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Abstract		
An	 electrochemical	 technique	 is	 developed	 to	 activate	 graphene	 oxide	 (GO)	 at	
relatively	 low	 temperature	and	assemble	 it	 into	porous	electrodes.	 	 The	activation	
process	 is	 carried	 out	 in	 molten	 KOH	 by	 switching	 the	 polarity	 between	 2	
symmetrical	 GO	 electrodes.	 The	 electrochemically	 activated	 graphene	 (ECAG)	
showed	 specific	 surface	 area	 as	 high	 as	 2170	 m2	 g-1	 and	 nanometer-sized	 pore	
created	at	a	temperature	as	low	as	450	°C.	The	ECAG	electrode	shows	a	significant	
enhancement	 in	 the	 electrochemical	 activity	 and	 thus	 improved	 electrochemical	
performance	 when	 being	 used	 as	 electrodes	 in	 supercapacitors	 and	 capacitive	
deionization	 (CDI)	cells.	 	A	specific	capacitance	of	275	F	g–1	 is	obtained	 in	6M	KOH	
electrolyte,	and	189	F	g–1	 in	1	M	NaCl	electrolyte,	which	maintains	95%	after	5000	
cycles.	The	desalination	capacity	of	 the	electrodes	was	evaluated	by	a	batch	mode	
electrosorption	 experiment.	 The	 ECAG	 electrode	was	 able	 to	 remove	 14.25	mg	 of	
salts	per	gram	of	the	active	materials	and	satisfy	high	adsorption	rate	of	2.01	mg	g-1	
min-1.	 	The	 low	energy	consumption	of	 the	CDI	system	 is	demonstrated	by	 its	high	
charge	efficiency,	which	is	estimated	to	be	0.83.		
	
Keywords:	 molten	 salts,	 desalination,	 porous	 electrodes,	 sponge-templated,	
electrosorption,	ultracapacitor		
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Introduction:	
Capacitive	deionization	(CDI)	is	an	emerging	water	desalination	technology	that	

represents	 a	 more	 energy-efficient	 alternative	 to	 reverse	 osmosis,	

electrodialysis,	 and	distillation.1-2	The	process	is	based	on	passing	the	salty	water	

between	 two	 porous	 electrodes,	 and	 when	 electric	 potential	 is	 applied,	

electrochemical	 double	 layer	 formed	 at	 the	 surface	 and	 ions	 are	 electrostatically	

attracted	to	the	electrodes,	resulting	in	purifying	the	water.3-4	The	adsorbed	ions	can	

then	 easily	 be	 removed	 from	 the	 electrodes	 by	 reversing	 the	 polarity	 or	 short-

circuiting	the	cell.1,	3-4	As	so,	CDI	crudely	shares	the	same	operating	principle	of	the	

electrochemical	double	 layer	 (ECDL)	 supercapacitors.	 In	 fact,	CDI	 systems	have	 the	

ability	 to	 store	 energy	 within	 the	 double	 layer	 charge,	 exactly	 as	 in	 ECDL	

supercapacitors.		

For	these	kinds	of	ECDL	devices,	the	electrode	material	and	structure	play	significant	

roles	 in	the	device	performance.3,	5	 Indeed,	engineering	the	electrodes	to	maximise	

the	 specific	 surface	 area	 increases	 the	 electrolyte/electrode	 interface	 and	

consequently	enhances	the	efficiency	of	the	device.	Traditionally,	both	CDI	and	ECDL	

supercapacitors	 used	 porous	 carbon	 to	 engineer	 both	 positive	 and	 negative	

electrodes.6-8	 However,	 with	 the	 emerging	 of	 graphene	 at	 the	 beginning	 of	 this	

millennium,	 many	 attempts	 have	 considered	 using	 graphene	 as	 electrodes	

material.9-10	 Theoretically,	 graphene	 with	 its	 unique	 structure	 as	 one	 atomic	 thin	

layer	 of	 carbon	 possesses	 the	 highest	 known	 specific	 surface	 area	 (2600	 m2.g-1),	

which	makes	it	ideal	for	ECDL	devices.11-13	Practically,	most	of	the	attempts	reported	

so	 far	 could	 not	 engineer	 graphene-electrode	 that	 can	 benefit	 from	 the	 high	

theoretical	specific	surface	area,	mainly	because	of	the	aggregation	of	the	graphene	

flakes	 during	 the	 preparation	 of	 the	 electrode.14-15	 Several	 strategies	 have	 been	

examined	 to	 minimise	 the	 aggregation	 of	 the	 graphene	 sheets.	 Mixing	 graphene	

with	 carbon	 nanotubes,	 conductive	 polymers,	 metal	 or	 metal	 oxides/hydroxide	

nanoparticles	 prevented	 re-stacking	 of	 the	 graphene	 sheet.16-18	 However,	 the	

electrochemical	 stability	of	 the	 supercapacitors	becomes	poor	due	 to	 the	 inherent	

instability	 of	 the	 functionality	 under	 the	 electrochemical	 conditions.	 Using	 three-

dimensional,	wrinkled	 or	 corrugated	 undoped	 graphene	 is	 a	 promising	 solution	 to	

prevent	 aggregation	 and	 maintain	 good	 cyclic	 stability.19-23	 Chemical	 activation	 of	
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graphene	 has	 also	 been	 investigated	 to	 create	 pores	 in	 the	 graphene	 flakes	 and	

improve	 the	 electrochemical	 performances	 of	 graphene	 electrodes	 in	

supercapacitors.	24-27	

Herein,	we	fabricate	high	surface	area	hierarchical	structure	graphene	electrode	for	

the	 purpose	 of	 using	 it	 in	 ECDL	 supercapacitors	 and	 CDI	 system	 for	 water	

desalination.	 The	 present	work	 deposited	 graphene	 oxide	 (GO)	 on	 3D	metal	 foam	

substrate	as	a	template	followed	by	an	electrochemical	reduction	and	activation	 in	

molten	 KOH	 at	 450	 °C.	 The	 reduction	 process	 was	 able	 to	 efficiently	 remove	 the	

oxide	functional	groups	from	the	starting	GO	raw	material	and	creates	some	micro	

and	nanopores	in	the	graphene	flakes.	Also,	quenching	from	the	high	temperature	of	

the	molten	salt	results	in	producing	curly	morphology	that	prevents	restacking.		

Experimental	section		

Materials	and	Electrodes	Peroration	
All	 the	 chemicals	 were	 purchased	 from	 Sigma-Aldrich	 and	 used	 without	 further	

purification,	except	graphite,	which	was	supplied	by	Graphexel	(grade	2369).	GO	was	

prepared	by	a	modified	Hummers	method	as	described	elsewhere.28-29		

GO	was	deposited	electrophoretically	on	Ni	foam	from	a	4mg	ml-1	solution.	Typically,	

a	constant	current	of	10	mA	was	applied	for	60	seconds	between	Ni	foam	anode	and	

Cu	cathode.	The	Ni	foam	coated	with	graphene	was	then	dried	under	vacuum	for	1	

hour	and	at	60	oC.	The	coating	and	drying	steps	were	repeated	for	three	times	until	

the	Ni	foam	was	fully	covered	with	graphene.		

The	 reduction	 and	 activation	 processes	 were	 conducted	 in	 a	 molten	 salt	 reactor	

consisting	of	a	vertical	tubular	Inconel®	vessel	with	70	mm	inside	diameter,	and	600	

mm	 height	 placed	 inside	 a	 Vecstar®	 ceramic-lined	 100	 mm	 vertical	 tube	 furnace	

(Figure	 S5	 in	 the	 supporting	 information).	 Further	 details	 about	 the	 molten	 salt	

electrochemical	 setup	can	be	obtained	elsewhere.30-31	The	GO-coated	Ni	 foam	was	

served	as	both	the	cathode	and	anode	 in	a	two-terminal	cell	 in	which	molten	KOH	

was	 the	 electrolyte.	 The	 GO-coated	 Ni	 foams	 were	 connected	 to	 a	 stainless	 rod,	

which	served	as	the	current	collectors	and	attached	to	the	outer	cell	via	holes	drilled	

in	the	reactor	lid.	About	200	g	KOH	was	charged	into	a	zirconium	crucible	and	placed	
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at	 the	bottom	of	 the	 Inconel®	vessel.	 The	 furnace	was	 then	heated	 to	150	 oC	at	a	

rate	of	1	oC	min-1	under	a	contentious	flow	of	Ar	and	held	at	that	temperature	for	12	

hours.	The	temperature	was	then	ramped	to	450	oC	and	held	at	that	temperature	for	

30	minutes	 before	 applying	 the	 potential.	 A	 potential	 difference	of	 2.5	 and	 -2.5	V	

was	 swiped	 between	 the	 two	 electrodes	 every	 60	 seconds	 using	 Iviumstat	

Electrochemical	Interface.	The	total	run	for	the	electrolysis	process	was	60	minutes.	

The	electrodes	were	then	removed	from	the	salts	and	allowed	to	cool	under	argon.	

After	 removed	 from	 the	 furnace,	 the	 electrodes	were	washed	with	 distilled	water	

and	ethanol	and	dried	under	vacuum	for	3	hours.	

The	graphene	coated	Ni	was	 then	pressed	at	1	MPa	to	obtain	 the	 final	electrodes,	

without	adding	binder	or	conductive	additives.	The	mass	of	the	active	materials	was	

approximately	0.6	mg.	

Supercapacitor	electrochemical	performance		 	
The	 electrochemical	 performance	 of	 the	 supercapacitor	 devices	 was	 tested	 in	 a	

conventional	three-electrode	and	two	electrodes	coin	cells.	Two	types	of	electrolytes	

were	used;	1	M	NaCl,	and	6	M	KOH.	The	later	was	used	to	obtain	quantitative	values	

that	 can	 be	 compared	 with	 other	 published	 supercapacitor	 devices.	 The	

electrochemical	 performance	 of	 the	 samples	was	measured	 by	 cyclic	 voltammetry	

and	 galvanostatic	 spectroscopy	 using	 an	 Iviumstat	 Electrochemical	 Interface.	 The	

specific	capacitance	was	calculated	from	the	CV	curve	using	the	following	equation,	

Cs	(F	g-1)	=	IΔt/ΔEm,	where	I	is	the	current	loaded	(A),	Δt	is	the	discharge	time	(s),	ΔE	

is	 the	 potential	 change	 during	 the	 discharge	 process,	 and	m	 is	 the	mass	 of	 active	

material	(g).			

Batch	mode	CDI	experiments		
The	 CDI	 performance	 of	 the	 electrodes	 was	 measured	 in	 a	 batch	 mode	

electrosorption	experiment,	 in	 a	 continuously	 flowing	 system.	 In	 each	experiment,	

the	 aqueous	 solution	 was	 cycled	 in	 the	 cell	 with	 a	 peristaltic	 pump.	 A	 flow	 rate	

around	 10	 ml	 min-1	 was	 applied,	 and	 a	 total	 solution	 volume	 of	 15	 ml	 was	

maintained.	The	typical	electrosorption	experiment	was	conducted	in	a	NaCl	solution	

with	 an	 initial	 conductivity	 around	 160	 μS	 cm-1	 (~87ppm	NaCl).	 The	 concentration	

change	of	 the	solution	was	measured	using	 ion	conductivity	meter	at	 the	outlet	of	
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the	 cell,	 where	 the	 solution	 was	 released.	 The	 salt	 concentration	 was	 obtained	

according	 to	 a	 calibration	 table	 between	 the	 conductivity	 and	 the	 concentration	

made	prior	 to	 the	experiment.	The	charging	potential	was	applied	until	 saturation;	

i.e.	until	the	conductivity	of	the	outlet	solution	stopped	decreasing.	The	discharging	

cycle	was	 stopped	when	 the	 conductivity	of	 the	outlet	 solution	 reached	 the	 initial	

conductivity.	

Materials	Characterisation	
Fourier-transform	infrared	(FTIR)	spectroscopy	was	performed	at	room	temperature	

using	 a	 Varian	 3100	 FTIR	 spectrometer.	 The	 samples	were	 ground	with	 potassium	

bromide	 and	 then	 pressed	 into	 disks.	 X-ray	 photoelectron	 spectroscopy	 (XPS)	was	

performed	 using	 a	 Kratos	 Axis	 Ultra	 X-ray	 photoelectron	 spectrometer	 equipped	

with	an	aluminium/magnesium	dual	anode	and	a	monochromated	aluminium	X-ray	

source.	 Thermogravimetric	 analysis	 (TGA)	 was	 completed	 using	 a	 Jupiter	 Netzsch	

STA	449	C	instrument	heated	at	10	°C	min-1	from	room	temperature	to	700	°C	under	

a	 nitrogen	 gas	 flow.	 X-ray	 diffraction	 (XRD)	 analysis	was	 conducted	 using	 a	 Philips	

X’PERT	 APD	 powder	 X-ray	 diffractometer	 (λ	 =	 1.54	 Å,	 CuKα	 radiation).	 The	 N2	

adsorption–desorption	isotherms	of	the	samples	were	measured	at	77	K	using	ASAP	

2020	 to	 obtain	 the	 specific	 surface	 area	 and	 pore	 size	 distribution.	 Prior	 to	

adsorption/	desorption	measurements,	all	samples	were	degassed	at	200	°C	for	12	h	

under	 vacuum.	 The	 specific	 surface	 area	 was	 calculated	 from	 the	 Brunauer–	

Emmett–Teller	 (BET)	 plot	 of	 the	 nitrogen	 adsorption	 isotherm	 and	 the	 pore	 size	

distribution	 of	 the	 samples	 was	 calculated	 from	 adsorption	 branch	 isotherms	 by	

Barrett–Joyner–Halenda	 (BJH)	 method.	 Raman	 spectra	 were	 obtained	 using	 a	

Renishaw	1000	spectrometer	coupled	to	a	633	nm	He-Ne	 laser.	The	 laser	spot	size	

was	∼1−2	µm,	and	the	power	was	approximately	1	mW	when	the	laser	was	focused	

on	 the	 sample	 using	 an	 Olympus	 BH-1	microscope.	 Scanning	 electron	microscopy	

(SEM)	 was	 performed	 using	 a	 Philips	 XL30	 FEG	 SEM,	 operating	 at	 an	 accelerating	

voltage	of	5	kV.		



	 6	

Results	and	discussion:		
Reducing	and	 functionalizing	GO	under	high	pressure	and	moderated	 temperature	

are	 well	 studied	 by	 the	 hydrothermal	 techniques.	 To	 obtained	 porous	 structures	

suitable	for	ECDL	electrodes,	the	hydrothermal	graphene	is	usually	post-treated	by,	

for	example,	freeze-drying	at	cryogenic	conditions.19	The	mechanical	stability	of	such	

materials	under	a	contentious	flow	of	water	is	always	questionable	due	to	the	weak	

bond	between	the	graphene	flakes	and	the	internal	stress	induced	by	the	aggressive	

quenching	 treatment.	 In	 the	 current	work,	we	 developed	 single	 step	 technique	 to	

produce	 mechanically	 stable	 3D	 architectures	 from	 graphene	 oxide.	 Figure	 1	

illustrates	the	fabrication	of	the	3D	electrode.	Quenching	the	GO-coated	electrodes	

from	 450	 °C	 to	 the	 room	 temperature	 resulting	 in	 a	 non-equilibrium	 cooling	 and	

trapped	some	of	the	salts	to	solidified	between	the	flakes.	As	can	be	seen	from	the	

SEM	images	in	Figure	2,	the	graphene	flakes	have	a	porous	crumpled	structure	that	

is	 attached	 and	 supported	 by	 the	Ni	 foam	 as	 the	 backbone.	 The	 SEM	 images	 also	

show	wrinkles	on	the	surface	of	the	flakes,	which	work	as	nanochannels	providing	a	

short	pathway	for	the	electrolyte	between	the	flakes.	The	mechanical	stability	of	the	

electrode	was	first	tested	by	passing	a	stream	of	water,	and	no	visible	changes	were	

observed	 in	 the	 solution.	 This	 stability	 is	 important	 for	 the	 capacitive	 deionization	

process.		
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Figure	 1:	 Schematic	 Illustration	 of	 the	 electrode	 fabrication	 and	 the	 electrochemical	 activation	
process.		

	

Figure	2:	SEM	image	of	the	ECAG	electrode	at	various	magnifications		

The	 performance	 of	 any	 capacitive	 device	 depends	 on	 a	 number	 of	 parameters,	

including	 specific	 surface	 area,	 chemical	 composition,	 and	 pore	 structure	 of	 the	

electrode	materials.	The	pore	structure	and	the	surface	area	were	evaluated	by	the	

N2	 adsorption/desorption	 analysis	 and	 the	 resulted	 isotherm	measured	 at	 70	 K	 is	

illustrated	in	Figure	3a.	The	isotherm	shows	typical	type	IV	according	to	the	IUPAC,	

with	a	distinct	hysteresis	 loop	 in	 the	medium	to	high-pressure	 regions	 (P/P0	range	

0.4	1.0),	 implying	the	presence	of	a	 large	number	of	mesopores	in	the	ECAG.32	The	

isotherm	 also	 shows	 an	 abrupt	 rise	 at	 low	 pressure	 that	 corresponds	 to	 the	
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adsorption	 at	 micropores.	 The	 pore	 size	 distribution	 (Figure	 3b)	 confirmed	 the	

presence	of	mesopores	peaked	at	~	4.1	nm	and	micropores	peaked	at	1.7	nm.	The	

BET	 surface	 area	 is	 2170	 m2	 g-1	 calculated	 in	 the	 P/P0	 range	 0.1-0.3.	 This	 result	

shows	 that	 the	 electrochemical	 technique	 used	 in	 the	 current	 work	 can	 activate	

graphene	and	create	micropores.	The	activation	mechanism	is	slightly	different	than	

that	 of	 the	 traditional	 KOH	 activation	 of	 carbon	materials.	 The	 conventional	 KOH	

activation	 is	taking	place	 in	three	steps:	(I)	etching	carbon	with	a	redox	reaction	as	

shown	by	equations	1	to	3	at	temperature	above	400	°C,	(II)	the	reaction	of	carbon	

with	the	H2O	or	CO2	gases	further	creates	more	pores	through	reaction	4	and	5,	at	

temperature	 above	 700	 °C,	 and	 (III)	 intercalation	 of	 metallic	 K	 (produced	 from	

equations	 1-3)	 with	 graphite,	 resulting	 in	 irreversible	 expansion	 of	 the	 carbon	

lattice.33	 It	 is	 widely	 accepted	 that	 the	 KOH	 activation	 is	 more	 effective	 at	 a	

temperature	 above	 600	 °C.	 However,	 in	 the	 case	 of	 GO	 activation,	 the	 story	 is	

different.	 The	GO	 flakes	 are	 heavily	 populated	with	 defects	 and	oxygen	 functional	

groups	 that	 may	 contribute	 to	 the	 activation	 process	 and	 reduce	 the	 required	

temperature.	In	fact,	activation	of	GO	by	annealing	with	KOH	at	temperatures	as	low	

as	450	°C	was	reported	very	recently,	but	it	gave	a	surface	area	of	less	than	500	m2	g-

1.34	In	the	current	work,	the	electrochemical	deoxygenating	of	the	oxide	groups	from	

the	 cathode	 may	 also	 involve	 attacking	 the	 graphene	 basal	 plane	 to	 form	 any	

carbon-oxygen	ions	such	as	RCOO-	or	CO3
-2	(equation	7).		On	the	anode,	the	carbon	

atoms	 react	 with	 different	 kinds	 of	 oxide	 ions	 adsorbed	 on	 the	 surface	 of	 the	

graphene	that	leads	to	the	formation	of	CO	gas	(equations	9-11).	Both	ions	and	CO	

formation	create	pores	in	the	surface.		

							 6KOH	+	2C	=	2K	+	3H2	+	2K2CO3																											(1)	
	 K2CO3	+	2C	=	2K	+	3CO																																						(2)	
	 C	+	K2O	=	2K	+	CO																																										(3)	
	 	CO2	+	C	=	2CO																																													(4)	

	 		C	+	H2O	=	CO	+	H2																																									(5)	
Cathode:					C	-	OH	+	e-	=	OH-																																																				(6)	
Cathode:					C	-	HCOO	+	e-	=	HCOO-																																																												(7)	

Cathode:					C	-	O	+	2e-	=	O-2																																																																															(8)	
Anode:					C	+	2OH-	=	2e-	+	H2O	+	CO																																	(9)	
Anode:					C	+	O-2	=	2e-	+	CO																																															(10)	
Anode:					4HCOO-	+	2C	=	6CO	+	2H2O	+	4e-																				(11)	
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Figure	3:	Nitrogen	sorption	isotherms	and	BJH	pore	size	distributions	for	the	ECAG.	

	

The	 chemical	 composition	 of	 GO	 after	 reduction	 was	 determined	 by	 Fourier	

transform	infrared	spectra	(FT-IR),	and	X-ray	photoelectron	spectroscopy	(XPS).	FT-IR	

spectra	of	the	original	GO	and	ECAG	are	shown	in	Figure	4c.	The	GO	spectrum	shows	

the	 typical	 characteristic	 peaks	 of	 GO:	 (1)	 the	 alkoxy	 C–O	 stretching	 vibration	 at	

1053	cm−1,	 (2)	 epoxy	 C–O	 stretching	 vibration	 at	 1220	 cm−1	 	 (3)	 aromatic	 C=C	

stretching	vibration	at	1625	cm−1;	(4)	C=O	stretching	vibration	at	1746	cm−1;	and	(5)	

the	 O–H	 stretching	 and	 deformation	 vibrations	 at	 3420	 cm−1	 and	 1395	cm−1	

respectively.35	 After	 reduction,	 the	 stretching	 vibration	 of	 the	 oxygen	 functional	

groups	 weakened	 significantly	 confirming	 their	 efficient	 removal.	 The	 presence	 of	

the	peak	at	1625	cm−1	corresponding	to	the	aromatic	C=C	group	after	the	reduction	

suggesting	that	the	frame	of	sp2-bonded	carbon	atoms	was	retained	well	despite	the	

high-temperature	nature	of	the	process.		

The	XPS	was	also	used	to	identify	the	chemical	composition	of	the	ECAG.	The	survey	

spectra	 (Figure	 S1	 in	 the	 supporting	 information)	 shows	 that	 the	 intensity	 ratio	 of	

the	C1s/O1s	peaks	of	ECAG	clearly	 is	much	higher	than	that	of	GO,	 implying	that	a	

substantial	 quantity	 of	 oxygen	 functional	 groups	 was	 removed	 during	 the	

electrochemical	 reduction.	The	XPS	 spectra	of	 the	C1s	peak	 for	 the	GO	 (Figure	4a)	

and	ECAG	(Figure	4b)	also	confirmed	the	efficient	removal	of	the	oxygen	functional	

groups.	 The	C1s	peaks	of	 the	original	GO	can	deconvolute	 into	4	peaks	associated	

with	C-C	bond	and	different	oxygen	functionality;	C–O	groups	(hydroxyl	and	epoxy,	

∼286.5	 eV),	 C=O	 (carbonyl,	 ∼288.3	eV)	 groups,	 and	 O–C=O	 (carboxyl,	 ∼290.3	eV)	

groups.12,	 36	 The	 peaks	 of	 the	 oxygen	 functionality	 almost	 disappeared	 from	 the	

spectrum	 after	 the	 electrochemical	 treatments,	 except	 a	 small	 hump	 at	 the	 high	
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energy	level.	We	believe	that	the	efficient	removal	of	the	oxygen	groups	is	a	synergy	

of	the	electrochemical	deoxygenation	at	the	cathodic	step	(equations	6-8)	as	well	as	

the	mild	thermal	annealing.13		

							 	

	 		

	
Figure	 4:	 XPS	 C1	 peak	 comparison	 of	 (a)	 GO,	 (b)	 ECAG,	 (c)	 FTIR	 plots	 for	 GO	 and	 ECAG	 showing	
effective	 removal	 of	 the	 oxygen	 functional	 groups,	 (d)	 Raman	 spectra	 of	 GO	 and	 ECAG	 showing	
increase	 of	 the	 ID/IG	 ratio,	 (e)	 XRD	 spectra	 of	 GO	 and	 ECAG	 highlighting	 the	 shift	 of	 the	 (002)	
diffraction	peak	due	to	the	reduction	process.	
	
The	change	of	the	structure	during	the	reduction	process	was	investigated	using	XRD	

and	 Raman	 analysis.	 The	 XRD	 pattern	 of	 the	 GO	 has	 a	 broad	 peak	 at	 2θ	=	10.3°	

reflecting	 an	 interlayer	 distance	 of	 0.8	 nm	 due	 to	 the	 presence	 of	 the	 oxygen	

functional	groups.	After	reduction,	the	peak	shifted	to	2θ		=	26.3°,	the	same	position	

of	 the	 002	 peak	 of	 graphite	 with	 an	 interlayer	 distance	 of	 0.34	 nm	 between	 the	

graphene	layer.37-38	The	width	and	the	shape	of	the	peak	in	the	XRD	pattern	of	the	

ECAG	 can	 be	 attributed	 to	 the	 relatively	 short	 domain	 order	 or	 turbostratic	
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arrangement	 of	 stacked	 sheets.	 The	 Raman	 spectra	 of	 GO	 (figure	 4e)	 shows	

characteristic	 D	 band	 at	 ~1345	 cm-1	 corresponding	 to	 breathing	 mode	 of	 A1g	

symmetry,	and	G	band	at	1585	cm-1	corresponding	to	the	E2g	symmetry	of	sp2	carbon	

atoms.	 After	 reduction,	 the	 D	 band	 was	 shifted	 to	 1335	 cm-1	 and	 the	 G	 band	

1580	cm-	1,	 respectively.	 The	 intensity	 ratio	 of	 the	 D	 and	 G	 bands,	 ID/IG,	 which	

conventionally	 used	 to	 describe	 the	 defects	 increases	 from	 0.76	 to	 1.22.	 Such	

increase	in	the	ID/IG	ratio	can	be	attributed	to	the	introduction	of	the	nanopores	on	

the	graphene	surface	as	a	result	of	the	activation.		

The	 electrochemical	 performance	 of	 the	 ECAG	 electrode	 was	 investigated	 in	 1M	

NaCl	or	6	M	KOH	as	the	electrolyte.	The	electrochemical	properties	were	evaluated	

using	 CV	 and	 galvanostatic	 charge/discharge	 tests.	 The	 CVs	 recorded	 at	 different	

scan	 rates	 are	 illustrated	 in	 Figure	 5a	 and	 5b.	 The	 ideal	 rectangular	 (or	 quasi-

rectangular	in	the	case	of	NaCl)	CV	curves	demonstrate	good	double	layer	capacitor	

behaviour	without	Faradaic	reactions.	Even	at	a	fast	scan	rate	of	400	mV	s-1,	the	CV	

remains	 rectangular	 in	 shape,	 indicating	 the	 high-power	 capability	 of	 the	

supercapacitor.	The	weak	reduction	wave	observed	between	0.1	to	0.4	V	at	medium	

and	high	scan	rates	in	NaCl	electrolyte	are	attributed	to	the	reduction	of	Ni3+	to	Ni2+.	

The	 galvanostatic	 charge/discharge	 analysis	 also	 shows	 ideal	 capacitance	with	 the	

nearly	 ideal	 triangular	 curves.	 The	 discharge	 curves	 measured	 in	 NaCl	 electrolyte	

have	slight	distortions	on	 the	position	of	Ni3+	 reduction	potential.	 	However,	 these	

bends	disappeared	at	high	current	densities,	and	nearly	perfect	straight	 lines	were	

recorded,	 suggesting	 the	 contribution	 of	 the	 pseudo-capacitances	 from	 the	 nickel	

foam	is	negligible.	Furthermore,	comparison	of	the	unloaded	Ni	foam	and	the	ECAG	

electrode	 showed	clearly	 that	 the	obtained	capacitance	 is	predominantly	 from	 the	

double	layer	capacitance	of	ECAG	(see	supporting	information).		The	absence	of	any	

initial	 drop	 at	 the	 beginning	 of	 the	 discharge	 cycle	 suggests	 very	 low	 internal	

resistance	 of	 the	 cell	 as	 a	 result	 of	 the	 efficient	 removal	 of	 the	 oxide	 insulating	

groups.	The	calculated	gravimetric	capacitance	in	1	M	NaCl	at	0.1	A	g-1	 is	189	F	g-1.	

The	 same	 value	 measured	 in	 KOH	 electrolyte	 was	 about	 275	 F	 g-1.	 The	 specific	

capacitance	 recorded	 for	 the	 ECAG	 is	 one	 of	 the	 highest	 gravimetric	 capacitance	

reported	 for	 undoped	 graphene-based	 electrodes	 (see	 Table	 S1	 in	 the	 supporting	

information).	The	crumpled	curly	morphology	of	 the	graphene	flakes	that	prevents	
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the	 back	 stacking	 and	 the	 high	 surface	 area	mesopores	 structure	 provided	 by	 the	

electrochemical	 activation	 are	 responsible	 for	 the	 high	 capacitance.	 	 The	

supercapacitor	device	was	cycled	for	5000	cycles	and	retained	about	95%	of	its	initial	

capacitance.	 This	 high	 stability,	 even	 at	 static	 conditions,	 is	 promising	 for	 any	 CDI	

system.	
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Figure	5:	Electrochemical	performance	of	the	ECAG	electrode;	(a)	CV	in	1	M	NaCl,	(b)	CV	in	6	M	KOH,	
(c)	galvanostatic	charge/discharge	curve	 in	NaCl,	 (d)	galvanostatic	charge/discharge	 in	6	M	KOH,	 (e)	
change	 of	 the	 specific	 capacitance	with	 current	 density	 in	 NaCl,	 and	 (f)	 cyclic	 stability	 in	 1M	NaCl	
electrolyte.	
		
For	any	desalination	process,	the	solution	is	usually	much	less	concentrated	than	the	

electrolyte	used	for	energy	storage.	This	low	concentration	affects	the	kinetic	of	the	

electrosorption	process,	and	a	longer	timeframe	is	required	to	remove	the	maximum	

amount	of	ions	from	the	salty	water.	To	be	able	to	evaluate	the	optimum	time,	we	

applied	different	voltages	between	2	symmetrical	electrodes	 in	a	CDI	cell	and	then	

measured	 the	 change	 in	 the	 conductivity	 of	 the	 NaCl	 electrolyte	 (Figure	 6a).	 As	 a	

result	of	the	ions	moving	from	the	solution	to	the	electrode	surface	and	adsorbed	on	

it,	the	conductivity	of	the	electrolyte	decreased	rapidly	in	the	first	few	minutes.	The	

available	surface	on	the	electrode	for	the	ions	to	be	adsorbed	gradually	reduce	until	

the	 electrodes	 become	 saturated;	 this	 is	 the	 equilibrium	point	where	 the	 solution	

conductivity	reaches	a	time-independent	value.	It	is	clear	that	the	rate	of	adsorption	

in	the	first	stage	is	faster	when	a	higher	voltage	is	applied.	At	1.8	V,	the	CDI	system	

reached	 equilibrium	 after	 only	 450	 S.	 This	 is	 eventually	 much	 faster	 than	 the	

previously	reported	materials,	which	usually	needed	tens	of	minutes	and	sometimes	

hours	 to	 reach	 their	electroabsorption	equilibrium	under	 the	 same	conditions	 (see	

Table	S2	in	the	supporting	information).	The	average	salt	adsorption	rate,	defined	as	

the	mass	of	 the	salt	 removed	per	minute	 for	every	gram	of	 the	active	materials	 in	

the	electrodes,	 is	calculated	to	be	2.01	mg	g-1	min-1	(Figure	6b).	This	 is	an	excellent	

value	compared	with	other	carbon	electrodes	reported	in	the	literature	for	CDI.39-40		

	 	
Figure	6:	(a)	One	complete	charging/discharging	cycle	of	NaCl	solutions	with	the	ECAG	electrodes	at	
different	 applied	 voltage,	 (b)	 salt	 removal	 rate	 plotted	 against	 salt	 removal	 capacity	 measured	 at	
different	time	and	different	cell	potential.		
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Beside	 the	 electroabsorption	 rate,	 the	 ability	 of	 the	 CDI	 to	 remove	 a	 maximum	

amount	 of	 the	 salt	 per	 gram	 of	 the	 active	 materials	 in	 the	 electrodes	 is	 also	

imperative.	 The	 maximum	 electrosorption	 capacity,	 calculated	 from	 the	 ratio	

between	the	salt	adsorption	at	equilibrium	to	the	weight	of	the	active	materials,	 is	

about	14.25	mg	g-1	at	1.8	V.	This	value	is	much	higher	than	that	of	activated	carbon,	

CNT	and	rGO-based	electrodes	at	the	same	conditions,	which	clearly	shows	that	the	

high	porosity	of	 the	activated	graphene	electrode	 created	more	accessible	 surface	

for	the	ions.41-43	The	electrosorption	capacity	decreases	with	the	initial	concentration	

of	the	electrolyte	as	can	be	seen	in	Figure	S5d	(supporting	information).	Enhancing	

the	 electroabsorption	 capacity	 at	 high	 concentration	 can	 be	 attributed	 to	 two	

reasons:	 (1)	 the	 electrochemical	 double	 layer	 is	 more	 compacted	 at	 high	 salt	

concentration,	resulting	in	higher	electrostatic	force	and	therefore	more	ions	can	be	

adsorbed	 on	 the	 electrode,	 and	 (2)	 the	 stronger	 ionic	 strength	 accelerate	 the	 ion	

transportation	and	consequently	enhances	the	electrosorption	capacity.	44		

From	an	energy	point	of	view;	energy	efficient	CDI	system	should	have	a	high	charge	

capacitance.	 Charge	 capacitance,	 Λ,	 is	 defined	 as	 the	 ratio	 between	 the	 adsorbed	

salt	over	charge	divided	by	Faraday’s	constant.45	Therefore,	the	charge	capacitance	

is	an	analogue	to	another	metric,	current	efficient,	which	is	more	commonly	used	in	

industrial	electrochemistry.		They	both	define	the	ratio	between	the	actual	amounts	

of	the	ions	deposited	(adsorbed)	on	an	electrode	to	the	theoretical	value	that	should	

have	been	deposited	from	the	invested	charge.	However,	the	current	efficiency	was	

introduced	to	describe	faradaic	processes,	and	the	waste	of	charge	is	usually	caused	

by	 parasitic	 faradic	 reactions	 or	 electric	 current	 leakage	 for	 electrolytes	 with	

reasonable	electronic	conductivity.	In	the	case	of	CDI,	there	are	no	faradic	reactions	

before	the	water	decomposition	at	high	potential,	and	the	electronic	conductivity	of	

the	 salty	 solution	 is	 negligible.	 	 The	 reason	 for	 the	 electric	 charge	 loss	 in	 the	

traditional	CDI	is	due	to	the	fact	that	the	adsorption	of	a	counterions	(the	ions	that	

are	opposite	in	sign	to	that	of	the	electrical	charge	of	the	electrodes)	on	an	electrode	

is	 simultaneously	 associated	 with	 the	 desorption	 of	 the	 coions	 (the	 ions	 that	 are	

expelled	 from	 the	 charged	 surface)	 from	 the	 same	electrode.	 This	 coion	expulsion	

from	the	electrodes	 is	 the	origin	 for	 the	 reduction	of	Λ	 to	values	below	unity.	The	

calculated	charge	efficiency	for	ECAG	electrode	is	0.83	(Figure	S4c	in	the	supporting	
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information),	which	 is	comparable	with	other	carbon-based	electrodes	 (Table	S2	 in	

the	 supporting	 information).46	 Interestingly,	 the	 charge	 efficiency	 decreased	 with	

increasing	 the	 applied	 voltage,	 as	 opposed	 to	 the	 expected	 from	 CDI	 cells.46-48	

However,	in	recent	years	there	was	several	studies	on	the	effect	of	the	potential	of	

zero	 (PZC)	 charge	 on	 the	 desalination	 process	 and	 they	 conclude	 that	 the	 charge	

efficiency	of	a	CDI	cell	improves	when	the	electrode	potentials	are	placed	far	beyond	

their	respective	PZC.	We	postulate	that	the	ECAG	electrodes	have	accumulated	some	

surface	charges	due	to	the	electrochemical	nature	of	the	activation	and	fabrication	

process.	 As	 a	 consequence	of	 these	 surface	 charges,	 smaller	 values	 of	 the	 voltage	

lead	to	the	electrodes	potentials	being	far	from	their	PZC	and	hence	to	higher	charge	

efficiencies	as	previously	reported.47,	49		

The	excellent	performance	of	the	ECAG	electrodes	 in	the	CDI	 is	related	to	their	3D	

hierarchical	porous	structures.	Removing	the	ions	from	saline	water	is	taking	place	in	

several	steps:	(i)	the	diffusion	of	the	salt	ions	from	the	bulk	solution	to	the	electrode,	

(ii)	the	electrosorption	of	the	ions	in	the	electrochemical	double	layer,	and	(iii)	mass	

transfer	of	ions	inside	the	electrode	pores.	Thus,	a	good	CDI	electrode	should	satisfy	

both	 the	 electroabsorption	 of	 the	 ions	 in	 the	 electrical	 double	 layer	 and	 the	 ions	

transfer	processes.	 The	hierarchical	 structure	of	 the	electrode	 in	 the	present	work	

with	 its	 high	 specific	 surface	 area	 provides	more	 surfaces	 for	 the	 ions	 adsorption.	

This	 large	 surface	 area	 resulted	 from	 the	3D	arrangement	of	 the	 graphene	on	 the	

metal	 foam	 templates,	 the	 loosely	 interconnected	 graphene	 particles,	 and	 the	

mesopores	provided	by	the	activation	process.		The	ions	diffusion	to	and	within	the	

electrode	 is	 facilitated	 by	 the	 porosity,	 which	 provides	 transport	 channels	 and	

shortens	 the	 diffusion	 pathway.	 Also,	 the	 activation	 protocol	 used	 in	 the	 current	

work	 provided	 pores	 large	 enough	 to	 pass	 both	 the	 counterions	 and	 the	 coions,	

unlike	 other	 activation	methods	 that	 created	pores	 of	 less	 than	 1	 nm.	 In	 fact,	 the	

reduction	and	activation	process	at	high	temperatures	form	more	channels	between	

the	flakes	due	to	the	gas	liberation.	Some	of	the	residual	byproducts,	KOH	may	get	

trapped	 between	 the	 flakes,	 and	 open	 more	 channels	 when	 leached	 out	 in	 the	

washing	step.	Furthermore,	IR	drop	of	the	electrode	was	significantly	low,	indicating	

low	 resistivity	 due	 to	 the	 effective	 reduction	 method	 and	 the	 excellent	 adhesion	

between	 the	 graphene	 flakes	 and	 the	 Ni	 backbone.	 The	 low	 resistivity	 of	 the	
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electrode	 facilitates	 the	 electron	 movements	 and	 therefore	 a	 faster	

charge/discharge,	 which	 consequently	 accelerates	 the	 ions	 removal	 from	 the	

solution.	

	

Conclusions.		
In	 summary,	 activation	 of	 GO	 using	 a	 novel	 electrochemical	 method	 at	 low	

temperature	has	been	used	 to	 engineer	 3D	porous	nanoarchitecture	electrode	 for	

supercapacitor	and	capacitive	deionization	devices.	The	activation	process	 is	based	

on	 switching	 the	 polarity	 between	 2	 symmetrical	 GO	 electrodes	 in	 molten	 KOH,	

which	also	efficiently	removed	the	oxygen	functional	groups.	The	resulted	electrodes	

exhibited	 high	 specific	 surface	 area	 (2170	 m2	 g-1),	 as	 well	 as	 mesopores	 and	

micropores	 structures,	 which	 significantly	 enhanced	 the	 electrochemical	

performance.	In	particular,	the	supercapacitor	device	showed	specific	capacitance	as	

high	as	275	F	g-1	in	KOH	solution	and	maintained	95%	of	this	value	after	5000	cycles.	

The	ECAG	electrode	showed	high	adsorption	capacity	 in	CDI	system	with	enhanced	

kinetic	 and	 energy	 efficiency,	 making	 it	 a	 strong	 candidate	 for	 water	 desalination	

application.		
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