanostructures endowed with hierarchically porous architecture and different density and
type of intrinsic and hetero-atom induced lattice defects. The produced materials exhibit unprecedented desa-
lination capacities for carbon-based electrodes. At an initial concentration of 585 mg L−1 (10 mmol L−1), they
are able to remove from 55 to 79 mg g−1 of salt; as the initial concentration rises to 11.7 g L−1 (200 mmol L−1),
their salt adsorption capacity reaches values ranging between 1.03 and 1.35 g g−1. The results of the thorough
material characterisation by complementary techniques evidence that the relative amount of oxygenated surface
functional species enhancing the electrode wettability play a crucial role at lower NaCl concentrations, whereas
the availability of active non-sp2 defect sites for adsorption is mainly influential at higher salt concentrations.

1. Introduction

The availability of drinking water is becoming inadequate to satisfy
the ever growing demand caused by the increase of world population,
enhancement of environmental pollution level and climate changes.
According to the estimation by the United Nations, more than one
billion people currently live in water-stressed regions and this situation
will worsen in the next years, with almost half the world's population
expected to live in areas of high water-stress by 2030 [1]. Water
shortage is aggravated in Countries where the necessary infrastructure
to take water from rivers and aquifers lack. Clean water has been re-
cognised as a basic human right by the United Nations [2]. Its avail-
ability and affordability are among the main social, technological, and
economical challenges to be faced by the World in the 21st century.

Since 97% of the Planet's water is seawater, seawater desalination
potentially represents the smart solution to scarcity of fresh water. This
has encouraged the development of several water desalination tech-
nologies (e.g. reverse osmosis, distillation, electrodialysis) [3]. Among

the cost-effective and energy-efficient ones, electrosorptive desalination
looks particularly attractive thanks to its simplicity, easy maintenance,
low energy consumption and environmental impact. Also known as
capacitive de-ionization (CDI), it removes charged ionic species from
water via the electrostatic interaction with the two electrodes forming
CDI-cell, to which an external voltage is applied [4–7]. Low energy
required to desalinate one cubic meter of brackish waters (approxi-
mately only one half compared to reverse osmosis [8]) and low oper-
ating voltage of the cell (≤ 2 V) makes CDI economically competitive
and strategically important for areas without electricity grid.

Although several factors (e.g. cell design and operational settings)
strongly influence the CDI performance, physical and structural prop-
erties of the porous electrode materials represent a key point. Besides
high surface area, electronic conductivity, electrochemical stability and
wettability, also the total volume, average size and connectivity of the
pores are important, which has made carbon the material of most fre-
quent choice for developing and fabricating porous electrodes [6,7]. A
wide variety of reports on nanocarbons is available in the literature
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[9–11]. Although endowed with good CDI performance, many of them
suffer from relatively complicated manufacturing processes and high
production cost. The search for new highly performing materials with
low cost and easy synthesis routes is crucial for the development and
the practical application of the CDI technology.

Bacterial cellulose (BC) is the most abundant lignin-free biopolymer
in nature [12,13]. Although it exhibits the same chemical structure as
plant-derived cellulose, (C6H10O5)n, BC is endowed with higher crys-
tallinity, water-holding capacity, mechanical strength, and purity
[12,14]. Its synthesis occurs in three stages, namely i) polymerization of
the glucose into long and unbranched chains (β-1,4-D-glucan) linked
with hydrogen bonding; assembly of ii) several protofibrils, consisting
of a few of parallel chains, into 2–4 nm-wide nanofibrils, and iii) of
bundles of nanofibrils into 20–100 nm-wide nanoribbons, finally giving
rise to a three-dimensional (3D) network of interwoven randomly-or-
iented nanoribbons (BC pellicle) [12,15]. Owing to interfibrillar voids
at the various scales, the 3D cellulosic architecture is endowed with
hierarchical porosity.

This extracellular biopolymer is biosynthesised through the pores of
the membrane of some bacterial strains including those belonging to
genera Rhizobium, Gluconacetobacter, Agrobacterium, Sarcina and
Alcaligenes. Among bacteria able to secrete bundles of cellulose chains
as part of their metabolism, Gluconacetobacter is the genus with the
highest BC production ability [15]. Classified in the family Acet-
obacteraceae, it contains several strains, including Gluconacetobacter
xylinus the most studied among them [12–18]. Recently, Gluconaceto-
bacter medellinensis (ID13488), a strain isolated from homemade fruit
vinegar in Medellin (Colombia) central market, has gathered great at-
tention due to its ability to produce crystalline BC under highly acidic
conditions, as desirable for industrial production from acidic residues
(e.g. wastes generated from cider production) [19].

Due to its interesting conformation, biocompatibility and biode-
gradability, BC has attracted attention in a wide range of new appli-
cations in the biomedical field [20–22], such as tissue engineering [23],
drug delivery and wound dressing [24,25], in the food packaging area
[26,27] and also in environmental applications [28].

Moreover, thanks to its wide availability (BC is biosynthesized on a
scale of several billion tons per year [29]), in the last decades, it has
been extensively exploited as a cheap and green carbon source for the
production of a variety of carbon-based materials [30], most frequently
utilised in the field of energy storage. Several works are available in the
literature dealing with BC-derived electrode materials for super-
capacitors [31–40] and rechargeable batteries [41–43]. However, re-
cently, the use of BC-derived carbon-based materials has been reported
also for different interesting applications, such as capacitive deioniza-
tion [44], absorption of oils and organic solvents [45], electromagnetic
interference shielding [46].

In this work, BC is utilised as a carbon precursor for the preparation
of electrode materials for the desalination of water via the capacitive
method. The electrochemical performance of the BC-derived nano-
carbons is evaluated. The effect of the enrichment with graphene is also
investigated. The outstanding results obtained in terms electrosorptive
performance are correlated with the microstructural properties of the
electrode materials, as described by micro-Raman spectroscopy, and the
crucial role of the carbon defects is emphasised.

2. Experimental

2.1. Preparation of the pristine materials

2.1.1. Pure BC
Gluconacetobacter medellinensis strain ID13488 (CECT 8140) was

used for the biosynthesis of BC membranes. Bacterial cells were grown,
for 14 days under static conditions, in a standard Hestrin-Schramm (HS)
medium containing D-glucose (2% w/v), peptone (0.5% w/v), yeast
extract (0.5% w/v), disodium hydrogen phosphate (0.27% w/v) and
citric acid (0.115% w/v). The incubation temperature and pH of the
medium were 28 °C and 4, respectively The obtained BC membranes
were treated with KOH (2 wt%) for 24 h at room temperature (RT) with
the dual purpose of i) removing non-cellulosic compounds and ii)
generating sub-micropores and defects in the carbonaceous matrix upon
carbonisation [47]. Finally, they were freeze-dried (Fig. S1a).

2.1.2. Graphene-enriched BC
In order to investigate the effect of the enrichment of the electrode

material with graphene, a composite cellulose/reduced graphene oxide
(rGO/BC) membrane was further prepared. This was accomplished via
ex-situ instead of in-situ method because of the tendency of GO to
precipitate in the culture medium giving rise to a non-homogenous
dispersion within the growing matrix. As sketched in Fig. S2, the
membranes were immersed in a graphene oxide (GO) suspension for
24 h under sonication. A commercial suspension of GO in water
(4 mg mL−1) supplied by Graphenea (average particle size< 10 μm;
carbon: 49–56%; oxygen: 41–50%; nitrogen: 0–1%) was used. The ob-
tained membranes were dried in an oven at 50 °C for 24 h between
Teflon molds and the resulting GO/BC “paper” was finally chemically
reduced to rGO/BC with ascorbic acid (30 g L−1) in an oven for 2 h at
95 °C (Fig. S1b).

Hereafter, the pure BC membrane and the composite rGO/BC
“paper” will be labelled as samples p-BC and p-GBC.

2.2. Preparation of the BC-derived carbonaceous materials

In order to obtain carbonaceous materials for the preparation of the
electrodes for the CDI cell, the pristine samples were processed as de-
scribed in detail below and summarised in Table 1.

Following Liu et al. [44], a two-step heating process was carried out
on sample p-BC. The process consisted of i) an oxidative treatment
(polymer stabilisation) in static air and ii) an annealing (carbonisation)
performed at 700 °C under 5.5 purity nitrogen (100 cc min−1 flow
rate). Based on the results of the thermo-gravimetric analysis (see Fig.
S3 in the supporting information), stabilisation was operated at 225 °C.
Stabilisation- and carbonisation-temperatures were reached by
5 °C min−1 heating rate and kept constant for 2 h. Uncontrolled cooling
down to RT followed both the thermal treatments. In the following, the
pure-BC derived active material will be labelled as sample BC(N2).

In order to investigate the effect of the enrichment of the carbo-
naceous electrode materials with graphene, three composite samples
were prepared (Table 1). The first one, below coded as GBC(N2), was
obtained by carbonisation of the rGO-containing p-GBC (Fig. S2). The
heat process was operated at 700 °C for 2 h under 100 cc min−1 N2

Table 1
Codes of the pristine and processed samples, with details about their preparation.

Code Material type and preparation details

p-BC Pristine Pure BC membrane by biosynthesis and freeze-drying
p-GBC Composite rGO/BC “paper” by biosynthesis, immersion in GO suspension, molding and chemical reduction
BC(N2) Processed Graphene-free BC-derived carbon By stabilisation in air and carbonisation of p-BC in N2

GBC(N2) Graphene-enriched BC-derived carbon By carbonisation of p-GBC in N2

BCG(N2) By stabilisation in air of p-BC, impregnation with diluted GO suspension and carbonisation in N2

BCG(He) By stabilisation in air of p-BC, impregnation with diluted GO suspension and carbonisation in He
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flow.
Two additional samples, hereafter labelled as BCG(N2) and

BCG(He), were produced as sketched in Fig. S2 for the former. BCG(N2)
and BCG(He) were prepared by stabilising p-BC in air at 225 °C, im-
pregnating the stabilised material with a diluted GO-suspension and,
after drying overnight, carbonising the resulting material at 700 °C for
2 h under 100 cc/min N2 or He flow, respectively. A commercial sus-
pension of GO in water (Graphenea; 4 mg mL−1), diluted in (¼ v/v) in
distilled water (Merck), was used for the impregnation.

2.3. Physicochemical characterisation of pristine and processed materials

The pristine and processed materials were thoroughly characterised.
The morphological analysis was performed by scanning electron mi-
croscopy (SEM) by utilising a FEI S-FEG XL30 microscope equipped
with an energy-dispersive X-ray (EDX) spectrometer. A NETZSCH STA
449C instrument was used for the thermo-gravimetric analysis (TGA).
Few milligrams of the sample were loaded in an alumina crucible. The
analysis was carried out in air. The 20–800 °C range was investigated
rising temperature at a rate of 10 °C min−1. The Brunauer-Emmett-
Teller (BET) method was used for the specific surface area determina-
tion by using ASAP 2010 Micromeritics equipment. Further details on
the sample preparation and experimental data processing can be found
elsewhere [11]. X-ray diffraction (XRD) patterns were recorded on a
Panalytical X-Pert diffractometer using a Ni β-filtered Cu-Kα radiation
(λ = 1.5451 Å) source. Data were collected in the 5–80° 2θ-angle range
with a step of 0.05°. Raman scattering excited by a solid-state laser
operating at 532 nm (2.33 eV) was measured by using a NT-MDT
NTEGRA - Spectra SPM spectrometer equipped with MS3504i 350 mm
monochromator and ANDOR Idus CCD. The scattered light from the
sample, collected via a Mitutoyo 100× objective, was dispersed by a
600 lines mm−1 grating. In order to prevent local heating and an-
nealing effects, a laser power of 250 μW at the sample surface was used.
The spatial homogeneity of the samples was further evaluated by re-
cording spectra from several random positions on each specimen and,
in order to have a reliable picture of the entire sample, the spectra
collected in each specimen were averaged. X-ray photoelectron spec-
troscopy (XPS) analysis was carried out with a Physical Electronics
GMBH PHI 5800-01 spectrometer, equipped with a monochromatic Al-
Kα (1486.6 eV) source set at a power beam of 300 W. Spectra were
acquired using pass energies of 11.0 eV and 58.0 eV for elemental
analysis and determination of the oxidation states, respectively. The
binding energy regions of C 1s-K 1s (280–300 eV), N 1s (390–406 eV),
and O 1s (520–540 eV) were examined, taking the C 1s line (284.5 eV)
as reference [48]. XPS data were interpreted by using the on-line library
of oxidation states implemented in the PHI MULTIPAK 6.1 software and
the PHI Handbook of XPS [49]. The elemental concentrations were
estimated from the areas under the photoelectron peaks weighed by the
relative sensitivity factors. The results obtained are reported in Table 2.
For further details on the instrumentation and experimental data

processing see refs [11, 50].

2.4. Preparation of the working electrodes based on the BC-derived
carbonaceous materials

Four working electrodes were prepared by using the thermally
processed BC-derived carbonaceous materials. Their codes are reported
in Table 3. Three of them (BCE-1, BCE-2 and BCE-3) were based on
graphene-enriched samples; in the case of BCE-1, a physical mixture of
samples GBC(N2) and BC(N2) in a 1:3 mass ratio was used as an active
material. The electrodes were prepared via the procedure previously
described in detail [11,50]. Briefly, the active material (90 wt%) was
mixed with polyvinylalcohol (10 wt%), supplied by Tecnalia, and the
resulting mixture was dispersed in ethanol. The slurry obtained after
8 h stirring was cast onto the (Mersen Iberica) graphite current collector
and dried in an oven at 60 °C overnight.

2.5. Electrochemical three-cell measurements

A conventional three-electrode system, using a computer-controlled
AUTOLAB PGSTAT302N Metrohm potentiostat/galvanostat, was uti-
lised to carry out cyclic voltammetry (CV) measurements. The working
electrode was prepared as-described in Section 2.4; graphite acted as
the counter electrode, while a standard Ag/AgCl electrode was used as
the reference. CV measurements were carried out at RT in 0.1 mol L−1

NaCl solution at different scan rates (5, 10, 20, 30, 40, 50 and
100 mV s−1); the potential range from −1.3 to 0.4 V was investigated.
The specific capacitance, CS (F g−1), was calculated from the current-
voltage curves as

=Cs
vm

I
V

dV1 , (1)

where I (A), V (V), v (V s−1) and m (g) denote the response current, the
potential, the potential scan rate and the mass of the electro-active
material [11].

Electrochemical impedance spectroscopy (EIS) analysis was carried
out in the 1·10−1-1·104 Hz frequency range with AUTOLAB
PGSTAT302N using the three-compartment cell (amplitude of the al-
ternating voltage: 1·10−1 V around the 0 V equilibrium potential).

Area of the working electrodes utilised for CV ad EIS measurements
was 2 cm2. Further details can be found elsewhere [11,50].

2.6. Electrosorption experiments

Batch mode experiments in a continuously recirculating system
were carried out to investigate the electrosorption behaviour of the BC-
derived electrodes. The system, previously described [11], included a
symmetric electrosorptive unit cell, two reservoirs, a peristaltic Fisher
Scientific, Mini-pump, a Hanna Microprocessor Conductivity/TDS
meter and a DC Lab Power supply LABPS1503. Area of the two parallel
electrodes forming the CDI unit cell was 9 cm2; a non-electrically
conductive separator was interposed between them. 100 mL of NaCl
solution, kept at 25 °C, were utilised in each experiment (flow rate:

Table 2
Surface composition of the samples, as inferred from the XPS analysis.

Code Atomic concentration/at.% O/C
ratio

Relative weight/wt%

C N O C N O

BC(N2)a 59.3 0.0 40.7 0.69 52.2 0.0 47.8
GBC(N2) 71.5 1.9b 26.6 0.37 65.5 2.0b 32.5
BCG(N2)a 59.0 0.0 41.0 0.69 51.9 0.0 48.1
BCG(He)a 52.9 0.0 47.1 0.89 45.6 0.0 54.2
Mixturec 62.4 0.5 37.2 0.60 55.5 0.5 44.8

a Net values after subtraction of K atomic concentration.
b From GO.
c Values calculated from the data of BC(N2) and GBC(N2) by using the mass

3:1 ratio.

Table 3
Codes of the working electrodes and active materials utilised for their pre-
paration.

Code Active material(s) and relative code(s)

BCE-0 BC-derived carbon BC(N2)
BCE-1 3:1a mixture of BC-derived carbon BC(N2) and graphene-enriched BC-

derived carbon GBC(N2)
BCE-2 Graphene-enriched BC-derived carbon BCG(He)
BCE-3 Graphene-enriched BC-derived carbon BCG(N2)

a The 3:1 mass ratio was chosen in order to obtain comparable GO contents
of the three graphene-enriched electrodes (~5 wt%).
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7.7 mL min−1). A 1.2 V voltage was applied until the complete cell
charging and equilibrium concentration were reached [11,51].

The salt adsorption capacity, SAC (mg g−1), was calculated as

=SAC C C
m

( ) ,t0
(2)

where C0 (mg L−1) and Ct (mg L−1) stand for the initial and the in-
stantaneous equilibrium-concentrations, respectively; τ (L) and m (g)
indicate the solution volume and the mass of the (active) electrode pair,
respectively. To check the reproducibility, several experiments were
carried out on each type of electrode material, and the corresponding
SAC was calculated averaging over the values obtained in these ex-
periments.

3. Results and discussion

3.1. Physicochemical properties of the pristine pure BC and composite GBC
samples

Figs. 1 and S4–S5 summarise the results of SEM/EDX, XRD and
micro-Raman spectroscopy (MRS) analyses on the freeze-dried BC.
Fig. 1a–b shows representative SEM images of the samples; lower-
magnification images can be found in the supporting information (SI,
Fig. S4a–b). The highly-porous fibrillar-net-like morphology, peculiar
to biosynthesised cellulose [52], is clearly visible. Bundles of micro-
fibrils, densely-packed due to the water removal process [13], can be
observed, along with numerous macropores (in both the image insets).
The randomly-oriented microfibrils are interconnected to form a 3D
cellulosic skeleton, featured by hierarchical porosity. The analysis at
higher magnification factors reveals the lack of spatial uniformity in

terms of length and thickness of the microfibrils and bundles, as well.
Conversely, the elemental mapping via SEM/EDX (Fig. S4c) evidences a
spatially homogeneous distribution of carbon, oxygen, potassium (de-
riving from treatment in KOH) at the micro-scale.

Native cellulose I is composed of Iα and Iβ allomorphs. The two
phases have the same molecular building and O3–H–O5 intra-chain
hydrogen bonding, but different O2–H–O6 inter-chain hydrogen
bonding and crystal structure [17]. Their relative amount depends on
the source of the cellulose [17,53]. In general, plant-derived cellulose is
rich in Iβ allomorph, while Iα is the predominant allomorph in cellulose
derived from algae and bacteria. Three diffraction peaks are detected in
the XRD pattern of p-BC around 14.5°, 16.6° and 22.6° (Fig. 1c). These
major reflections correspond to (100), (010), (110) planes in the Iα
phase, and (1−10), (110), (200) in the Iβ one. In this case, the dif-
fraction patterns have been indexed according to Miller indexes of
cellulose Iα, the predominant allomorph in p-BC [53].

The crystallinity index of the freeze-dried BC was estimated, via the
empirical formula χ = 100·[I(110)-IA]/I(110), proposed by Segal et al.
[54,55], where I(110) denotes the intensity of the main diffraction peak
at 22.6° of Iα phase and IA indicates the intensity due to the amorphous
contribution at 18° 2θ-angle. The mean crystallite size was calculated,
from the full width at half maximum (FWHM) of the (110) peak,
through the Scherrer's equation, dBC = kλ/βcosθ, where k (0.89) is the
shape factor, λ is the wavelength of x-ray radiation, β is the FWHM in
radians and θ is the Bragg's angle [16]. Despite the relatively low
signal-to-noise ratio of the pattern, the found χ- and dBC-values
(85 ± 5% and 6.1 ± 0.3 nm, respectively) were comparable with
those reported in the literature for the cellulose produced from HS
medium [16,56].

The measure of Raman scattering from different random locations in

Fig. 1. Results of (a–b) SEM, (c) XRD and (d) MRS analyses on sample p-BC.
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the freeze-dried BC (Fig. S5) pointed at the lack of spatial uniformity
within the sample, reflecting the local changes in the morphology
(Fig. 1a–b) and in the crystallinity degree [17,35]. Thus, in order to
have a reliable picture of the entire sample, the spectra relative to the
different locations sampled were averaged. Fig. 1d shows the result
obtained. The spectral profile is peculiar to cellulose I [17,57]. The
skeletal bending modes of CCC, COC, OCC, OCO bonds are detected in
the lowest frequency region of the spectrum (150–550 cm−1) [17]. The
intense stretching modes of CC and CO bonds dominate the
800–1180 cm−1 region [17]. At higher frequencies (1180–1430 cm−1),
the bending modes of HCC, HCO, HCH and COH bonds contribute to the
Raman intensity [17]. Above 2500 cm−1, a very intense band centred
at ~2900 cm−1 and a weaker and broader one (at ~3350 cm−1) are
detected. The former originates from the stretching modes of CH bonds,
while the latter is associated to the stretching modes of OH bonds [17].
No cellulose mode contributes to the Raman intensity between 1500
and 2500 cm−1.

The intensities I380 and I1096 of the Raman bands at 380 and
1096 cm−1 were utilised to estimate the crystallinity of the freeze-dried
BC via the empirical formula χ′ = [(I380/I1096)-0.0286]/0.0065, pro-
posed by Agarwal et al. [58]. The so-obtained χ′-value (70.4%) was
comparable with that obtained by the same method for BC nanocrystals
[59] and compatible with the crystallinity index inferred from the XRD
pattern.

The XRD patterns of composite GO/BC, rGO/BC or graphene/BC
samples generally exhibit the same diffraction peaks as pure cellulose
[18,32,60–62]; rarely the detection of an additional peak originating
from the (001) reflection of graphene oxide has been reported [63]. In
the present case, the comparison between the diffractograms of samples
p-GBC (not shown) and p-BC (Fig. 1c) evidenced the presence of no
extra peak ascribable to rGO. Conversely, only the fingerprint of rGO
was clearly visible in the micro-Raman spectrum of p-GBC (Fig. S6), in
full agreement with the results reported by other authors [32,60].
Different from the case of pure cellulose, the comparison among spectra
from different random locations in the composite sample evidenced a
great degree of spatial homogeneity, in full agreement with the litera-
ture [18,60,62].

3.2. Physicochemical properties of the BC-derived fibrous electrode
materials

Figs. 2 and S7 summarise the results of SEM, MRS, XRD and XPS
analyses on the thermally processed samples. Fig. 2a–f shows re-
presentative SEM images of the samples; lower-magnification images
can be found in the SI (Fig. S7). As expected [36,47], after carbonisa-
tion at 700 °C, the 3D architecture of pristine material, resulting from
randomly-oriented interconnected cellulosic microfibrils, is preserved
and the samples exhibit the morphology featured by hierarchical por-
osity typical of BC-derived nanocomposites [33] and of high surface-
area pyrolysed nanocarbons [31], as well. Moreover, the spatial in-
homogeneity observed in pure cellulose reduces to some extent
(Figs. 2b,e and S7c).

The D- and G-bands, peculiar to disordered/amorphous graphitic
nanocarbons, are detected in the micro-Raman spectra of all the sam-
ples (Figs. 2g and S8), which confirms the carbonisation of cellulose.
The latter, ascribed to the E2g symmetry stretching of all sp2 bonded
C]C pairs [64], is regarded as the Raman fingerprint of the graphitic
ordering. The former, originating from the A1g symmetry in-plane
breathing of the aromatic C rings, is disorder-activated [64]. Since its
relative (to the G-band) intensity rises with increasing deviation from
perfect hexagonally-organised planar carbon network [64,65], the D/G
intensity ratio (ID/IG) is commonly used to monitor the density of the
sp2-defects in nanocarbons [64,66–68].

Only a slight increase of ID/IG is observed by comparing the micro-
Raman spectra of samples GBC(N2) and p-GBC (Fig. S8a), which in-
dicates that the heat treatment at 700 °C on the composite rGO/BC

sample does not produce significant structural changes in the carbo-
naceous matrix. On the contrary, the comparison among the four car-
bonised samples (Fig. 2g) evidences marked spectral differences. The
“disorder-band” appears to be the most affected by the change. Its
width increases in the order GBC(N2) < BCG(N2) < BCG(He) <
BC(N2). A progressive weakening (relative to the G-band) accompanies
the broadening. The G-band broadens too. Its width increases to minor
extent, but in the same order as for the D-band. Moreover, the band
moves towards higher frequencies. The increase in its frequency posi-
tion is in the order GBC(N2) < BC(N2) < BCG(N2) < BCG(He).

Since clustering of the sp2 phase, bond disorder, presence of sp2

rings or chains, hybridisation changes of the CeC bonding act as
competing forces on the shape of the Raman spectra of nanocarbons
[64], the described spectral changes point at differences in the micro-
structure of the samples. As for the D-band, Li et al. [69] reported
analogous (not explained) spectral differences for biomass-derived hard
carbon micro-spherules obtained via carbonisation at different tem-
peratures. In the case of the micro-spherules, the ID/IG ratio increased
and the D-band sharpened with increasing carbonisation temperature.
The increase of carbonisation temperature produced a similar spectral
evolution also in BC-derived carbon fibres [44,46]. Liu et al. [44] as-
cribed the ID/IG increase to the formation of defects. On the contrary,
Dai et al. [46] explained the spectral changes in terms of an increase in
the crystallite domains or a reduction in the quantity of amorphous
carbon.

Indeed, only sp2 carbon defects contribute to the D-band intensity
[64], whereas non-sp2 ones (trans-poly-acetylene-like chains, formed at
the zig-zag edges of the defective graphitic layers and Csp3 phases in-
terconnecting the graphitic domains) contribute to the Raman intensity
at lower and higher frequencies (T-band at 1150–1230 cm−1 and A-
band at 1450–1530 cm−1, respectively) [70,71]. Thus, the intensifying
of the “sp2-disorder band” moving from sample BC(N2) to sample
GBC(N2) is here understood as the effect of the increase of the sp2-de-
fects with respect to the non-sp2 ones, while the shrinking of the D-and
G-bands is thought of as reflecting the evolution towards a narrower
distribution of bond angles and lengths, which is consistent with what
proposed by Dai et al. [46]. Actually, only sp2-defects are present in the
carbonaceous lattice of GBC(N2) (Fig. S9), which appears to be the most
(graphitically) ordered sample, despite their large density. Conversely,
the highest amorphousness degree (i.e. the greatest deviation from
perfect Csp2 network), with large bond (angle and length) disorder and
non-sp2 defects, along with the sp2-ones, pertains to sample BC(N2).
This is a relevant feature since, as known [44], the presence of defects
can generate more accessible surface area and cause an increase in the
ability to accumulate charges, which is beneficial for the charge transfer
in the adsorption process.

The broad diffraction peaks associated to the reflection from (002)
and (101) graphitic planes are clearly visible in the XRD patterns of all
the samples (Fig. 2h), confirming the disordered/amorphous nature of
the investigated nanocarbons [69,72], as well as the effective thermal
reduction of GO. Nevertheless, in sample GBC(N2), the most intense
peak is slightly narrow and located at higher 2θ-angle values with re-
spect to the remaining samples, which supports the conclusions drawn
from the analysis of micro-Raman spectra (i.e. it exhibits the highest
degree of graphitic ordering). The average interlayer spacing was es-
timated from the angular position of the (002) diffraction peak via the
Bragg's law as d(002) = λ/2sinθ, where λ (0.15451 nm) is the wave-
length of Cu-Kα radiation and θ is the Bragg angle [72]. All the calcu-
lated d(002)-values (0.35–0.39 nm) exceeded that peculiar to crystalline
graphite (0.34 nm [73]). Nonetheless, the closest value (0.35 nm)
pertained to “the most ordered” sample, GBC(N2).

As expected [47], the XPS analysis revealed the presence of
(12.0–13.7 at.%) potassium in samples BC(N2), BCG(N2) and BCG(He)
(Fig. S10a). Its relative amount was subtracted to quantify the con-
centration of the surface oxygen functional species, believed to be
beneficial for wettability and pseudocapacitance of the carbonaceous
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material, as well [50,74,75]. The results obtained by analysing the
high-resolution XPS spectra of the samples are reported in Table 2.

In full agreement with the outcomes of MRS and XRD analyses,
sample GBC(N2) exhibits the lowest oxidation degree (O/C atomic ratio:
0.37). The relevant relative amount of oxygenated surface functional
species in the remaining samples (40.7–47.1 at.%) accounts for the
observed (002) interlayer spacing expansion [72]. It increases in the
order GBC(N2) < BC(N2) < BCG(N2) < BCG(He) (Table 2), that is in
the same order as the frequency position of the G-band in the micro-
Raman spectra (Fig. S11). Thus, although a contribution from C]C
chains [68] cannot be ruled out, the band upshift can be thought of as
the effect of the electron transfer from the π-states to the oxygen atoms
[67,70,76]. The comparison with the data relative to previously studied
samples supports this conclusion.

Finally, the greater O/C atomic ratio of BCG(He) compared to
BCG(N2) hints at a higher capability by nitrogen of removing thermally
labile oxygenated species, in line with the greater mass loss it produces
during the pyrolisation of carbon fibres with respect to helium [77]. A
possible explanation for this finding is that, differently from helium, at
700 °C, nitrogen reacts with the oxygenated functional groups present
on the material surface with evolution of oxygen containing species
(e.g. NOx species).

In order to get a deeper insight into the oxygenated species present
on the sample surface, the high-resolution photoelectron spectra of C 1s
core level were normalised to the maximum intensity of the main peak
and compared (Figs. 2h and S10). Samples BCG(He) (Fig. 2h) and

BCG(N2) (not shown) exhibit similar profiles, with C=C/C–C bonds in
aromatic rings (at 284.5 eV), CeO species in hydroxyls (at 286.1 eV),
C]O species in carbonyls (at 287.8 eV), O–C=O species in carboxylic
groups (at 288.9 eV), and shake-up π–π⁎ satellite (at 289.9 eV)
[33,67,78] contributing to the spectral intensity. The C 1s profile of
sample BC(N2) further exhibits a shoulder on the lower binding energy
side of the main peak. In agreement with the indications inferred from
the analysis of micro-Raman spectra, this contribution can be ascribed
to sp-hybridised C]C species in trans-poly-acetylene-like chains (at
283.6 eV) [79,80]. The relatively high intensity of the shake-up π–π⁎

satellite might be indicative of the presence of localised π–electrons
along the polymer chains [81]. Finally, GBC(N2) exhibits a larger re-
lative amount of CeO species (Fig. S10a) compared to the remaining
materials.

3.3. Electrochemical properties of the BC-derived electrode materials

The produced BC-derived nanocarbons were evaluated as active
materials for CDI electrodes (Table 3) by carrying out CV measurements
in 0.1 M NaCl solutions with potential ranging between −1.3 and 0.4 V
and 5–100 mV s−1 sweep rates. Fig. S12 compares the CV curves of the
investigated electrodes at fixed potential scan rate (v), whereas Fig. 3
displays the evolution undergone by the curves of each electrode with
increasing v. The measured curves confirm the formation of the elec-
trical double-layer (EDL) for all the electrodes. At fixed v (100 mV s−1),
the CV curve surface area increases in the order BCE-3 < BCE-

Fig. 2. Results of (a–f) SEM, (g) MRS, (h) XRD and (i) XPS analyses on the processed samples. SEM images refer to samples (a, b, d, e) BC(N2), and (c, f) BCG(N2).
Micro-Raman spectra are normalised to the G-band maximum intensity for an easier comparison; stars mark spurious peaks originating from the sample-holder in the
XRD patterns; high-resolution photoelectron spectra of C 1s core level are normalised to the main peak maximum intensity for an easier comparison.
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2 < BCE-1 < BCE-0 (Fig. S12). For a given electrode (Fig. 3), the
surface increases with increasing v, indicating the progressive reduction
of ion transportation rate [82].

In order to more deeply understand the behaviour of the present
electrode materials, their electrochemical properties were evaluated
also by EIS analysis, a very useful technique to examine capacitive
behaviour and internal resistance of the electrode materials [83], by
recording the real and imaginary part of the total impedance as a
function of the frequency of the input signal. Fig. 4 displays the Nyquist
plots obtained from EIS measurements performed, in aqueous 0.1 M
NaCl solution, in the 1·10−1-1·104 Hz frequency range. For a pure ca-
pacitive-behaviour, the Nyquist plot consists of a straight line parallel
to the imaginary axis (y-axis) in the low frequency region. Each de-
viation from the ideal behaviour causes the slope of the straight line to

diminish and approach 45° in the Nyquist plot. The deviation is as-
cribed to the increase of Warburg impedance, which is related to the
kinetics of the ions diffusion in the solution and to the adsorption of the
ions at the electrode/electrolyte interface [37,84,85].

The graphene-enrichment of the active material seems to affect its
electrochemical response. The behaviour of (graphene-free) BCE-0 at
lower frequencies (Fig. 4a) is the closest to the ideal one among all
investigated electrodes, since the Nyquist plot consists of a straight line
deviating from the imaginary axis only by 14.6°, which indicates a low
Warburg impedance. In the graphene-enriched (GE) active materials,
Warburg impedance increases, which points at a non-uniform ions
diffusion process at lower frequencies, where the ions movement is
partially hindered [86]. In fact, a larger Warburg impedance indicates
greater variations in ion diffusion path lengths and increased

Fig. 3. CV curves of the investigated electrodes.

Fig. 4. Nyquist plots of the investigated electrodes (inset: mid-high frequency region of the plots).

Y. Belaustegui, et al. Desalination 492 (2020) 114596

7



obstruction to the ion movement [87]. The increase is in the order BCE-
0 < BCE-1 < BCE-2 < BCE-3. The equivalent series resistance (also
known as the internal resistance, which includes the bulk electrolyte
resistance and the charge transfer resistance), estimated as the intercept
of the straight line with the real axis (x-axis), increases in the same
order, namely BCE-0 (47 Ω) < BCE-1 (60 Ω) < BCE-2
(64 Ω) < BCE-3 (75 Ω).

In the electrode BCE-1, prepared by the use of BC(N2) + GBC(N2)
physical mixture, the slope changes at 1.5 Hz (Fig. 4a); at lower fre-
quencies, the Nyquist plot consists of a straight line with a slope of
62.5°, whereas in the middle frequency region (from 1.5 Hz to 2 kHz), a
semicircle is visible, which indicates the formation of an EDL close to
the electrode/electrolyte interface [88]. This behaviour is indicative of
the existence of two different charge transfer mechanisms. It originates
from the coexistence of two distinct components (namely BC(N2) and
GBC(N2)) in the hybrid material, as already observed in other physical
mixtures [50].

Fig. 5 shows the specific capacitance (CS) of the electrodes based on
the BC-derived nanocarbons, calculated via Eq. (1), as a function of v.
Among the GE electrode materials, the worst performance pertains to
BCE-3, which exhibits the lowest capacity at any rate. Besides, the
decrease of CS with the increase of v from 5 to 100 mV s−1, which gives
a qualitative measure of the impact of diffusion as the rate-limiting
process [50], is very large (−90.1%). Nonetheless, at 5 mV s−1, its CS
value (131 F g−1) exceeds those measured at the same rate for graphene
hydrogel and graphene aerogel electrodes (35 and 18 F g−1, respec-
tively) in an aqueous 1 M NaCl solution [89]; moreover, it equals that
reported for commercial carbon powders with very-high surface area at
lower rate (2 mV s−1) [90]. These findings suggest that the BC-derived
component of the GE-composite provides a beneficial contribution to
the overall capacitance. As known [47], upon carbonisation at 700 °C,
the dense 3D fibrilar BC skeleton converts into porous carbon with
interconnected macropores (> 50 nm), on whose walls mesopores
(2–50 nm) and micropores (< 2 nm) develop. The former serve as
pathways for efficient ion transport across the electrode, the latter are
beneficial to ion storage [82].

Compared to BCE-3, electrode BCE-2 exhibits superior capacity and
reduced impact of diffusion as the rate-limiting process (CS-decrease
with v-increase is −84.0%). As the preparation of the two active ma-
terials differs only for the carbonisation atmosphere (He in place of N2),
the larger amount of oxygenated functional moieties present on
BCG(He) (Table 2) partly justifies the observed improvement, since they
contribute to improve both the wettability and pseudocapacitance of
the electrode [50,74,75]. The specific capacitance of the hybrid

electrode (BCE-1) is comparable to that of BCE-2 for v ≥ 20 mV s−1,
whereas below this rate it is smaller. In BCE-1, the impact of ion dif-
fusion as the rate-limiting process further lowers (as v increases from 5
to 100 mV s−1, CS diminishes by −75.3%).

BCE-0 outperforms all the GE-electrode materials, even in terms of
CS-diminishing with the scan rate increase (−68.9%). This result is
opposite to that previously obtained for electrospun carbon fibres de-
rived from polyacrylonitrile (PAN), which benefited from the graphene-
enrichment, in spite of the specific surface area contraction that it
caused [11]. The greater CS-values of electrode BCE-0 with respect to
the GE-ones suggest that graphene-enrichment of the active material
(regardless of the preparation stage at which it is carried out) fails in
improving the material electrochemical performance. A reason for this
difference may lie in the experimental procedure for the graphene-en-
richment. In the case of electrospun carbon fibres, GO was incorporated
into the pristine solution (i.e. before the generation of the fibres via
electrospinning) [11], which ultimately resulted in an intimate contact
between rGO and the PAN-derived carbonaceous fibres and in a
homogeneous distribution of it in the fibrous network. On the contrary,
in the present case, GO was added onto the surface of the already syn-
thesised BC, through immersion or impregnation method (Fig. S2),
which resulted in a less uniform distribution of rGO in the bulk of the
GE composites and a less intimate contact between it and the BC-de-
rived carbonaceous matrix.

From the comparison with the literature, it emerges that the specific
capacitance of electrode BCE-0 at 5 mV s−1 (366 F g−1) is greater than
that measured by Liu et al. [44], at 2 mV s−1 in an aqueous 1 M NaCl
solution, for an electrode based on commercial BC carbonised at 800 °C
(297 F g−1). The better performance of the present BC-derived nano-
carbon might depend on the BC biosynthesis conditions (e.g. bacterial
strain, culture medium), as well as on the carbonisation temperature,
which is crucial to the pore structure and microstructure of BC-derived
carbon materials [47]. Using aqueous 6 M KOH solution as the elec-
trolyte, Zhou et al. [91] obtained a similarly high CS-value (360 F g−1)
for supercapacitors based on porous carbon fibres, produced by block
copolymer microphase separation, exhibiting an interconnected net-
work of pores with bimodal distribution, inclusive of mesopores
(~10 nm) and sub-micropores (~0.5 nm). Ding et al. [47] reported an
even larger CS-value (430 F g−1) for a symmetric supercapacitor using
1 M H2SO4 solution as the electrolyte and an ultra-microporous dual-
doped carbon, possessing highly concentrated micropores (~ 2 nm) and
a considerable amount of sub-micropores (< 1 nm), as the active ma-
terial. Sub-micropores, which significantly enhanced the capacitive
performance due to pore confinement effect [47], resulted from the
simultaneous activation/carbonisation of the dense BC precursor, with
potassium hydroxide acting as the activating agent.

In sample BC(N2), the analysis of the nitrogen adsorption/deso-
rption isotherms evidenced the presence of sub-micropores with
size< 0.5 nm, as reported by Ding et al. [47]. The specific micro-pore
volume was 0.206 cm3 g−1; the specific surface area was 340 m2 g−1.
Although comparable with those reported for other BC-derived nano-
carbons [44], the latter value could be underestimated [92]. In the
composites only a slight increase of the pore size and a slight reduction
of specific surface area were observed, in full agreement with what
previously observed in electrospun carbon fibres [11] and with the
results reported in the literature, as well [93].

Outstanding storage and desalination properties have recently been
reported for carbons simultaneously having a hierarchically porous
structure consisting of interconnected macro-/meso-/micro-pores and
high (intrinsic and heteroatom-induced) defect density [94,95]. Be-
sides, the predominant influence of the carbon defects, with respect to
the functional groups, on capacitance has been pointed out [96]. As a
matter of fact, BC(N2) possesses the hierarchical porosity peculiar to
BC-derived carbons and, besides, the highest amorphousness degree,
with a plethora of different morphological defects (Fig. S9) and the
largest fraction of the highly reactive [70] non-sp2 defects, including

Fig. 5. Specific capacitance of the investigated electrodes as a function of po-
tential scan rate.
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Csp3 species interconnecting the graphitic domains and chains with
localised states at the edge-sites. The synergy between these active sites
and the material porosity accounts for its remarkable electrochemical
performance [97].

3.4. Correlations between electrochemical properties and defectiveness of
the electrode materials

In the last decades, increasing the graphitisation degree and de-
creasing the defect density (e.g. by enhancing the carbonisation tem-
perature) has represented the most common strategy to improve the
electrochemical performance of carbon-based materials. Very recently,
in counter-tendency, several authors have pointed out the crucial role
of defects in ion storage and emphasised the benefits deriving from
producing defect-rich nanocarbons [92–95,97–100]. Just to cite a few
of cases, Guo et al. [99] have reported that hard carbon nanofibres with
a defect-richer texture exhibit better rate capability and noticeably
longer cycle performance. Yao et al. [97] have shown that defects at the
graphene layer edges in microporous soft carbons provide extra so-
dium-ion storage sites. Lu et al. [100] have attributed to the higher
defect concentration the enhanced Na storage performance of soft
carbon prepared at lower carbonisation temperature. Novel models
involving Na-ion storage at defect sites, rather than intercalation be-
tween graphene sheets, have been further proposed to explain the so-
diation process in non-graphitisable carbons [98].

In the present case, the increase of the specific capacitance moving
from the least defective electrode material (BCE-3) to the defect-richest
one (BCE-0) proves that the carbon defect sites play a crucial role in the
ion adsorption process, in line with the most recent assessments on their
ability to generate more accessible surface area, favouring the charge
accumulation [44].

It can be envisaged that, at low scan rates, time for the ions of the
electrolyte is enough to diffuse into the inner pores of the electrodes
[50], where they are adsorbed at the defect-sites, regardless of their
type. Actually, a good correlation is found by plotting the specific ca-
pacitance at 5 mV s−1 scan rate (Fig. 6a) against the relative intensity of
all the Raman “defect-bands” (IT + ID + IA)/IG. This indicates that all
types of defects contribute to the ion adsorption and to the formation of
EDL at the lowest potential scan rate. The non-linearity of the found
relationship might reflect the different chemical reactivity of the var-
ious type of defects [68,70,101,102]. With increasing scan rate, the
diffusion becomes rate-limiting [103] and the moving ions do not have
time enough to accumulate onto the less accessible surface regions,
which are progressively excluded [50]. Under these conditions, the ion
adsorption takes place preferentially at the most reactive non-sp2 sites
on the pore surface, e.g. single vacancies and dandling bonds at zig-zag
edges [101,102]. Actually, the specific capacitance at 100 mV s−1 scan
rate (Fig. 6b) linearly correlates with the intensity ratio, (IT + IA)/ID, of
the bands originating from non-sp2 and sp2 defects. The increase in the
density of the non-sp2 defects with respect to sp2 ones is able to account
also for the decrease in internal resistance from electrode BCE-3 to BCE-
0 (Fig. S13a), as well as for the variation of Cs with the increase of ν. Ion
diffusion has lighter impact as the rate-limiting process (i.e. less nega-
tive value of the Cs-variation) in materials with a larger relative amount
of non-sp2 defects, in line with the outcomes of computational studies
on the reactivity of carbon defects with sodium ions [104].

Remarkably, the data relative to the electrodes based on PAN-de-
rived carbon fibres previously investigated [11] show the same trend
(Fig. S13), even if, obviously, they cannot line-up along the curves of
BC-derived nanocarbons owing the large differences in the other in-
fluential factors (e.g. specific surface area, concentration and type of
surface functional species).

3.5. Electrosorptive properties of the BC-derived electrode materials

Typically, materials possessing superior capacitive performance

exhibit enhanced electrosorptive properties. Fig. 7a displays the salt
adsorption capacity, SAC, of the electrodes BCE-0, BCE-1 and BCE-2, as
calculated via Eq. (2), at various NaCl concentrations. As a general
trend, as the concentration increases, the amount of NaCl removed from
the solution raises as a result of the enhanced mass transfer rate of ions
inside the micropores and of the reduced EDL thickness and over-
lapping effects [11,105,106]. In the present case, the increase of salt
concentration from 585 mg L−1 (10 mmol L−1) to 11.7 g L−1

(200 mmol L−1) causes SAC-values to increase from 60.7 mg g−1 to
1.35 g g−1 for electrode BCE-0, from 55.0 mg g−1 to 1.03 g g−1 for
electrode BCE-1 and from 79.0 mg g−1 to 1.11 g g−1 for electrode BCE-
2. The comparison with the literature (Table 4) clearly proves that these
represent unprecedented electrosorption capacities for carbon-based
electrodes. At 585 mg L−1 and 1.2 V, present electrode materials are
able to remove a greater amount of salt (55.0–79.0 mg g−1) compared
to that removed at the same concentration and applied voltage by PAN-
derived C fibres (13.7–26.8 mg g−1), and at 500 mg L−1 and 2.0 V by
graphene aerogel and graphene hydrogel (45.9–49.3 mg g−1). At the
initial concentration of 58.5 mg L−1 (1 mmol L−1), the amount of NaCl
adsorbed on electrode BCE-0 (8.3 mg g−1) is nearly twice that adsorbed
on CNT sponge at comparable concentration (4.3 mg g−1). The smaller
specific surface area of PAN-derived C fibres, graphene aerogel and CNT
sponge might be responsible for their lower SAC-values.

Interestingly, below 5.85 g L−1, SAC increases in the order BCE-
1 < BCE-0 < BCE-2. This strongly points at the crucial role of the
electrode wettability at lower solute concentrations. Actually, a linear
correlation (Fig. 7b) is found between SAC-values at 585 mg L−1

(10 mmol L−1) and the concentration of surface functional species
(Table 2), which, as known [11,50,74,75], improve the wettability of
the carbonaceous electrode by the electrolyte and their pseudocapaci-
tance. In the presence of lower mass transfer rate of ions and higher EDL
thickness and overlapping effects, the wettability/accessibility of the
electrode surface and pseudocapacitive reactions become relevant fac-
tors for the ion adsorption.

At 5.85 g L−1 (100 mmol L−1), the electrosorptive performance of
electrodes BCE-0 and BCE-2 is reversed, with SAC of BCE-0 exceeding
that of BCE-2. This suggests that, at higher salt concentrations, the
defectiveness of the active material becomes the most influential
property, as it controls the relative amount of active sites available for
the electrostatic adsorption. SAC-values at 5.85 g L−1 well correlate
with non-sp2 to sp2 defect density ratio (Fig. 7c). Despite the large
differences in the manifold factors involved in the process, the data
relative to the electrodes based on PAN-derived carbon fibres [11],
show the same trend (Fig. S14), thus supporting these conclusions.

4. Conclusions

BC is utilised as a carbon precursor for the preparation of electrode
materials for the CDI of water, which exhibit unprecedented desalina-
tion capacities for nanocarbons (55–79 mg g−1 of salt at an initial
concentration of 585 mg L−1).

The thorough investigation of the physico-chemical and electro-
chemical properties of the materials produced allows drawing the fol-
lowing conclusions:

• The BC-derived nanocarbons exhibit a three-dimensional archi-
tecture featured by hierarchical porosity, different density and type
of lattice defects and high content of surface oxygen species
(45–54 wt%).
• The carbon network defectiveness strongly affects the electro-che-
mical behaviour of the electrodes, whose specific capacitance in-
creases with the defect density. All types of lattice defects partici-
pate in ion storage at lower scan rates. As the scan rate increases, the
diffusion becomes rate limiting and the ions, having not time en-
ough to move, accumulate preferentially at the most reactive non-
sp2 sites on the pore surface.
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Fig. 6. Correlation between quantities describing the electrochemical behaviour of the investigated electrodes and the density of defect-sites, as depicted by the
intensities of the Raman T-, A- and D-bands.

Fig. 7. (a) Salt adsorption capacity (SAC), of the investigated; the best fits of the data (dashed lines) to the Freundlich adsorption isotherms are also shown. SAC
values at (b) 585 mg L−1 and (c) 5.85 g L−1 NaCl concentrations as a function of the concentration of surface functional species (SFSs) and non-sp2 to sp2 defect
density ratio, respectively.
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• The relative amount of oxygenated species on the electrode surface
enhancing its wettability play a crucial role in the salt adsorption
capacity at lower concentrations. At higher NaCl concentrations, the
availability of active non-sp2 defect sites for adsorption becomes the
key-factor.

The above conclusions still hold for the previously investigated
electrospun carbon fibres and are perfectly in line with the most recent
literature reports focused on defect-rich nanocarbons and the funda-
mental role of defects in ion storage.
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