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ABSTRACT	

Reduced	Graphene	Oxide	possesses	numerous	interesting	properties,	making	it	one	of	the	

most	 studied	 materials	 today.	 By	 this	 way,	 applications	 in	 various	 fields,	 including	

fundamental	research,	can	be	found.	Nevertheless,	the	complexity	of	reduced	Graphene	

Oxide	 lies	 in	 its	 fabrication	 process	which	 defines	 their	 properties.	 In	 this	 paper,	 two	

fabrication	methods	 ‐electrochemical	 and	hydrothermal	 reduction	of	 graphene	oxide	 ‐	

were	 compared	 using	 physico‐chemical	 and	 electrogravimetric	 analysis.	 Our	 findings	

reveal	significant	morphological	differences	between	the	two	methods,	accompanied	by	

different	 electrochemical	 behaviors,	 when	 tested	 in	 aqueous	 electrolyte	 (i.e.	 0.5	 M	

Na2SO4).	 Specifically,	 electrochemically	 reduced	 graphene	 oxide	 exclusively	 involves	
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sodium	 (whether	 hydrated	 or	 not)	 in	 its	 charge	 compensation	 mechanism,	 whereas	

hydrothermally	reduced	graphene	oxide	also	involves	proton	in	sodium	sulfate	solution.			

Graphical	abstract	

	

1. Introduction			

Reduced	Graphene	Oxide	(RGO)	is	a	nanomaterial	which	properties	offer	a	wide	field	of	

applications:	 supercapacitors,	 batteries,	 sensors,	 etc.	 Its	 special	 structure	 composed	of	

graphene	sheets	allows	for	the	adsorption	of	various	components	in	between	its	layers.	

Its	fabrication	is	achieved	notably	through	the	reduction	of	graphene	oxide	(GO),	which	

can	 be	 done	 by	 many	 methods.	 The	 most	 common	 ones	 are	 thermal,	 hydrothermal,	

chemical	and	electrochemical	reductions	[1,2].	Studies	have	compared	these	methods	and	

shown	differences	in	oxygen	content,	surface	functional	groups	and	material	structure	[3–

8].	The	reduction	method	has	a	strong	impact	on	the	morphology,	chemical	composition	

and	 properties	 of	 the	 rGO	 [3,9].	 One	 example	 is	 the	 study	 conducted	 by	 Yang	 et	 al.	

comparing	 chemically	 and	 thermally	 reduced	 graphene	which	 showed	 “unfolded”	 and	

“stacked”	structure,	respectively	[4].		

Electrochemically	reduced	Graphene	Oxide	(ERGO)	was	demonstrated	to	have	a	stacked‐

film	structure,	with	all	the	graphene	layers	superimposed	like	pages	of	a	book	[3,10].	This	

characteristic	 can	 be	 advantageous	 for	 it	 increases	 the	 density	 and	 therefore,	 the	

volumetric	 electrochemical	 energy	 density	 of	 this	 material.	 Unfortunately,	 π‐stacking	

comes	 as	 a	 major	 drawback.	 Graphene	 layers	 agglomerate	 when	 dried,	 leading	 to	 a	

material	 with	 low‐capacitive	 charge	 storage	 properties.	 To	 avoid	 this	 issue,	 several	
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studies	 have	 been	 proposed	 to	 control	 the	 drying	 process	 by	 lyophilization,	 ionic	

exchange	or	solvent	exchange	[5,10,11],	or	to	add	a	spacer	between	graphene	layers	such	

as	polydopamine	or	diamine	[12–14].	Hydrothermally	reduced	Graphene	Oxide	(HyRGO)	

on	its	side	is	composed	of	bended	graphene	sheets,	and	allows	a	good	dispersion	of	them	

to	be	obtained	which	is	valuable	for	many	applications	[1,15].	This	type	of	rGO	was	not	

reported	to	have	π‐stacking	issues.		

Hydrothermal	 and	 electrochemical	 reductions	 are	 the	 easiest	 and	 greenest	 ways	 to	

reduce	 graphene	 oxide,	 requiring	 few	 steps	 and	 no	 harsh	 chemicals.	 Hydrothermal	

reduction	is	simply	done	in	water	in	a	closed	vessel	at	temperatures	from	150	to	200°C	

[16].	 As	 the	 reduced	 material	 is	 hydrophobic,	 organic	 solvents	 are	 often	 required	 to	

disperse	them,	but	with	additives	such	as	ammonia,	it	is	even	possible	to	disperse	HyRGO	

in	water	[1,15,17].	Electrochemical	reduction	is	done	by	applying	a	cathodic	current	or	

potential	to	an	electrode	coated	with	GO	in	an	aqueous	electrolyte.	None	of	these	methods	

requires	strong	reductants	nor	high	temperatures.		

In	this	work,	a	series	of	physico‐chemical	characterizations	including	SEM	and	XPS	were	

performed	associated	to	classical	electrochemical	quartz	microbalance	(EQCM)	in	order	

to	describe	and	understand	the	capacitive	charge	storage	mechanisms	in	these	materials.	

QCM	 is	 a	 widely	 used	 method	 which	 allows	 the	 mass	 deposited	 on	 the	 piezoelectric	

resonator,	usually	quartz,	to	be	determined	with	a	nanogram	precision.	In	the	context	of	

this	work,	 electroadsorption	of	 ions	happens	during	 the	 charge	 compensation	process	

[14]	which	leads	to	capacitive	charge	storage.	To	go	further,	ac‐electrogravimetry	was	

performed,	 a	 technique	 combining	 fast	 QCM	 and	 electrochemical	 impedance	

spectroscopy	 (EIS)	 to	precisely	 separate	 the	contribution	of	each	species	participating	

directly	or	indirectly	in	a	charge	compensation	process.	Key	parameters	can	be	extracted	

by	 this	 way	 :	 molar	 mass	 of	 the	 different	 ions	 involved	 as	 well	 as	 their	 kinetic	 and	

thermodynamic	parameters	[18].	This	advanced	technique	has	been	widely	used	to	study	

different	kind	of	electrode	materials	such	as	carbon	nanotubes	[19]	or	rGO	[14].	

ERGO	 and	 HyRGO	materials	 are	 different	 by	 their	morphology	 and	 by	 their	 chemical	

composition.	 When	 testing	 their	 charge	 compensation	 mechanisms	 under	 an	 applied	

voltage,	 we	 demonstrate	 that	 for	 a	 given	 electrolyte,	 different	 mechanisms	 of	

electroadsorbed	ions	can	be	found	despite	both	materials	are	rGO.		



4	
	

2.	Experimental	section	

2.1.		Materials	preparation		

Graphene	Oxide	(GO)	was	purchased	from	Merck	as	an	aqueous	suspension	of	4	mg.mL‐1.	

For	electrochemical	reduction,	it	was	diluted	to	1	mg.mL‐1	and	placed	in	an	ultrasonic	bath	

for	 1	 hour	 before	 500µL	was	 spray‐coated	 on	 the	 gold	 electrode	 of	 an	 AT‐cut	 quartz	

(AWSensors,	Spain)	working	at	5	MHz	(gold	electrodes	are	1	cm²	for	electrochemistry	and	

0.2	cm²	for	electrogravimetry)	using	a	mask.		This	process	was	done	on	a	plate	heated	at	

200°C	and	maintained	for	15	minutes	to	ensure	a	good	water	evaporation.	ERGO	film	was	

obtained	 by	 applying	 a	 bias	 of	 ‐0.9	 V	 vs	 Ag/AgCl	 for	 5	minutes	 in	 a	 phosphate	 buffer	

solution,	0.1	M	(100	mL	of	0.1	M	K2HPO4	mixed	with	100	mL	of	0.1	M	KH2PO4).	 It	was	

finally	rinsed	with	ultrapure	water	and	dried	at	room	temperature	overnight	before	any	

electrochemical	testing.	Pictures	of	the	quartz	coated	with	GO	and	ERGO	are	provided	in	

Fig.	S1.	

For	hydrothermal	reduction,	8	mL	of	a	1	mg.mL‐1suspension	of	GO	in	water	was	placed	in	

a	closed	reactor	vessel	with	a	45	mL	inner	volume	(Parr	Instrument	Company).	The	vessel	

was	put	in	an	oven	at	170°C	for	7	hours.	After	cooling,	the	black	mixture	was	filtered	and	

washed	with	water	and	ethanol,	before	being	dispersed	in	N‐methyl‐2‐pyrrolidone	at	a	

concentration	of	about	1	mg.mL‐1.	Then,	500	µL	of	this	mixture	was	put	in	ultrasonic	bath	

for	1	hour	before	being	spray‐coated	on	the	mask‐protected	gold	electrode	of	an	AT‐cut	

quartz.	The	process	was	made	on	a	heating	plate	kept	at	250°C	and	the	quartz	crystal	was	

let	 to	rest	on	 the	heating	plate	 for	15	minutes	after	 the	spray‐drying.	A	picture	of	 this	

quartz	after	coating	is	given	on	Fig.	S1c.			

For	 EQCM	 and	 ac‐electrogravimetric	measurements,	 ERGO	 and	 HyRGO	mass	 loadings	

were	43	and	38	µg.cm‐2,	respectively,	while	electrochemical	geometric	area	was	1	cm²	for	

both	samples.		

2.2.		Physico‐chemical	characterizations	

Field‐emission‐gun	 Scanning	 Electron	Microscopy	 (FEG‐SEM)	was	 performed	 under	 a	

field	emission	gun	scanning	electron	microscope	(Ultra55,	Zeiss)	operating	at	10	kV.	

Contact	 Angle	measurements	were	made	with	 a	 Krüss	 DSA100	 device	 and	 ADVANCE	

software.	 XPS	 analyses	were	 performed	 using	 an	 Omicron	 Argus	 X‐ray	 photoelectron	
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spectrometer,	equipped	with	a	monochromated	Al	source	(Kα	radiation,	hν	=	1486.6	eV).	

The	 emission	 of	 photoelectrons	 from	 the	 sample	 was	 analyzed	 at	 a	 photoelectron	

collection	angle	of	45°	under	ultra‐high	vacuum	conditions	(≤10−9	mBar).	Spectra	were	

carried	out	with	a	100	eV	pass	energy	for	the	survey	scan	and	20	eV	pass	energy	for	high	

resolution	 spectra.	 Binding	 energies	 were	 referenced	 to	 C	 1s	 peak	 lowest	 energy	

maximum	 at	 284.5	 eV	 for	 ERGO	 and	 HyRGO	 and	 285.0	 eV	 for	 GO,	 assuming	 these	

maximums	 correspond	 to	 C=C	 and	 C‐C,	 respectively.	 	 Element	 peak	 intensities	 were	

corrected	 by	 Scofield	 factors.	 The	 peak	 areas	 were	 determined	 after	 subtraction	 of	 a	

Shirley	background.	The	spectra	were	fitted	using	Casa	XPS	software	(Casa	Software	Ltd,	

U.K.)	and	applying	a	gaussian/lorentzian	ratio	equal	to	70/30	for	deconvolution.	Raman	

spectroscopy	was	used	to	characterize	the	two	types	of	samples.	A	Labram	HR	Evolution	

(Horiba)	spectrophotometer	was	employed	with	a	spectral	resolution	less	than	2	cm‐1	and	

an	excitation	wavelength	of	532	nm.	For	all	the	Raman	measurements,	the	laser	power	

and	the	acquisition	time	have	been	set	at	0.3	mW	and	2	s,	respectively.	The	excitation	laser	

was	focused	with	a	microscope	objective	(ൈ80;	N.A.=	0.75),	and	this	latter	also	enabled	

the	collection	of	Raman	signals	from	the	samples.	

	

2.3.		Electrochemical	and	quartz	crystal	microbalance	measurements	

Electrochemical	 tests	were	done	with	a	three‐electrode	cell	configuration	using	a	QCM	

cell	from	AWSensors.	The	reference	electrode	was	a	Mercury	Sulfate	Electrode	(MSE),	the	

counter	electrode	a	1	cm²	platinum	grid	and	the	electrolyte	Na2SO4	at	a	concentration	of	

0.5	M	in	ultrapure	water.	N2	was	bubbled	in	the	electrolyte	solution	during	15	minutes	

before	each	electrochemical	experiment	to	remove	O2.	Sauerbrey	equation	was	employed	

to	convert	the	resonance	frequency	into	areal	mass:	

																																																			∆݉	ሺ݃. ܿ݉ିଶሻ ൌ 	 ି∆	ሺு௭ሻ

ೞሺு௭.షభ.మሻ
																																																								(1)	

with	Cs	=	16.95·107	Hz.g‐1.cm2	for	a	5	MHz	working	at	3rd	overtone.	

EQCM	 experiments	were	done	with	 an	Autolab	potentiostat	 (PGSTAT	12),	 a	 lab‐made	

oscillator	and	a	Yokogawa	 frequency	counter.	Concomitant	measurement	of	 frequency	

and	half‐width‐at‐half‐maximum	(Γ)	was	performed	by	using	an	AWS‐X1	equipment	from	

AWSensors	on	5	MHz	quartz	coupled	with	a	Biologic	SP200	potentiostat.		
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Ac‐electrogravimetry,	where	ac	stands	for	“alternative‐current”,	combines	fast	QCM	and	

electrochemical	 impedance	 spectroscopy	 (EIS).	 A	 four‐channel	 frequency	 response	

analyzer	(FRA,	Solartron	1254)	was	connected	to	a	homemade	potentiostat.	The	quartz	

crystal	was	polarized	at	each	chosen	potential	and	a	small	amplitude	sinusoidal	variation	

ΔE	(±70	mV)	was	added	to	the	signal	with	frequencies	of	potential	modulation	from	63	

kHz	 to	 10	mHz.	 The	 response	 in	 current,	ΔI,	 and	 in	mass,	Δm,	 were	 obtained	 after	 a	

numerical	treatment	of	the	collected	data	on	the	FRA	and	used	for	plotting	four	transfer	

functions	 (TF)	 in	 Nyquist	 representations:	 ΔE/ΔI(ω) (EIS),	 Δq/ΔE(ω),	 Δm/ΔE(ω)	 and	

Δm/Δq(ω)	with	q	being	the	electrical	charge.	The	fitting	of	these	data	was	done	thanks	to	

a	model	detailed	before	[18].	Briefly,	the	model	is	based	on	the	flux	of	ionic	and	solvent	

species,	i,	at	the	interface	between	the	rGO	thin	film	and	the	electrolyte	(Fig.	1).	The	flux	

of	ions	and	solvents,	Ji(Ci,	E),	going	through	this	interface	is	considered	to	depend	on	two	

variables:	 the	 concentration	of	 the	 species	 i,	Ci,	 and	 the	potential,	E.	 It	 is	 expressed	as	

follows:	

ܬ∆ ൌ
డ
డ

ܥ∆ 
డ
డா
ܧ∆ ൌ ܥ∆	ܭ	  		ܧ∆ܩ 	 	 (2)	

where	 ܭ ൌ
డ
డ
	 	 and	 ܩ ൌ 	

డ
డா
	 denominated	 “kinetic	 constant”	 and	 “thermodynamic	

constant”,	respectively.	Each	experimental	TF	can	be	fitted	with	theoretical	expressions	

involving	a	set	of	three	parameters	(Ki,	Gi,	Mi)	for	each	species,	i	through:	

∆ா
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ሺ߱ሻ ൌ ଵ
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൰																																												(4)	
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൰																												(5)	

Where	df	is	the	film	thickness,	ω	the	pulsation	(ω	=	2πf),	F	the	Faradaic	constant	and	Rp,	

Cp	the	parasitic	resistance	and	capacity,	respectively.	

	The	relative	concentration	of	each	species	can	be	estimated	with	Equation	(6):	

ܥ																																																			 െ ܥ ൌ 	
∆
∆ா
	ሺ߱ሻቚ

ఠ→
ൌ

ாభ
ாబ

	
ିீ

ܧ݀

ாభ
ாబ

		 	 	 (6)	
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Fig.	1.	Schematical	view	of	the	rGO	(ERGO	or	HyRGO)	thin	film	on	gold	electrode	for	
describing	the	models	for	ac‐electrogravimetric	data	fitting.	

3.	Results		

3.1.		Physico‐chemical	characterizations	

Fig.	 2	 shows	 SEM	micrographs	 of	 both	materials,	 ERGO	 and	 HyRGO.	With	 the	 aim	 of	

highlighting	 their	 differences,	 images	 (a)	 and	 (b)	 were	 made	 on	 samples	 with	 high‐

loading,	which	means	that	3	times	more	GO/rGO	was	spray‐dried	on	the	substrate	than	

for	usual	EQCM	experiments	(with	final	loadings	of	~130	µg.cm‐²).	With	such	high	loading,	

their	 structural	 difference	 is	 obvious:	 while	 ERGO	 has	 many	 graphene	 sheets	

superimposed	in	a	very	ordered	way,	HyRGO	is	flaky	and	rough,	as	already	reported	in	

the	literature	[11,20].	While	the	same	quantity	of	material	was	deposited	on	both	samples,	

thicknesses	were	measured	 to	 440	 nm	 for	ERGO	 and	 to	 6	 µm	 for	HyRGO,	 involving	 a	

higher	 void/carbon	 ratio	 in	 HyRGO	 (based	 on	 15	 measurements	 on	 7	 different	 SEM	

images).	Lower	 loadings,	 as	 shown	 in	Fig.	2c	and	d,	 allow	 the	density	 from	 the	quartz	

crystal	microbalance	values	 to	be	estimated.	They	were	 found	to	be	2.2	g.cm‐3	and	1.5	

g.cm‐3	for	ERGO	and	HyRGO,	respectively.	RGO	density	is	known	to	be	close	to	2.3	g.cm‐3	

[21,22],	indicating	that	ERGO	is	a	compact	material	while	HyRGO	has	about	35	%	voids	in	

its	structure.	In	these	images,	the	same	features	as	high	loading	samples	are	noticed:	low	

roughness	 and	 aligned	 graphene	 layers	 for	 ERGO,	 while	 shallow	 roughness	 and	

imperfections	 in	 the	 stacking	 of	 the	 graphene	 layers	 for	 HyRGO.	 Even	 though	 both	

materials	 are	 spray‐coated,	 strong	 morphological	 differences	 are	 observed	 are.	 GO	 is	

more	flexible,	moves	and	rearranges	itself	before	and/or	during	its	reduction	to	ERGO.	

HyRGO	is	ductile	and	stays	as	it	was	coated.		
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Fig.	2.	SEM	micrographs	of	rGO	for	(a,c)	ERGO	and	(b,d)	HyRGO.	(a,b)	for	the	high‐

loaded	electrodes	with	a	60°	view	and	(c,d)	for	the	cross‐section	of	the	low‐loaded	

electrode.	

As	to	gain	chemical	information	about	the	materials,	X‐ray	Photoelectron	Spectroscopy	

(XPS)	was	run	on	GO,	ERGO	and	HyRGO.	Survey	spectra	are	presented	in	Fig.	S3	and	the	

quantifications	 in	Table	1.	The	 three	 samples	mainly	 show	C	1s	 and	O	1s	photopeaks,	

along	with	N	1s	peak	which	is	surprisingly	present	in	the	commercial	GO	(0.9	at.	%).	This	

sample	also	contains	1.1	at.	%	S	as	shown	by	S	2p	peak,	common	for	GO	produced	by	the	

hard	oxidation	of	graphite	[23].	Once	reduced,	the	C/O	ratio	increased	from	2.3	to	6.1	and	

5.7	 for	 ERGO	 and	 HyRGO	 respectively,	 indicating	 a	 slightly	 better	 reduction	 of	 ERGO.	

Sulfur	disappeared	from	the	surface	of	both	samples;	nitrogen	stays	constant	in	ERGO	but	

increases	up	to	3.2	at.	%	in	HyRGO.	This	unexpected	increase	is	probably	linked	to	the	use	

of	 N‐methyl‐2‐pyrrolidone	 (NMP)	 as	 a	 solvent	 for	 the	 dispersion	 of	 HyRGO	 after	 its	

reduction.	Either	a	little	part	of	the	solvent	is	still	present	in	rGO,	maybe	in	the	pores,	or	

it	reacted	during	the	drying	step	at	250°C	and	C‐N	bonds	are	integrated	in	the	rGO.	The	

use	of	this	solvent	was	necessary	for	rGO	dispersion,	but	the	synthesis	process	of	HyRGO	

can	be	optimized	to	disperse	them	in	water	[1,15,17].	
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Table	1.	Atomic	quantification	from	XPS	of	GO,	ERGO	and	HyRGO.	

At.	% C	1s N	1s O	1s S	2p C/O 

GO 68.0 0.9 30.0 1.1 2.3 

ERGO 85.2 0.8 14.0 0 6.1 

HyRGO 82.4 3.2 14.5 0 5.7 

	

Fig.	3	presents	the	XPS	deconvolutions	of	C1s	and	O1s	spectra,	and	areas	are	provided	in	

Tables	2	and	3.	Peak	identification	was	done	according	to	different	references	[24–28].		In	

HyRGO,	C‐O	and	C‐N	could	not	be	separated,	as	their	binding	energies	are	close	to	286	eV	

[25].	 Therefore,	 C=O	 contribution	 coming	 from	 NMP	 was	 removed	 thanks	 to	

quantification	considerations,	and	C	1s	and	O	1s	deconvolution	agreement	was	checked	

by	computing	the	ratio	between	C=O/C‐O	in	Table	S1,	explained	in	Note	S1.	

In	agreement	with	the	survey	spectra,	the	ratio	C/O	increased	in	both	ERGO	and	HyRGO	

films	compared	to	GO	(Table	1),	confirming	the	good	reduction	of	GO.	Interestingly,	the	C‐

O	contribution	in	GO	is	slightly	different	from	the	two	other	rGOs,	as	shown	by	different	

peak	 positions,	 indicating	 different	 chemical	 environments.	 After	 reduction,	 the	 main	

difference	between	ERGO	and	HyRGO	stands	in	the	C=O/C‐O	ratio.	As	seen	in	Fig.	3d	and	

‐f,	C=O	is	predominant	in	HyRGO	while	C‐O	is	in	ERGO.	From	deconvolution	results	(with	

NMP	contribution	removed,	see	Note	S1),	the	C=O/C‐O	ratio	for	HyRGO	is	twice	the	value	

of	ERGO’s	(1	vs	0.5,	Table	S1	and	Table	3).	Hydrothermal	reduction	of	GO	therefore	favors	

C‐O	reduction	over	C=O.	
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Fig.	3.	XPS	experimental	spectra	and	deconvolution	for	GO	(a‐b),	ERGO	(c‐d)	and	HYRGO	

(e‐f).	Details	about	peak	positions	are	given	in	Table	S2.		(a,c,e:	C1s	;	b,d,f:	O1s)	

Table	2.	Area	integrated	from	the	deconvolution	of	C	1s	XPS	spectra.		

Area	%	 C=C	 C‐C,	C‐
H	 C‐O	/	C‐N	 C=O	 O=C‐O	 π‐π	

GO	 0	 44.0	 51.3	 0	 4.7	 0	

ERGO	 48.7	 30.2	 12.0	 6.2	 0	 2.9	

HyRGO	 37.4	 34.4	 14.9	 10.7	 0	 2.6	

	

Table	3.	Area	integrated	from	the	deconvolution	of	O	1s	XPS	spectra.	

Area	%	 C‐O	 C=O	

GO	 94.8	 5.2	

ERGO	 65.2	 34.8	

HyRGO	 37.2	 62.8	
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Finally,	contact‐angle	measurement	was	run	with	water	droplets	 (Fig.	S2).	ERGO	has	a	

contact	angle	of	57.9°,	showing	a	hydrophilic	behavior	and	HyRGO	of	103.6°,	showing	a	

hydrophobic	behavior.	This	difference	raises	questions,	as	C/O	ratios	are	close	for	both	

materials	 (Table	 1).	 Roughness	 alone	 cannot	 explain	 this	 phenomenon,	 as	 it	 can	 only	

straighten	 hydrophilicity	 (Wenzel	 model)	 or	 hydrophobicity	 (Cassie‐Baxter	 model).	

Despite	the	fact	that	we	heat	HyRGO	thin	layer	to	250°C	for	15	minutes,	XPS	revealed	3	

at.%	 of	 nitrogen	 which	 could	 come	 from	 NMP	 traces	 and	 therefore,	 increase	 rGO’s	

hydrophobicity.	 Another	 explanation	 can	 be	 found	 in	 functional	 groups	 differences:	

HyRGO	contains	more	C=O	groups	which	were	shown	to	increase	hydrophobicity		[29,30].		

Fig.	 4	 displays	 the	 Raman	 spectra	 of	 ERGO	 and	 HyRGO.	 Several	 characteristic	 Raman	

bands	are	observed	such	D	(1350	cm‐1),	G	(1594	cm‐1),	2D	(2700	cm‐1),	D+G	(2944	cm‐1),	

and	2G	(3188	cm‐1)	bands.	The	G	band	is	attributed	to	the	first‐order	E2g	optical	mode	of	

graphene	(or	graphite)	and	the	stretching	mode	from	sp2	carbon	[31,32].	The	D	band	is	

attributed	to	the	disorder	or	defect	band	linked	to	the	breathing	mode	of	sp2	carbon	ring	

[31,32].	The	2D	band	corresponds	to	the	overtone	of	the	D	band,	the	2G	band	is	assigned	

to	the	overtone	of	the	G	band,	and	the	D+G	band	corresponds	to	the	combined	overtone	

of	the	D	and	G	bands	[32,33]. 

 

Fig.	4.	Raman	spectra	of	(a)	ERGO	and	(b)	HyRGO	recorded	at	the	excitation	wavelength	

of	532	nm	where	D	(1350	cm‐1),	G	(1594	cm‐1),	2D	(2700	cm‐1),	D+G	(2944	cm‐1),	and	2G	

(3188	cm‐1)	bands	are	represented.	

 

(a) ERGO (b) HyRGO

D

G

2D
2G

D+G

D

G

2D
2G

D+G



12	
	

Next,	we	calculated	the	following	intensity	ratios	ID/IG,	I2D/IG,	I2G/ID,	I2G/ID+G	and	ID+G/ID	in	

order	to	characterize	the	ERGO	and	HyRGO	materials	(see	Table	4). 

Table	4.	Intensity	ratios	from	Raman	spectra	of	ERGO	and	HyRGO,	and	the	crystallite	

size	(La	in	nm)	obtained	from	the	values	of	ID/IG.	

Samples	 ID/IG	 I2D/IG	 I2G/ID	 I2G/ID+G	 ID+G/ID	 La	(nm)	

ERGO	 1.71	 0.22	 0.07	 0.50	 0.14	 11.2	

HyRGO	 1.35	 0.23	 0.10	 0.53	 0.19	 14.2	

 

The	ID/IG	ratio	is	mainly	used	to	evaluate	the	degree	of	quality	(or	structural	disorder)	in	

graphene	or	graphite	layers	as	well	as	to	estimate	the	mean	crystallite	size	(mean	size	of	

crystalline	 (sp2)	 clusters)	 [31,33].	 	The	higher	 the	 ID/IG	 ratio,	 the	higher	 the	structural	

disorder	(weaker	quality).	Thus,	ERGO	presents	a	higher	disorder	than	HyRGO	due	to	a	

larger	value	of	the	ID/IG	ratio	(see	Table	4).	For	both	ERGO	and	HyRGO,	the	values	of	the	

I2D/IG	ratio	are	less	than	1	indicating	their	multilayer	nature	(see	Table	4)	confirming	the	

observations	made	by	SEM	(see	Fig.	2).	Indeed,	the	I2D/IG	ratio	is	employed	as	indicator	of	

the	layer	number	for	the	graphene‐type	materials	[34,35].	Furthermore,	the	values	of	the	

I2G/ID,	 I2G/ID+G	 and	 ID+G/ID	 ratios	 are	weaker	 for	 ERGO	 than	HyRGO	 indicating	 that	 the	

reduction	degree	is	larger	for	ERGO	than	HyRGO	as	well	as	a	lower	electrical	resistance	

for	 ERGO.	 Indeed,	 the	weaker	 these	 ratios,	 the	 larger	 the	 reduction	 degree,	 the	 lower	

electrical	 resistance	 [32].	 In	 addition,	 the	 crystallite	 size	 for	 ERGO	 is	 smaller	 than	 for	

HyRGO	due	to	a	larger	structural	disorder	(more	defects).	The	crystallite	size	(La	in	nm)	is	

calculated	with	the	following	formula	[33,36]:	

ܮ ൌ ሺ2.4 ൈ 10ିଵሻߣ௫ସ ቀூವ
ூಸ
ቁ
ିଵ
	 	 	 	 (7)	

where	λୣ୶ୡ	(in	nm)	corresponds	to	the	excitation	wavelength	of	the	used	laser.	

As	a	summary	of	 these	physico‐chemical	characterizations,	 it	was	observed	that	ERGO	

and	HyRGO	have	different	morphologies	as	the	first	shows	a	parallel	structure	and	the	

second	 a	 rougher	 morphology.	 Raman	 spectroscopy	 however	 evidenced	 for	 a	 better	

graphene	 quality	 for	 hydrothermal	 reduction,	 but	 at	 a	 lower	 reduction	 level,	 also	

highlighted	 by	 XPS	 results.	 XPS	 also	 showed	 a	 close	 C/O	 ratio	 for	 both	materials	 but	

almost	twice	more	C=O	than	C‐O	in	HyRGO.		
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3.2.	Classical	Electrochemical	Quartz	Crystal	Microbalance	(EQCM)	

Before	any	measurements,	 the	validity	of	 the	Sauerbrey	equation	was	checked.	Fig.	S4	

shows	frequency	variation	(Δf)	as	well	as	half‐width‐at‐half‐maximum	(ΔΓ)	during	one	CV	

cycle	on	 the	 same	graph,	 allowing	 them	 to	be	 compared.	 In	order	 to	 correctly	use	 the	

Sauerbrey	equation,	the	condition	ΔΓ/‐Δf	<	10%	should	be	respected,	implying	that	the	

main	frequency	changes	are	indeed	attributed	to	a	mass	change	[37].	Fig.	S4	shows	that	

ΔΓ	is	evolving	much	less	than	Δf,	with	a	maximum	ratio	of	10%	between	the	two.	This	

result	implies	that	the	major	contribution	to	the	frequency	change	is	the	mass	change,	and	

a	minor	contribution	is	related	to	other	physico‐chemical	changes	such	as	volume,	density	

or	stiffness	changes.	Another	interesting	feature	of	this	plot	is	the	opposite	evolution	of	

the	 two	 ΔΓ	 variations,	 indicating	 that	 the	 mechanism	 taking	 place	 during	 the	 charge	

compensation	process	is	not	the	same	for	ERGO	and	HyRGO.		

Fig.	 5	 presents	 the	 EQCM	 results	 based	 on	 cyclic	 voltammetry	 (Fig.	 5a,c)	 and	

simultaneously	mass	 responses	of	 the	electrodes	 (Fig.	5b,d)	given	by	 the	QCM	 tool.	 In	

ERGO	 (Fig.	 5‐a),	 low	 scan‐rate	 (10	 mVs‐1)	 shows	 a	 rectangular‐like	 shape	 CV,	 which	

deforms	 and	 bends	 at	 higher	 scan	 rates.	 This	 behavior	 is	 attributed	 to	 electrode	

polarization	resulting	from	kinetic	limitations.	At	10	mVs‐1,	ERGO	electroadsorbs	almost	

2.5	wt.	%	of	its	initial	mass	when	‐0.95	V	vs.	MSE	is	applied,	but	this	value	decreases	to	0.3	

wt.%	at	200	mVs‐1	(Fig.	5b).		

HyRGO	electrode	behaves	quite	differently.	Fig.	5c	shows	a	rectangular‐like	shape	from	

10	to	200	mVs‐1,	which	is	not	perfect	indicating	a	possible	pseudocapacitive	behavior[38]	

that	could	be	caused	by	carbonyl	groups	(which	would	be	 involved	 in	quinones)	or	N‐

doping	[39,40].	A	zoom	on	the	curves	recorded	at	50	mVs‐1	for	both	materials	is	provided	

in	Fig.	S5.	Mass	variations,	presented	in	Fig.	5d,	are	slightly	 lower	at	10	mVs‐1	 than	at	

higher	scan	rates.	At	50,	100	and	200	mVs‐1,	Δm	has	a	similar	behavior	going	up	to	4	wt.	

%	electroadsorbed	mass	at	‐0.95	V	vs.	MSE	with	low	hysteresis,	indicating	fast	kinetics.		

Capacity	of	both	materials	was	computed	at	50	mVs‐1,	because	the	current	response	has	

a	rectangular	shape	for	both	materials	at	this	scan	rate,	through:	

݃ିଵሿܨሾ	ܥ																																																								 ൌ 	  ூ	ௗ

ଶ	௩	∆	
											 	 																																						(8)	
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with	I	the	current,	v	the	scan	rate,	ΔV	the	potential	window	and	m	the	mass	of	the	film.		

Capacities	at	50	mVs‐1	were	found	close:	43.6	F·g‐1	and	41.9	F·g‐1	for	ERGO	and	HyRGO,	

respectively.	Fig.	6‐a	show	that	their	evolution	follows	opposite	paths:	while	ERGO	loses	

more	than	half	of	its	capacity	from	50	to	200	mVs‐1,	HyRGO	maintains	stable	and	even	

gain	20%	capacity	between	50	and	100	mVs‐1,	probably	associated	to	electrochemical	

activation.		

	

Fig.	5.	EQCM	results	for	ERGO	(a‐b)	and	HyRGO	(c‐d):	Current	density	(a,c),	and	mass	

variation	(b,d)	vs.	applied	potential.	Electrolyte	is	Na2SO4	0.5	M.	

Fig.	 6‐b	 presents	 the	 mass	 per	 electron	 (MPE)	 vs.	 the	 applied	 potential	 for	 cathodic	

currents	 at	 10	 mVs‐1.	 MPE	 is	 computed	 by	 a	 combination	 between	 current	 and	

gravimetric	results	through	this	relationship:	

ଵሿି݈݉.ሾ݃	ܧܲܯ															 ൌ ܨ	 ∆

∆
ൌ ܨ ∆

∆ா

∆ா

∆௧

∆௧

∆
ൌ

ி	ൣ.௦.షభ൧∙௩	ሾ.௦షభሿ

	ሾ.షమሿ
∙ ∆	ሾ.షమሿ

∆ா	ሾሿ
																		(9)	

MPE	 gives	 an	 idea	 about	 the	mean	molar	mass	 of	 species	 electroadsorbed	 during	 the	

charge	 compensation	 process.	 For	 ERGO,	 a	 |MPE|	 value	 between	 50	 and	 70	 g.mol‐1	 is	
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computed,	which	could	correspond	to	sodium	in	an	hydrated	form	or	simply	followed	by	

water	molecules	(Na+	+	2H2O:	59	g.mol‐1).	For	HyRGO,	this	value	is	slightly	higher,	it	varies	

between	60	and	120	g.mol‐1,	also	corresponding	to	sodium	and	water	molecules.		

	

Fig.	6.	(a)	Capacity	evolution	compared	to	scan	rate	and	(b)	Mass	per	Electron	(MPE)	

exchanged	as	a	function	of	potential,	at	10	mVs‐1,	calculated	from	cathodic	current,	in	

Na2SO4	0.5	M.	

Despite	 ERGO	and	HyRGO	have	 similar	 capacities,	 ERGO	 shows	 a	 slow	 charge	 storage	

behavior	while	HyRGO	 is	 quicker	 and	 has	 pseudo‐capacitance,	 probably	 related	 to	 its	

oxygen	and	nitrogen‐	functional	groups	identified	in	XPS.	MPE	has	evidenced	that	a	mix	

of	species	participates	the	charge	storage	mechanisms	in	both	rGO,	but	a	more	advanced	

technique	is	required	to	decipher	on	the	nature	of	these	species.	

3.3.	Ac‐electrogravimetry	

To	 go	 deeper	 in	 the	 understanding	 of	 the	 charge	 compensation	 mechanism,	 ac‐

electrogravimetric	experiments	were	conducted.	Ac‐electrogravimetry	is	a	combination	

of	 fast	 QCM	 and	 EIS	 which	 allows	 to	 discriminate	 the	 species	 that	 participate	 to	 the	

interfacial	charge	compensation	process.	Four	transfer	functions	(TF)	are	plotted	from	

the	 data	 acquisition:	 ΔE/ΔI(ω),	 Δq/ΔE(ω),	 Δm/ΔE(ω)	 and	Δm/Δq(ω).	 Complementary	

transfer	 functions	 are	 checked	 to	 improve	 the	 modeling	 precision,	 removing	 the	

contribution	of	one	cation	or	anion,	called	partial	transfer	functions	[41].		A	set	of	three	

parameters	needs	to	be	fitted	for	each	contributing	species:	(Mi,	Ki,	Gi)	with	Mi	being	the	

molar	mass	of	species	 i,	Ki	 its	kinetic	constant	and	Gi	 its	 thermodynamic	constant	(see	

Equation	(2)).	Results	of	this	fit	are	plotted	in	Fig.	7	for	‐0.5	V	vs	MSE,	and	additional	TF	

and	the	corresponding	fits	of	this	dataset	are	provided	in	Fig.	S6.			
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EIS	is	presented	in	Fig.	7a	and	a	zoom	on	the	response	at	high	frequency	is	provided	in	

Fig.	 S7.	 Electrolyte	 resistance,	 Rel,	 measured	 as	 the	 starting	 point	 of	 EIS,	 ie	 at	 high	

frequencies,	 is	measured	 at	 29	 Ω.cm2	 for	 HyRGO	 and	 14	 Ω.cm2	 for	 ERGO.	 The	 higher	

electrolyte	resistance	for	HyRGO	can	be	explained	by	its	hydrophobicity,	but	also	by	the	

higher	HyRGO	porosity.	Impedance	values	are	indeed	presented	in	Ω.cm²	and	computed	

with	 rGO	 geometric	 area	 (1	 cm²)	 but	 their	 developed	 area	 is	 different.	 Considering	 a	

higher	 developed	 area	 for	 HyRGO	 is	 therefore	 coherent	 with	 the	 higher	 measured	

electrolyte	resistance.	

Δq/ΔE(ω)	TFs	presented	in	Fig.	7b	show	two	different	behaviors:	while	ERGO	has	only	

one	 loop,	 HyRGO	 has	 two,	 indicating	 that	 at	 least	 two	 species	 participate	 the	 charge	

compensation	 processes	 with	 different	 kinetic	 constants.	 HyRGO’s	 second	 loop	 has	

maxima	at	10	mHz,	a	low	frequency	which	could	be	related	to	a	reversible	faradic	process.	

Looking	at	HyRGO’s	first	loop	gives	an	indication	about	the	total	capacity	of	this	material:	

as	its	diameter	is	larger	than	ERGO’s,	its	full	capacity	is	also	bigger.	This	is	coherent	with	

the	SEM	observations	where	HyRGO	seemed	to	have	more	porosity	than	ERGO.		

With	the	quantitative	ac‐electrogravimetry	fitting	presented	in	Fig.	7,	we	could	conclude	

that	two	cations	and	free	solvent	molecules	are	involved	in	ERGO	charge	compensation	

mechanism:	Na+.2H2O,	 Na+	 and	H2O,	 the	 latter	 accompanying	 the	 cations.	 For	HyRGO,	

Na+.2H2O	and	Na+	are	also	found	but	another	loop	appears	at	low	frequencies	in	Δq/ΔE(ω)	

TF	(Fig.	7b)	and	in	the	fourth	quadrant	of	Δm/ΔE(ω)	TF	(Fig.	7d).	These	loops	are	well	

fitted	with	H+	contribution	and	H2O	in	the	reverse	flux	direction.	We	tried	to	fit	with	anion	

OH‐	going	in	the	anion	direction	but	the	partial	derivative	did	not	match;	we	concluded	

that	H+	and	opposite	H2O	flux	are	happening	at	low	frequencies	in	this	HyRGO	layer.		
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Fig.	7.	Ac‐electrogravimetric	results,	experimental	(squares)	and	theoretical	(lines)	

curves.	Measurement	at	‐0.5	V	vs.	MSE	in	Na2SO4	0.5	M.	(a)	ΔE/ΔI(ω),	(b)	Δq/ΔE(ω),	(c)	

Δm/ΔE(ω)	of	ERGO	and	(d)	Δm/ΔE(ω)	of	HyRGO.	

Fig.	8a	presents	a	comparison	of	ac‐electrogravimetric	parameters	for	ERGO	and	HyRGO.	

Their	evolution	as	a	function	of	the	potential	is	given	in	Fig.	S9.	The	kinetic	parameter,	Ki,	

is	 higher	 for	 the	 cations	 in	 HyRGO	 compared	 to	 ERGO,	 in	 agreement	with	 the	 fastest	

kinetics	observed	in	Fig.	5.	Water	is	slower	in	HyRGO	than	ERGO,	but	it	is	also	going	in	

opposite	 direction:	 in	 HyRGO,	 water	 molecules	 flux	 is	 reverse	 to	 the	 cationic	 sense,	

explaining	why	they	are	slower	in	this	sample.	Comparing	the	ions	together,	the	fastest	

cation	is	always	the	hydrated	sodium,	in	agreement	with	our	previous	studies	[42,43].	Rti	

parameters	are	computed	from	the	Gi	parameter	following	‐1/(F.Gi),	F	being	the	Faraday	
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constant,	and	is	analogous	to	a	charge	transfer	resistance.	Rti	follows	Ki’s	tendency:	the	

higher	the	Ki,	the	lower	the	Rt.			

Fig.	8‐b	and	c	present	 the	evolution	of	 the	concentration	 for	each	 ions,	computed	with	

Equation	6.	It	shows	that	the	prominent	ions	are	not	the	fastest	ones;	Na+	is	indeed	the	

predominant	cation	for	ERGO,	and	H+	is	for	HyRGO.		

Thanks	 to	 this	 concentration	 variation	 computation,	 the	 classical	 gravimetric	 cyclic	

voltammetry	 could	be	 reconstructed	as	presented	 in	Fig.	 S8.	For	ERGO,	we	could	only	

perform	ac‐electrogravimetry	measurements	 at	 three	 different	 potentials	 because	 the	

sample	degrades	 too	quickly.	 For	HyRGO,	 the	data	 acquired	at	10	mVs‐1	 could	not	be	

reconstructed	but	1	mVs‐1	could.	Cycling	at	lower	scan	rates	involves	all	the	species	in	the	

charge	compensation	process,	including	the	slow	water	flux	and	therefore	allows	a	better	

fit	 with	 ac‐electrogravimetric	 results	 to	 be	 obtained.	 For	 both	 materials,	 the	 fitting	

obtained	 from	 experimental	 ac‐electrogravimetry	 agrees	 well	 with	 the	 former	 EQCM	

experiments.		
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Fig.	8.	(a)	Comparison	of	the	Ki	and	Ri	(‐1/(FGi))	parameters	for	ERGO	and	HyRGO	at	‐0.5	

V	vs	MSE.	Variation	of	concentrations	of	the	species	as	a	function	of	applied	potential	for	

(b)	ERGO	and	(c)	HyRGO.	

4.	Discussion	

SEM	observations	have	shown	that	ERGO	has	well‐ordered	graphene	layers.	Despite	its	

hydrophilicity,	 charge	 compensation	 mechanism	 is	 slow,	 as	 demonstrated	 by	 ac‐

electrogravimetric	measurements.	As	ERGO	was	tested	every	day	in	our	laboratory,	it	was	

found	unstable:	after	being	dried,	the	next	electrochemical	test	presented	low	current	and	

mass	responses,	probed	by	EQCM.	This	phenomena	is	attributed	to	π‐stacking	which	was	

already	observed	for	ERGO	materials	[11]	and	certainly	favored	by	the	good	alignment	of	

its	 graphene	 layers.	 Ions	 slowness	 in	 the	 charge	 compensation	 process	 could	 also	 be	
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caused	by	ERGO’s	morphology:	as	illustrated	in	Fig.	9‐a,	few	transversal	pores	caused	by	

the	well‐ordered	structure	leads	to	less	path	for	charge	compensation	process,	causing	

“traffic	 jam”	 in	 the	 layer.	Despite	having	 a	 lower	 electrical	 resistance	 as	 evidenced	by	

Raman	spectroscopy	(i.e.	weaker	I2G/ID,	I2G/ID+G	and	ID+G/ID	ratios	[32]),	ERGO	ions	storage	

is	 slow,	 evidencing	 for	 a	mechanistic	 issue	 rather	 than	 a	 chemical	 issue.	 Small	 pores,	

resulting	from	π‐stacking,	induce	few	bigger	ions	electroadsorbed,	as	shown	by	the	low	

concentration	of	Na+.2H2O	in	ERGO	in	Fig.	8c.	Smaller	ions	such	as	Na+	can	enter	the	small	

pores	but	are	slowed	down	by	the	low	transversal	pores	leading	through	the	ERGO	layer.	

Their	desolvation	also	costs	energy	and	time.	Free	water	molecules	are	slowly	electro‐

dragged	by	cations	as	already	observed	in	previous	works	[14,42].	

HyRGO	did	not	show	this	π‐stacking	stability	issue:	we	could	dry	it	and	test	it	as	many	

times	as	we	want,	the	same	current	and	mass	changes	were	obtained	at	every	cycle.	We	

believe	that	its	structure	can	explain	this	property:	bended	rigid	graphene	sheets	make	it	

less	easy	to	π‐stack	between	two	sheets.	The	presence	of	C=O	functions	could	also	reduce	

this	 tendency.	 The	more	 chaotic	 structure	 of	 this	 graphene	 sheets	 also	 creates	 bigger	

pores	and	more	pathways	for	ions,	explaining	the	fastest	speed	of	charge	compensation	

processes	 and	 the	highest	 concentration	of	 bigger	 ions	 (Fig.	 8b).	Ac‐electrogravimetry	

revealed	 that	 H+	 is	 electroadsorbed	 at	 the	 same	 time	 than	 water’s	 expulsion,	 at	 low	

frequencies.	This	oxonium	ion	dissociation	is	illustrated	in	Fig.	9b	and	could	be	explained	

by	two	reasons:	i)	the	main	chemical	difference	with	ERGO	is	the	highest	presence	of	C=O	

groups	at	the	surface	of	HyRGO	along	with	nitrogen	presence,	which	are	both	known	to	

belong	to	groups	reduced	with	the	help	of	H+	[39,40],	and	ii)	HyRGO’s	graphene	layers	

have	more	edges	than	ERGO,	which	could	be	sites	favoring	H3O+	dissociation	in	H+	and	

H2O.	H+	participation	 to	electrochemical	processes	 in	a	neutral	electrolyte	was	already	

observed	 in	previous	works;	H+	comes	 from	aqueous	electrolyte	and	 leads	 to	 local	pH	

changes	 [19,44].	 As	 for	 cation	 electron‐dragging,	 anionic	 electro‐dragging	 of	water	 as	

observed	in	this	sample	was	also	already	characterized	in	previous	studies	[45,46].	

	



21	
	

	

Fig.	9.	Proposed	electroadsorption	mechanisms	happening	in	ERGO	(a)	and	HyRGO	(b).	

5.	Conclusions	

In	this	work	two	reduction	methods	of	graphene	oxide	were	compared,	 leading	to	two	

different	reduced	graphene	oxide	materials.	Despite	its	hydrophilic	behavior,	ERGO	is	a	

slow	 capacitive	 material	 because	 of	 its	 high	 π‐stacking.	 In	 order	 to	 use	 it	 as	 a	

supercapacitive	electrode,	priority	number	one	is	to	fight	the	π‐stacking.	Many	ways	are	

already	on	work	such	as	nanopillars	or	solvent	exchange	[10,13,47].	The	second	priority	

is	 to	 create	 transversal	 pores.	 This	 can	 be	 done	 by	 rethinking	 the	 cell	 geometry	

(interdigitated	electrodes	allow	to	avoid	this	issue)	or	by	structuring	them	in	a	chemical	

or	physical	way.		

Charge	 storage	 in	HyRGO	 is	 faster,	 but	 even	with	 its	 high	 stability,	 its	 capacity	 is	 low	

compared	to	the	theoretical	value	for	graphene.	This	means	that	an	intrinsic	π‐stacking	is	

present	in	HyRGO,	happening	during	the	reduction	process.	Working	on	hydrophilicity	of	

such	materials	could	improve	their	performances,	besides	removing	the	dispersion	step	

in	an	organic	solvent.	This	can	be	done	by	increasing	the	pH	during	the	reduction	process	

[15].	 Another	 interesting	 feature	 is	 the	 electroadsorption	 of	 H+	 in	 the	 charge	

compensation	process,	even	in	neutral	electrolyte.	This	can	cause	issues	in	reactivity	and	

local	change	of	pH	which	could	be	detrimental	to	the	device	and	electrolyte	additives	but	

can	be	an	advantage	depending	on	the	application	aimed	at.	For	example,	a	low	local	pH	

can	favor	the	water	reduction	reaction	which	can	be	an	asset	for	water	electrolysis.	

Summarizing,	 rGOs	 are	 a	 family	 composed	 of	 different	 materials.	 Graphene	 Oxide	

reduction	 method	 should	 be	 carefully	 chosen	 accordingly	 to	 the	 desired	 properties.	

Studying	the	influence	of	the	starting	GO	material	and	especially	its	functional	groups	on	

the	 resulting	 rGO	 could	 be	 of	 high	 interest;	 such	 as	 the	 numerous	 possibilities	 for	 its	
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reduction,	 its	 fabrication	 process	 can	 also	 follow	 several	 synthetic	 routes	 [48].	 As	

demonstrated	in	this	study,	rGO	physico‐chemical	properties	have	a	high	impact	on	its	

electrochemical	behavior,	again	evidencing	 for	 the	high	sensitivity	of	carbon	materials	

surfaces	to	their	processing	conditions.		
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Fig.	S1.	Photographies	of	the	5‐MHz	spray‐coated	with	(a)	GO,	(b)	after	the	

electrochemical	reduction	of	GO	leading	to	ERGO	and	(c)	HyRGO.	

	

	

	

	

	

	

	

	

	

Fig.	S2.	Contact	angle	measurements	for	(a)	ERGO	and	(b)	HyRGO.	
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Fig.	S3.	XPS	survey	spectra	of	(a)	GO,	(b)	ERGO	and	(c)	HyRGO.	

	

Table	S1.	Comparison	between	the	ratio	of	C=O	and	C‐O	between	O1s	and	C1s	XPS	

deconvolutions.	
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Note	S1.	Computation	of	C=O/C‐O	ratio	for	HyRGO	in	Table	S1.		

These	computations	allow	to	deconvolute	the	contributions	of	C‐N	bonds	from	the	C	1s	

and	O	1s	spectra,	considering	that	their	information	are	hidden	in	C	1s	C‐O	contribution	

for	C‐N,	C	1s	and	O	1s	C=O	contribution	for	O‐C=N.	They	assume	that	all	the	N	coming	in	

the	sample	are	in	amide	form	because	they	come	from	the	NMP.		

Considering	that	3.2	at.%	N	is	present	in	the	sample	and	82.4	at.%	of	C,	the	ratio	between	

the	two	is	3.9	at.%.	Nitrogen	is	very	probably	present	as	amide	functions,	as	it	comes	from	

NMP.	This	means	that	every	N	atom	is	connected	to	3	C	atoms,	2	of	them	by	simple	bounds	

C‐N	and	one	of	them	in	the	amide	group,	O=C‐N.	With	a	ratio	N/C	of	3.9	at.%,	11.7	at.%	of	

C‐N	bounds	should	be	found	in	C	1s	spectra,	7.8	at.%	of	them	being	simple	C‐N	and		3.9	

at.%	in	amide	form.	For	the	computation	of	C=O/C‐O	in	HyRGO	C	1s	we	used:	

ܥ ൌ %.ݐܽ	ܱ
ܥ െ %.ݐܽ	ܱ

ൌ 	
ܥ ൌ ܱ		ሺ10.7	ܽ%.ݐ	݉ݎ݂	ݏ1ܥሻ 		െ 	ܱ ൌ ܥ െ ܰ		ሺ3.9	ܽ%.ݐ	݉ݎ݂	݊݅ݐ݂ܽܿ݅݅ݐ݊ܽݑݍሻ	
ܥ െ ܱ	ሺ14.9		ܽ%.ݐ	݉ݎ݂	ݏ1ܥሻ 		െ ܥ		 െ ܰ	ሺ7.8	ܽ%.ݐ	݉ݎ݂	ݕ݁ݒݎݑݏ	ܽݎݐܿ݁ݏሻ

	

N/O	ratio	is	22	at.%	from	global	XPS	quantification.	Assuming	that	all	the	N	atoms	are	in	

amide	groups,	this	is	the	theoretical	ratio	of	amide	groups	to	find	in	O	1s	spectra.	In	the	

same	way	as	C	1s,	C=O/C‐O	ratio	in	HyRGO	O	1s	was	computed	through:	

ܥ ൌ %.ݐܽ	ܱ
ܥ െ %.ݐܽ	ܱ

ൌ 	
ܥ ൌ ܱ		ሺ62.8	ܽ%.ݐ	݉ݎ݂	ݏ1ܱሻ 		െ 	ܱ ൌ ܥ െ ܰ		ሺ22	ܽ%.ݐ	݉ݎ݂	݊݅ݐ݂ܽܿ݅݅ݐ݊ܽݑݍሻ	

ܥ െ ܱ	ሺ37.2	ܽ%.ݐ	݉ݎ݂	ݏ1ܱሻ		
	

	

Table	S2.	Peak	positions	used	for	the	deconvolution	of	O1s	and	C1s	spectra.	
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Fig.	S4.	EQCM	with	frequency	and	half	width	at	half	maximum	(HWHM,	Γ)	measured	for	

ERGO	(a,c)	and	HyRGO	(b,d).	(a‐b)	Current	(yellow)	and	E	(blue)	and	(c‐d)	Δf	(blue)	and	

ΔΓ	(red)	vs.	time.	CV	is	performed	in	Na2SO4	0.5	M	at	10	mVs‐1	

	

Fig.	S5.	Cyclic	voltammograms	at	50	mVs‐1	of	ERGO	and	HyRGO	in	0.5	M	Na2SO4	
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Fig.	S6.	Complete	dataset	for	the	fitting	of	(a‐d)	ERGO	and	(d‐g)	HyRGO	at	‐0.5	V	vs	MSE.	

For	ERGO,	 cation	1	 is	Na+.2H2O	with	Kc1=3.14·10‐5	 cm.s‐1,	Gc1=6.28·10‐9	mol.cm‐2.s‐1.V‐1,	

cation	2	is	Na+,	with	Kc2=6.28·10‐6	cm.s‐1,	Gc2=5.65·10‐9	mol.cm‐2.s‐1.V‐1,	solvent	is	H2O	with	

Ks=9.42·10‐6	 cm.s‐1,	 Gs=9.42·10‐9	mol.cm‐2.s‐1.V‐1.	 For	HyRGO,	 cation	1	 is	Na+.2H2O	with	

Kc1=5.57·10‐4	cm.s‐1,	Gc1=4.45·10‐7	mol.cm‐2.s‐1.V‐1,	cation	2	is	Na+,	with	Kc2=4.33·10‐5	cm.s‐

1,	 Gc2=2.17·10‐8	mol.cm‐2.s‐1.V‐1,	 cation	 3	 is	 H+	 with	 Kc3=1.24·10‐6	 cm.s‐1,	 Gc3=2.17·10‐9	

mol.cm‐2.s‐1.V‐1,	and	solvent	is	water	with	Ks=3.71·10‐6	cm.s‐1,	Gs=‐5.57·10‐9	mol.cm‐2.s‐1.V‐

1.	
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Fig.	S7.	EIS	experimental	and	theoretical	curves	and	a	zoom	at	higher	frequency	portion	
of	the	Nyquist	plot	for	ERGO	(blue)	and	HyRGO	(green)	in	0.5	M	Na2SO4.	

		

	

Fig.	S8.	Experimental	m	(wt.	%)	curves	from	EQCM	and	the	reconstructed	total	mass	

response	using	ac‐electrogravimetry	results	for	(a)	ERGO	and	(b)	HyRGO.	
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Fig.	S9.	Evolution	of	Ki	and	Ri	parameters	as	a	function	of	the	applied	potential.	For	(a,c)	

ERGO	and	(b,d)	HyRGO.	

	


