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1. Introduction

Capacitive deionization (CDI) has attracted increasing research
attention as an energy-efficient and cost-effective technology for
the desalination of brackish and saline water.[1–3] Compared to
conventional desalination methods such as reverse osmosis and
distillation-based processes, CDI operates via the reversible elec-
tro-sorption of salt ions at the ultra-low voltage (1–2 V), low feed
pressure and ambient temperature, making it appropriate for por-
table consumer devices through to large utility-scale installations.
Recently, great efforts have centred on the design of high

performance electrode materials with
enhanced salt adsorption capacities to boost
CDI performance.[4–6] Several classes of
porous carbonaceous electrodes have been
investigated including activated carbons
(ACs),[7,8] ordered mesoporous carbons
(OMC),[9–11] three-dimensional (3D) gra-
phene foams,[12–14] porous carbon
spheres,[15–17] hierarchically porous carbon
monoliths[18,19] and carbon fibers.[20–23]

Among these, 3D graphene foams have
attracted particular attention due to their
robust conductive framework and accessible
3D porosities.[12–14,24] However, the CDI
performances achieved by 3D structuring
alone can only reach salt adsorption capaci-
ties (SACs) of 5.39 to 14.9mg g�1. In order
to enhance CDI performances, in-plane
nanopores have been generated in graphene

sheets by electrochemical activation[25] and by hydrothermal treat-
ment,[12] but these techniques show only limited improvement,
reaching SACs of 14.25 and 15.0mg g�1 respectively. The limited
CDI performances of 3D graphene foams are largely limited by
their unsatisfactory wettability,[14,24] as graphene and reduced gra-
phene oxide surfaces are generally hydrophobic and in poor com-
patibility with aqueous environments.

Nitrogen doping[13,26,27] and grafting of amino and sulfonic
functional groups on graphene frameworks[28] have also been
applied to enhance the wettability and increase adsorption sites
with corresponding boosts in CDI performance. However, these
methods are primarily focused on the chemical modification of
bland graphene foams and do not provide the hierarchical poros-
ity required for high level salt uptake. Composting graphene with
porous carbon structures provides another strategy to introduce
porosity and heteroatom functionality to the composites,
while simultaneously preventing the restacking of graphene
sheets.[29–31] For example, graphene@microporous carbon com-
posites with thin carbon layers were synthesized using graphene
oxide sheets with conformal polyvinyl alcohol coatings.[30]

Although CDI performances surpassed traditional ACs, this
method can only provide small micropores (<2 nm) in the com-
posite framework which limits the diffusion of salt to internal
surface area and limits adsorption capacities. Furthermore,
the complicated synthesis procedure requiring hydrothermal
treatment, freeze drying, carbonization and activation of the
composite material restricts their scalable production for practi-
cal applications. Recently, ultrathin nitrogen doped carbon
coated graphene has been prepared by growing a metal organic
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Graphene foam materials have attracted particular attention for capacitive
deionization (CDI) applications due to their robust conductive framework and open
three-dimensional porous structures. However, their salt adsorption capacities
(SACs) are limited by the bland macropores and poor compatibility with aqueous
environments. Herein, hierarchical porous nitrogen-doped spray-dried graphene
(N-SDG) is prepared through a spray-drying method followed by low-temperature
nitrogen doping. The resulting material exhibits hierarchical porosity and a
nitrogen-rich carbon framework which demonstrates an improved SAC of
19.6mg g�1 in 500mg L�1 NaCl solution, amongst the highest reported for
graphene-based CDI materials. The method herein demonstrates a commercially
attractive approach for the production of N-doped porous graphene material for
CDI applications. These findings are expected to underpin new developments in
low-cost graphene-based materials for a range of applications.
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framework layer on graphene oxide nanosheets.[31] After carbon-
ization, the sandwich-like structures exhibited high surface
areas, good electrical conductivity and uniform nitrogen doping.
However only microporous structuring was obtained, which lim-
ited SAC to 17.5mg g�1. Importantly, the aforementioned
approaches rely on graphene oxides synthesized through varia-
tions of the Hummer method,[32] which is cost-prohibitive and
impractical for large scale processing. It remains a significant
challenge to prepare low-cost porous graphene with adequate
hierarchical porous structures and nitrogen doping to provide
competitive CDI performances.

In this work, we prepared nitrogen-doped graphene with the
hierarchical porous structure through a low-cost spray drying and
soft-nitriding strategy. The synthesized materials exhibitded 3D
hierarchical porosities including �3 nm mesopores and abun-
dant macropores with a high nitrogen content of 6.3 at%. The
hierarchical porosity, conductive framework and enhanced wet-
tability from nitrogen doping resulted in an improved SAC of
19.6 mg g�1 compared to control materials prepared without
nitrogen doping (14.3 mg g�1) or hierarchical porous structuring
(5.75mg g�1). This work demonstrates a cost-effective method
with scalable production potential for the preparation of gra-
phene materials for high-performance CDI and paves the way
for the further development of high-property graphene-based
materials for various applications.

2. Results and Discussion

Spray dried graphene (SDG) was prepared via the spray pyrolysis
of an aqueous suspension of electrochemically exfoliated
graphene (EEG) mixed with commercial grade block
copolymer surfactant (Pluronic F127). After carbonization of
the EEG/surfactant composite, porous SDG materials composed
of crumpled graphene nanosheets were produced. The as-
prepared SDG was further annealed with urea at 350 �C under
nitrogen flow to yield nitrogen-doped spray dried graphene
(N-SDG). Scanning electron microscopy (SEM) images of
SDG and N-SDG materials (Figure 1a,b) reveal the macroporous
morphology and the crumpled graphene pore walls. Measured
form high magnification SEM images shown in Figure 1c,d,
the size of graphene nanosheets is around several micrometers.
Transition electron microscopy (TEM) characterizations indicate
the presence of thin folded nanosheets, confirming the crumpled
material topology for both samples (Figure 1e,f ). Some areas of
uneven contrast indicate the presence of a thin patchy surface on
the N-SDG sheets. This is not visible in TEM images of pristine
EEG annealed without surfactant assisted spray drying
(Figure S1, Supporting Information), indicating that the patchy
surfaces result from the thermal perforation during surfactant
pyrolysis.[33]

Further structural information is obtained by nitrogen
adsorption analysis (Figure 2). Nitrogen adsorption isotherms
(Figure 2a) show a majority of nitrogen uptake at high relative
pressures for N-SDG and SDG, indicating the presence of abun-
dant macropores in the two materials. The specific surface areas
of N-SDG (74.7 m2 g�1) and SDG (141m2 g�1) are significantly
lower than the theoretical surface area of monolayer graphene
(�2630m2 g�1), suggesting the spray dried materials are

composed of few-layer graphene platelets rather than mono-
layers. The reduction in surface area observed for N-SDG sug-
gests nitrogen-rich carbons with low surface area may have
formed at the surface of graphene platelets during soft-nitriding.
In contrast, pristine EEG prepared without spray drying exhibits
a surface area of 16.8m2 g�1, which indicates the spray drying
step is crucial for preventing excessive restacking of graphene
sheets. Pore size distribution curves exhibit distinctive peaks
at the pore diameter of around 100 nm for both N-SDG and
SDG (Figure 2b, Table 1), which can be ascribed to the pore voids
formed by the assembly of crumpled graphene sheets during
spray drying. Pore size distributions centered around 3 nm
are also detected for N-SDG and SDG, which arise from the sur-
face nanopores generated by thermal perforation.[33] In contrast,
no obvious porosity can be detected for EEG, suggesting the
spray drying process is critical for meso and macropore
formation.

The composition of SDG materials is elucidated by X-ray
photoelectron spectroscopy (XPS) (Figure 3a). The general survey
results of N-SDG identify carbon, nitrogen and oxygen in the
surface region with a nitrogen atom abundance of 6.3 at%.

Figure 1. a–d) SEM images and e,f ) TEM images of N-SDG (a,c,e) and
SDG (b,d,f ).
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Figure 2. a) Nitrogen adsorption isotherms and b) pore size distributions from adsorption branch for N-SDG (blue), SDG (red) and EEG (black).

Table 1. Physical characteristics and salt adsorption capacities.

SBET [m2 g�1] VPORE [cm3 g�1] DBJH ads. [nm] ID/IG N content [at%] SAC [mg g�1]

N-SDG 74.7 0.47 3.2, 100 1.00 6.30 19.6

SDG 141 0.51 2.7, 100 0.67 0.00 14.3

EEG 16.8 0.08 100 0.46 0.00 5.75

Figure 3. a) XPS wide scan and b) high resolution N1s scans, c) Raman spectra and d) FTIR spectra for N-SDG (blue), SDG (red) and EEG (black).
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SDG exhibits carbon and oxygen peaks only, which confirms
nitrogen doping in N-SDG originates from the soft nitriding pro-
cess. EEG on the other hand shows a strong graphitic carbon
peak with negligible nitrogen and oxygen, indicating extra oxygen
is introduced during the spray drying and pyrolysis steps. High
resolution scans of the N1s peak for N-SDG (Figure 3b) are
deconvoluted into four distinct peaks with full width at half max-
imum values of 1.3� 0.001 eV. These peaks can be assigned to
the known nitrogen bonding environments of pyridinic
(398.9 eV), pyrrolic (399.9 eV), graphitic (400.7 eV) and oxidized
nitrogen (401.8 eV) and display relative abundances of 35%, 35%,
26% and 4%, respectively. This fitting is consistent with expect-
ations for nitrogen doped carbon produced by a similar soft-
nitriding method.[34] Pyridinic-N and pyrrolic-N are often consid-
ered as electrochemically active sites for the fast charge transfer,
while graphitic-N is beneficial for the electrical conductivity of
carbon frames.[35] Collectively, these N species would contribute
to the improved CDI performance.

Reductions in the degree of graphitic ordering of N-SDG
materials after carbonization and soft-nitriding are detected
using Raman spectroscopy (Figure 3c). The spectra for
N-SDG, SDG and EEG all exhibit sharp adsorption bands at
1355 and 1587 cm�1 which correspond to the disordered (D)
and ordered graphitic (G) vibrational modes of graphitic materi-
als, respectively.[36] Comparing the relative intensities of D and G
bands (ID/IG) provides a convenient indicator of the graphitiza-
tion degree of the carbonmaterial. This value increases from 0.46
through 0.67 to 1.00 for the EEG, SDG and N-SDG respectively,
indicating a larger amount of disordered carbon is present in
N-SDG and SDG as compared with EEG. This can be ascribed
to the increase in non-graphitized carbon content arising from
perforated graphene in spray-dried materials. The increase of
ID/IG from SDG to N-SDG indicates that additional disordered
carbon components are induced after soft-nitriding.

Details on the functional groups conferred to the SDG
materials during soft-nitriding are investigated by Fourier trans-
form infrared (FT-IR) spectroscopy (Figure 3d). Several new
absorptions for N-SDG appearing at 1635, 1320, 1164 and
1110 cm�1 which are absent in the EEG and SDG spectra can
be ascribed to aromatic C═N, aromatic C─N and two aliphatic
C─N stretch vibrations, respectively,[37,38] confirming results
from XPS that nitrogen is present both in in-ring and amorphous
carbon environments. The band at 1605 cm�1 corresponds to
in-ring C═C resonances is visible in the annealed EEG, SDG
and N-SDG materials and can be ascribed to vibrations in the
graphene scaffold. Absorptions detected at 990 and 820 cm�1

however are only observed for SDG and N-SDG and can be
assigned to in-plane and out-of-plane alkene ═C─H bending,
respectively. Together with information from XPS and Raman
spectroscopy, these results suggest additional nitrogen rich car-
bon has been deposited after spray drying and soft-nitriding.
These findings are consistent with nitrogen doped carbon depo-
sition via urea-mediated soft-nitriding.[34] Under mild pyrolysis
conditions, urea undergoes decomposition into isocyanic acid
and ammonia groups which can then react with oxygen contain-
ing moieties on the surface of carbon and initiate deposition of a
nitrogen rich amorphous carbon layer on the surface of SDG
materials.

CDI performance of SDG materials (Figure 4a) is evaluated
using a lab made flow through CDI device.[29] SAC for
N-SDG reaches an impressive value of 19.6 mg g�1 (7.84 wt%
desalination rate) in 500mg L�1 NaCl at 1.4 V. This represents
a clear improvement from the value obtained by SDG under
identical conditions (14.3 mg g�1, 5.72 wt%) and pristine EEG
(5.75mg g�1, 2.30 wt%), indicating nitrogen modification by
soft-nitriding plays a crucial role in improving SAC. This may
be attributed to the enhanced wettability resulting from the nitro-
gen functionality in N-SDG. It is noteworthy that SAC increases
despite the reduction in BET surface area, suggesting the effect
of wettability rather than surface area is dominant. The electric
conductivity variations of NaCl solutions also show that N-SDG
could quickly bring down the solution conductivity during the
CDI tests (Figure S2, Supporting Information). The correspond-
ing CDI Ragone plots (i.e., salt adsorption rate (SAR) vs SAC) are
shown in Figure S3, Supporting Information, further suggesting
that N-SDG more effectively performs desalination at a greater
rate than either SDG or EEG. The initial current response and
corresponding charge efficiencies (Figure 4b) for the two sam-
ples indicates N-SDG achieves higher charge utilization over
the same time period, which may arise from a decrease in co-
ion expulsion for N-SDG facilitated by nitrogen induced charge
irregularities on the material surface. Cycling performance of the
N-SDG electrodes (Figure 4c) reveals highly reversible salt uptake
with near 100% retention of SAC between cycles confirming the
suitability of N-SDG for continuous CDI application. The CDI
performances of N-SDG including SAC and cycling stability
are amongst the highest reported for graphene-based CDI mate-
rials (Table S1, Supporting Information).

Figure 4. a) Salt adsorption capacity and b) initial current response for
SDG materials at 500mg L�1 NaCl at 1.4 V. Inset in (b) shows charge effi-
ciency at 20min. c) Electrosorption cycling (left axis) and capacity reten-
tion (right axis) for SDG-N cycled between 1.4 and 0 V in 500mg L�1 NaCl.
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The role of nitrogen functionality for improved salt electro-
sorption in SDG materials is further examined using cyclic
voltammetry (CV) and galvanic charge (GC) cycles in 0.5 M

NaCl. CV scans of N-SDG at increasing rates from 40 to
150mV s�1 reveal quasi-rectangular profiles with good symme-
try (Figure 5a) indicating charge storage is predominantly capac-
itive with negligible faradaic side reactions. Comparison of the
CV profiles for N-SDG and SDG at 100mV s�1 (Figure 5b) reveal
an enlargement of integrated area for N-SDG indicating the
enhanced EDL formation for this material. GC cycling for
N-SDG and SDG exhibit near symmetrical triangular profiles
at 2 A g�1 (Figure 5c) confirming the good reversibility of the
capacitive charge storage process. The increase in specific capac-
itance observed for N-SDG compared to SDG over current den-
sities ranging from 2 to 20 A g�1 (Figure 5d) confirms the
importance of nitrogen functionality for enhancing charge
immobilization on the CDI electrodes.

The manufacturing costs of N-SDG materials at the lab scale
was estimated to be $27.8 kg�1, based on bulk pricing of com-
mercially available precursors and approximate processing costs
(Table S2, Supporting Information).[39] This value is far lower
than estimates for other graphene-based materials prepared
by conventional methods. For example, the price of commercially
available chemically exfoliated GO and rGO in 2022
was �$46 300 USD kg�1 (Graphenea Inc., Massachusetts USA).
Lowering the production costs of high performance graphene-
based CDI materials is expected to promote the commercial
uptake of these materials and increase the accessibility of CDI
technologies globally.

3. Conclusion

In summary, nitrogen-doped hierarchical porous graphene has
been prepared via a spray drying and low-temperature nitrogen
doping process. The resulting material exhibited high salt
adsorption capacity (19.6 mg g�1 at 500mg L�1 and 1.4 V) and
excellent cycling stability, compared to control materials
prepared without nitrogen doping (14.3mg g�1). The enhanced
performance was ascribed to the improved electrode wettability
and electronic conductivity resulting from the abundant nitrogen
content (6.3 at%). The low cost, wide availability and low toxicity
of material precursors along with simple and well-established
processing methods provides a commercially attractive route
to the scalable manufacturing of high performance CDI electrode
materials. These findings are expected to underpin new develop-
ments in the low-cost processing of graphene-based advanced
materials for various applications.

4. Experimental Section

Electrochemical Exfoliation of Graphene: Electrochemically exfoliated
graphene (EEG) was prepared by modification of a previously reported
method.[40] Briefly, graphite foil (Alfa Aesar, 99.9%, 1 g) was immersed
in a bath of Na2SO4 (0.1 M, 1 L). An anodic potential of 10 V was applied
to the graphite foil by employing a stainless steel counter electrode
immersed at a spacing of �1 cm. The sediment was collected and rinsed
by 5 centrifugation/redispersion cycles in pure water followed by rising in
isopropanol. The electrochemically expanded graphite flakes were further
subjected to ultrasonic exfoliation in isopropanol for 30 min leaving a sta-
ble suspension of few layer EEG. Centrifugation of this suspension yielded
EEG sediment which was used directly.

Spray Dried Graphene and Soft-Nitriding: Spray dried graphene was
prepared by dispersing EEG (1 g) in deionized water (200mL) containing
Pluronic F127 (Sigma, 6 mgmL�1) and sonicating for 3 h to obtain a
homogenous mixture. The mixture was then processed in a spray drier
(Buchi mini spray drier – B290) with an inlet temperature of 220 �C, aspi-
rator rate of 100%, atomizer pressure of 60 psi and a pump rate of
3 mLmin�1. The as synthesized sample was collected in a cyclonic sepa-
rator and carbonized under nitrogen flow at 400 �C for 3 h under heating
and cooling rates of 2 �Cmin�1. The as-prepared SDG (1 g)was further
annealed with urea (2 g) at 350 �C under nitrogen flow to yield
nitrogen-doped spray dried graphene (N-SDG).

Electrochemical Characterization: Working electrodes consisted of active
material, acetylene black, and polytetrafluoroethylene (PTFE) mixed in an
80:10:10 wt% ratio and pressed onto graphite foil current collectors. The
weight of active material per electrode was approximately 1 mg occupying
an area of 1 cm2. Electrochemical tests including cyclic voltammetry (CV)
and galvanostatic charge/discharge (GC) and Electrochemical impedance
spectroscopy (EIS) tests were performed on a Solartron Multistat electro-
chemical workstation using a three-electrode cell setup in 0.5 M NaCl elec-
trolyte with platinum wire and Ag/AgCl (0.5 M KCl) electrodes as counter
and reference electrodes, respectively.

CDI Performance: A lab made flow-by CDI apparatus was constructed
for application testing. Apparatus details can be found in supporting infor-
mation. Identical CDI electrodes were fabricated by mixing active material,
acetylene black and PTFE in an 80:10:10 wt% ratio. The mixture containing
50mg active material was doctor bladed onto graphite foil current collec-
tors to cover an area of 50� 100mm. Saline water (25mL) was continu-
ously recirculated through the CDI cell using a peristaltic pump. The
solution flow rate was 25mLmin�1. Ionic conductivity measurements
were obtained using a Horriba Laqua F-70 conductivity meter. A
Solartron Multistat electrochemical workstation was used to the control
voltage and record current flow supplied to the cell.

Figure 5. Cyclic voltammetry of a) N-SDG at various scan rates and b) N-
SDG (blue) compared with SDG (red) at 100mV s�1. c) Galvanic cycling
for N-SDG (blue) and SDG (red) at 2 A g�1 and d) specific capacitance
values obtained at increasing current densities in 0.5 M NaCl electrolyte.
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SAC is calculated according to Equation (1)

SAC ¼ ðCu � CvÞV
m

(1)

Where Cu is the initial concentration (mg L�1), Cv is the final
concentration at time t (mg L�1), V is the volume of NaCl solution (L)
and m is the active mass of the electrodes (g).

Charge efficiency (Λ) is calculated according to Equation (2)

Λ ¼ Γ � F
Σ

(2)

Where Γ is the molar salt adsorption capacity (mol g�1), F is faradays
constant (96 485 Cmol�1), Σ is the total charge transferred between the
electrodes (C g�1).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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