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The mechanisms behind enhanced charge storage of P-functionalized carbons are unraveled for the first
time using non-porous graphene oxide treated with phosphoric acid and annealed at either 400 or 800
°C. The electrochemical study in 1 M H,SO4 reveals that phosphorus groups boost charge storage and
electrochemical stability, with more effect for the higher annealing temperature. Annealing at 800 °C also
leads to the material withstanding 60,000 charge-discharge cycles with no capacitance loss at 1.5 V. The
improvement in the electrochemical performance is shown to be mainly governed by the change in sur-
face chemistry comprehensively studied with NMR, FTIR and XPS characterization techniques. The collec-
tive analysis of electrochemical response and surface chemistry demonstrates that enhanced charge stor-
age by phosphorus-functionalized graphene materials is made possible due to the following synergistic
mechanisms: i) non-Faradaic charging; ii) nascent hydrogen storage in the interlayer; iii) benzoquinone-
to-hydroquinone redox processes; iv) phosphate-to-phosphonate like transformation. From the practical
perspective, the stored charge can be boosted due to the higher capacitance upon prior electrochemi-
cal activation in the vicinity of oxygen evolution potential and the wider usable electrochemical window
enabled by phosphorus-related groups.

© 2020 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Supercapacitors are energy storage devices filling the gap be-
tween dielectric capacitors and batteries in terms of power and
energy density. The energy is physically stored at the electrode-
electrolyte interface by the formation of an electric double layer
(EDL) or by fast redox reactions on the electrode surface (pseudo-
capacitance) virtually mimicking the electrochemical signature of
an EDL. Consequently, the charge and discharge can proceed very
quickly ensuring high power densities and long cycling stability
[1-3]. Nevertheless, the low energy density stored, compared with
that of batteries, calls for future research in new electrode materi-
als and electrolytes.

In the last decade, graphene has emerged as a promising candi-
date to replace activated carbons in supercapacitors due to its large
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theoretical specific surface area (2630 m2g-1), outstanding elec-
tronic properties and superior mechanical strength [4-6]. However,
bulk graphene and related materials (GRMs) tend to restack due to
strong cooperative interlayer Van der Waals interactions, detrimen-
tally to specific surface area. Apart from it, large-scale production
of ideal monolayer graphene is still challenging due to the lack of
cost-effective processing methods. For this reason, graphene oxide
(GO) and derived materials, which can be easily obtained in large
quantities by Hummers’ method, have been majorly employed by
the scientific community as a more viable alternative. In contrast
with graphene, GO presents structural defects and a large amount
of oxygen functional groups, which negatively affect the promising
features of this material. Nevertheless, thanks to the rich chem-
istry of hydroxyl, carboxyl, and epoxy groups, the properties of GO
can be tuned through the covalent attachment of functional groups
to its surface. Furthermore, electronic properties can be further
improved by the reduction of GO to rGO via thermal or chem-
ical treatment. Heteroatom functionalization has been demon-
strated to be a powerful method for enhancing the electrochemical

0013-4686/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.electacta.2020.136985
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2020.136985&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dcarriazo@cicenergigune.com
https://doi.org/10.1016/j.electacta.2020.136985
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 G. Moreno-Ferndndez, J.L. Gbmez-Urbano and M. Enterria et al./Electrochimica Acta 361 (2020) 136985

performance of GRMs, which does not interfere with large-scale
production since GO can be used as the starting material. In fact,
nitrogen (N), sulfur (S), boron (B) and oxygen (O) functionalization
has been extensively demonstrated to enhance capacitive perfor-
mance due to the improved electronic properties, fast redox reac-
tions and better electrode wetting [7-10].

More specifically, the introduction of phosphorus heteroatoms
can lead to improved charge storage due to the additional pseudo-
capacitive component alongside the electric double layer. Phos-
phorus also shows electron-donor characteristics and enhances the
carrier density, i.e. an exceptionally high electrical conductivity
[11]. Moreover, P-functionalization has been demonstrated to ex-
tend the practical potential window in aqueous electrolytes above
the theoretical stability range of water (1.23 V). This fact was firstly
demonstrated by Hulicova et al. in 2009 [12] who reported on P-
rich carbons with a stable operation above 1.3 V. The effect of
P-functionalization on the stability window was further corrob-
orated by other research groups, concluding on a stable opera-
tion potential window of 1.4 and even 1.5 V in H,SO4 [13-17]. All
those phenomena enabled supercapacitor energy densities as high
as 44 and 59 Wh Kg~! for P-functionalized carbons in aqueous
(HpSO4) electrolytes, accompanied with stable cycle life and rate
response [18,19]. Nevertheless, the mechanisms behind this behav-
ior have not been yet clarified. Some studies suggest enhanced
electro-oxidation resistance of the carbon-based electrode induced
by phosphorus groups [20,21], others hypothesize the blocking of
active sites of oxidation-susceptible functionalities [22,23], and also
reversible hydrogen storage [24].

In this paper, we aim at shedding more light on the syn-
ergistic mechanisms behind the electrochemical performance of
phosphorus-functionalized materials. To this end, the chemical
state of phosphorus surface groups on graphene-based materi-
als was varied by treating GO impregnated in phosphoric acid at
two different temperatures (400 and 800 °C). The role played by
temperature in the microstructure and surface chemistry was ex-
plored and correlated with the electrochemical performance. The
improved charge storage observed for the electrode functionalized
at high-temperature has been carefully studied in order to under-
stand the origin of the wider potential window, higher specific ca-
pacitance and fast rate response as well as the excellent cycling
stability of cells operating at 1.5 V in aqueous 1 M H,S04.

2. Experimental
2.1. Sample preparation

Phosphorus-functionalized graphene oxide was obtained by
adding 200 pL of phosphoric acid to 50 ml of commercial graphene
oxide (GO) (4 mg mL~!, Graphenea) and stirring until homogeniza-
tion. Then, the mixture was transferred into a closed recipient to
an oven at 80 °C for 18 h to succeed the hydrothermal condensa-
tion. A subsequent freeze/freeze-drying process was carried out for
3 days to obtain the dry material (hereafter denoted as GO-P). In
order to study the modification of the surface chemistry with the
temperature, GO-P was thermally treated at 400 and 800 °C for
1 h in a tubular oven under dynamic argon flow (70 mL min~1).
As-obtained samples were denoted as GO-P-R400 and GO-P-R800,
respectively.

For the sake of comparison, reduced graphene oxide samples
(GO-R400 and GO-R800) were also prepared following the same
route but in the absence of phosphoric acid.

2.2. Physicochemical characterization

The morphological characterization of GRMs was performed
by Scanning Electron Microscopy (SEM) using a FEI Quanta250

microscope operating at 30 kV. Nitrogen adsorption-desorption
isotherms at —196 °C of the GRMs in powder and the processed
electrodes were measured using ASAP2460 instrument from Mi-
cromeritics. Prior to the analysis, GRM powders or electrodes were
outgassed under vacuum at 250 °C for 12 h or 110 °C for 16 h, re-
spectively. The specific surface area (Sger) was calculated according
to the Brunauer-Emmett-Teller (BET) method and 2D-NLDFT from
the nitrogen isotherms. The ultramicroporosity of the samples was
studied by CO, adsorption isotherms at 0 °C using ASAP2020 ad-
sorption analyzers (Micromeritics). The ultramicropore surface area
(Spr) was calculated by applying the Dubinin-Radushkevich (DR)
method to the CO, isotherms in the relative pressure range of DR
graph linearity between 10> and 0.03. Thermogravimetric analy-
sis was performed to study thermal stability using a TG209 F1 Li-
bra equipment in air atmosphere with a heating rate of 5 °C min~!
from RT to 900 °C. Solid state NMR experiments were performed
using a WB500Hz spectrometer equipped with a 2.5 mm magic
angle spinning (MAS) probe. The MAS frequency used in all cases
was set to 20 kHz and experiments were collected at room tem-
perature. 3P NMR spectra were acquired using single pulse exper-
iments with a recycling delay of 6 s and a 7/2 excitation pulse of
2.5 ps. 13C NMR spectra were acquired using rotor synchronized
echo experiments and a recycling delay of 15 s. Attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectrophotome-
try (Spectrum 400 DTGS PERKIN-ELMER) was performed to ana-
lyze the chemical bonds of the samples. Prior to the analysis the
sample chamber was flushed with Ar gas for several hours. Spec-
tra were measured using a wave number between 400 and 4500
cm~!. X-ray Photoelectron Spectra were recorded using a Phoibos
150 XPS spectrometer (SPECS Surface Nano Analysis) installed in a
UHV chamber with a base pressure of 10~10 mbar.

2.3. Electrode preparation, cell assembling and electrochemical
characterization

The graphene-based powder was mixed with Super P C-65
(Imerys Graphite & Carbon) conductive carbon and polytetrafluoro-
ethylene (PTFE) binder in a mass ratio of 85:10:5 in the pres-
ence of ethanol. Circle-shaped electrodes of 10 mm in diameter
were prepared by applying a pressure of 0.5 Ton for 1 min. Elec-
trode masses of ca. 7, 8, 13 and 10 mg and thickness of ca. 196,
431, 152 and 317 pm were measured for GO-R400, GO-R800, GO-
P-R400 and GO-P-R800, respectively. The apparent density of the
processed electrodes was calculated by weighing and measuring
their dimensions upon drying at 120 °C for 12 h in vacuum.

The electrochemical performance in the aqueous electrolyte
(1 M H,S04) was studied in a three-electrode Swagelok-type T-cell.
As-prepared graphene-based electrodes were used as the work-
ing electrode, while oversized Norit and Hg/Hg,SO,4 (K,SO4 sat.)
as the counter and reference electrodes, respectively. Two stain-
less steel rods were used as the current collectors. Electrochemical
impedance spectroscopy (EIS) (signal amplitude 10 mV, frequency
range 1 MHz-10 mHz), cyclic voltammetry (CV) (at the scan rates
of 5-100 mVs~1) and galvanostatic charge-discharge (GV) measure-
ments (at the current densities of 0.2-40 mA g—!) were performed
using a multichannel VMP3 generator from Biologic.

The specific capacitance (Fg~1) was calculated from the CV ex-
periments according to the formula:

_ [i-dE
G= f /(Vscan rate - AE - Mgcr)
and from the discharge galvanostatic plots at different current den-
sities, following the equation:
It
G =C )/(AE et

where i is the instant current, E is the instant working poten-
tial, I is the current density, t is the discharge time, AE is the
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Fig. 1. SEM images of: (a) GO-R400, (b) GO-R800, (c) GO-P-R400 and (d) GO-P-R800.

working potential range once the total resistance drop is sub-
tracted and my is the mass of active material in a single electrode.
The same equation was applied for the electrode capacitance in the
symmetric cells built to evaluate the energy and power densities
by adopting electrode potential AE to be half the cell potential V.

Energy W (Wh kg~1) and power P (W kg~!) densities were cal-
culated for symmetric two-electrode cells according to the follow-
ing equations:

W= l/3.6<1/8Cs  (Vinax — Vrﬁm))

where Vpgx and V ;, the maximum and the minimum of the cell
potential in two electrode symmetric cells.

3. Results and discussion

The morphology and microstructure of the GRMs were evalu-
ated by SEM imaging. As can be noted in Fig. 1, no significant
morphological changes are observed between GO-R400 and GO-
R800 samples (Fig. 1a and Fig. 1b, respectively), which maintain
the pristine porous network of GO (Figure S1). By contrast, the
phosphorus-containing samples show a more crumpled and wrin-
kled framework. Specifically, GO-P-R400 (Fig. 1c) graphene sheets
seem to restack, forming a dense agglomerate while GO-P-R800
(Fig. 1d) shows a slightly less aggregated structure due to the
release of some functional groups as gas evolved at the higher
temperature. The surface elemental composition was evaluated by
Energy-dispersive X-ray spectrometry (EDX) (Table 1). It seems that
both O and P content decreases upon rising temperature.

Solid state NMR experiments were performed in order to char-
acterize the nature of the functional groups in the as-synthetized
and thermally treated graphene-based materials. Fig. 2a shows the
13C NMR spectra of both carbon precursors GO and GO-P evidenc-
ing that the surface of pristine GO is rich in alcoholic and epoxy-
like groups (C—OH and C-0-C). Main signals in the spectra and cor-

responding functional groups are in good agreement with previ-
ously reported publications for GRMs [25,26]. The absence of the
signals assigned to C-O bonds in the spectra of GO-P sample re-
veals that the addition of phosphoric acid to graphene oxide re-
sults in the depletion of these oxygen functionalities from the sur-
face of the material [22]. The 3!P solid state NMR spectrum of the
GO-P sample is shown in Fig. 2b together with the spectra ob-
tained for the thermally treated samples (GO-P-R400 and GO-P-
R800). The 3P NMR spectrum of GO-P is characterized by a broad
signal whereas the much sharper signals of the GO-P-R400 and
GO-P-R800 indicate the presence of more defined and homoge-
neous surface chemistry. The area of the 3'P NMR signals is also
drastically reduced upon temperature treatment (Figure S3), there-
fore indicating that elemental phosphoric acid and a large phos-
phate population weakly bound to the material surface is removed
by the temperature treatment and that the remaining P-based
functional groups are more homogeneous in nature. The dominant
signal around O ppm in Fig. 2b can be ascribed to elemental phos-
phoric acid and phosphate-like functional groups, i.e., phosphorus
bound to four oxygen atoms with a C-O-P = O bond structure [27-
29]. This signal is observed in the spectra of the three materials re-
gardless of the annealing temperature. The second peak at 30 ppm
defined in the carbon treated at 800 °C (GO-P-R800) can be as-
signed to phosphonate groups, i.e., groups with a C-P = O bond
structure [30].

FTIR characterization (Fig. 3) further confirms the phosphorus
groups assigned in each sample by NMR. The characteristic absorp-
tion peaks observed for the samples annealed at 400 °C are shown
in Fig. 3a. The peak at 3545 cm~! is attributed to the stretch-
ing vibration of O-H or the trapped water [31-33], evidencing the
highly hygroscopic behavior of GO-P-R400 compared to GO-R400.
The peaks of GO-R400 registered at 1740, 1580 and 1209 cm~! cor-
respond to C = O, C = C and C-O-C stretching vibration, respec-
tively [32,33]. Upon functionalization (GO-P-R400) C = O stretching
vibration is shifted to 1800 cm~! due to the lower involvement of
carboxylic acids in hydrogen bonding [33]. New peaks appearing
at 588, 950 and 1110 cm~! correspond to in-plane deformation,
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Table 1

Elemental composition obtained from EDX and XPS and textural parameters obtained from N, adsorption-
desorption isotherms at —196 °C of the processed electrodes.

EDX XPS N,

@ 0% P(%) %) 0°(%) P (%) Spr(m’g!) Spr (mg)
GO-R400 88 12 - - - - 28 30
GO-R800 92 8 - - - - 58 61
GO-P-R400 63 28 9 46 42 10 4 4
GO-P-R800 87 7 6 74 17 3 9 6

2 Carbon, Oxygen and phosphorus content (at.%) obtained by EDX.
b Carbon, Oxygen and Phosphorus surface content (at.%) obtained by XPS.

a C-0-C
C-OH

GO

c-0-C GO-P

200 180 160 140 120 100 80 60 40 20 0
13C chemical shift /ppm

b on

v
A Phosphate: C»O-IP:O

™ OH
e S GO-P
| OH
“ Phosphate: C-O-'P=0
OH
GO-P-R400
OH OH
* Phosphonate: C-P=0 ¢ Phosphate: C-0-P=0
OH */ \ OH

GO-P-R800

300 250 200 150 100 50 0 -50 -100 -150 -200 -250 -300

31p chemical shift/ppm

Fig. 2. 3C Solid state NMR spectra of the pristine carbon precursors GO and GO-P
(a) and 3'P Solid state NMR spectra of the noted P-functionalized graphene-based
materials (b).

symmetric bridge and asymmetric bridge vibrations of phosphate
groups, respectively. The band at 1417 cm~! may also be related to
phosphoric acid groups and the band at 1640 cm~! corresponds to
the P-O bond [31,33]. Fig. 3b reveals the characteristic absorption
peaks observed for the samples annealed at 800 °C. The stretching
vibration of the C = O bond in GO-R800 disappears, confirming the
successful reduction process. The peaks at 1099 and 1580 cm~! can
be assigned to the stretching vibration of C-O and C = C, respec-
tively [32]. The spectrum of GO-P-R800 reveals that the treatment
with phosphorus at higher temperatures shifts the C = C vibration
to 1540 cm~! and that P-O, Cring-P and P = O overlap in a broad
peak centered at 1172 cm~! [32,33].

The XPS analysis of the functionalized materials (Fig. 3¢ and
d) confirms the presence of phosphorus (Table 1) and suggests
the chemical state of phosphorus groups in both GO-P-R400 and
GO-P-R800. For a better assignment of the different type of bond-
ing in phosphorus functionalities, GO-R400 was impregnated with
H3PO,4 and measured in the same conditions as the reference. A
careful calibration of the spectra was carried out by setting C = C
at 284.4 eV after Cls deconvolution applying the method of Kov-
tun et al. [34], as detailed in the SI file (Figure S4a). The signal
at ~135.0 eV, observed in the P2p core level spectra (Fig. 3¢), was
ascribed to the H-O-P groups in free phosphoric acid on the sur-
face of the reference material. The centroid of the P2p signal shifts
gradually to lower binding energies as the temperature of the
treatment increases [35]. Such displacement reveals the presence
of phosphorus species covalently bonded to the carbon atoms in
graphene, either by oxygen bridges (C-O-P, phosphates) or via di-
rect bonding (C-P, phosphonates). The presence of free phosphates
on the surface of GO-P-R400 sample is confirmed by a P2p;, sig-
nal centered at ~134.6 eV, while the decrease in the binding en-
ergy to ~133.4 eV in GO-P-R800 reveals the formation of C-O-P
type phosphates linked to carbon atoms [35,36]. This trend is con-
firmed by further analysis of the O1s region (Fig. 3d) where the
centroid observed in the reference sample at ~ 533.5 eV is dis-
placed to 532.2 eV for GO-R800 material. Hence, the contribution
of P = O bonds to the XPS signal envelope shifts to lower binding
energies as the chemical oxidation of phosphorus decreases.

Textural properties of the synthetized GRMs were studied by
N, adsorption/desorption at —196 °C and CO, adsorption at 0 °C.
The nitrogen adsorption isotherms (Figure S5a) of GO-R400 and
GO-R800 correspond to a mixture of Il and IV type [37]. A no-
ticeable reduction in the adsorption capacity of N, is detected af-
ter P-functionalization for GO-P-R400 and GO-P-R800, which in-
dicates a less developed porosity, likely resulting from micropore
clogging with P-functional groups and the restacking of graphene
sheets [24]. The ultramicroporosity was studied by CO, adsorption
(Figure S5b) to further confirm this hypothesis. Thus, the lower
CO, uptake for GO-P-R800 compared to GO-R800 supports the lat-
ter assumption. After electrode processing (Fig. 4a) the volume of
adsorbed N, is reduced due to the higher restacking of graphene
sheets upon pressing, and also the collapse of some pores with the
PTFE binder. The specific surface area (SSA) increases with temper-
ature and the absence of P-functionalization, but is in all cases low
(Table 1), suggesting that all the materials are mostly non-porous.
The cumulative pore volume (Fig. 4b) reveals a continuous pore
size distribution with pores mainly in the mesopore range and is
broader for the non-functionalized electrodes. Nevertheless, these
values should just be taken as reference because they can signif-
icantly differ from the electrochemically active surface for GRMs
[38]. Specifically, polar aqueous electrolytes can seep into the inter-
layer of rGO-derived graphene functionalized with polar moieties,
making the surface of functionalized graphene layers available for
electrochemical charge storage by both non-Faradaic and Faradaic



G. Moreno-Ferndndez, ].L. Gmez-Urbano and M. Enterria et al./Electrochimica Acta 361 (2020) 136985 5

' ' ' 1580 cm”
a ; 15 c=C
= Tem: 1 qo00mm’
© |GOR400 ! =0 ic-0-C
o , 1
(&) ! H
C H 1
8 ; 1800cm™: ¥ ¢
T |eo-PRaco! co L,
© | 35450m’; iy h' : -
= i ; 1640 cm™ ! phosphate
' iR B
4000 3000 2000 1000
wave number (cm™)
C
H-O-P C-O-P C-P
’5.\ >
]
=
= |GO-R + H3PO4
& |GO-P-R400
S |GO-P-R800
142 140 138 136 134 132 130

Binding Energy (eV)

128

b . 1099 cm!
= 1580 cm™  c-0
T | GO-R800 E
o WWMWWWWWMWM
(&) ! '
c !
8 1640 cm™
'S | GO-P-R800 PO ! :
[ Wrw.w'.l'/v'kl*vwrwww“wﬂv'-‘fw-w w /"“\i‘jf""?"w
© :*b.v'/ g
— 1540 ¢m'' 1172 cm”!
c=C . P-O, P=0
E Cnng'P
4000 3000 2000 1000
wave number (cm™)
H-0-P=0 C-0-P=0 C-P=0
'5 >
=,
2
‘»
[ =
L
£
542 540 538 536 534 532 530 528 526

Binding Energy (eV)

Fig. 3. FTIR spectra GO-R400, GO-P-R400 (a) and GO-R800, GO-P-R800 (b). P2p (c) and O1S (d) high-resolution XPS spectra for GO-P-R400, GO-P-R800 and reduced graphene
oxide impregnated with phosphoric acid (used as reference). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

- a

| —e— GO-R400
—o— GO-P-R400

| —— GO-R800

| —— GO-P-R800

0.20
b -
E AT
018} . 60-R400 £
—o— GO-P-R400 A
0.12 F —a— GO-R800 .S

—a— GO-P-R800
0.08 * -

0.04 .

0'000 5 10 15 20 25 30

Pore width (nm)

] 1
Cumulative pore volume/ cc.g

Fig. 4. (a) Nitrogen Adsorption/desorption isotherms at —196 °C for the processed electrodes and (b) cumulative pore volume derived by 2D-NLDFT.

mechanisms. However, this surface is inaccessible for detection in
the vacuum-dried materials used in gas adsorption analysis.

The apparent density measured for the electrodes made out
of GO-R400, GO-R800, GO-P-R400 and GO-P-R800 was 0.46, 0.24,
1.09 and 0.40 g cm~3, respectively. From these values, it can be
stated that the apparent density decreases on increasing the tem-
perature due to the removal of oxygen functionalities and in-
creases upon the addition of phosphorus due to the higher weight
of this element. An interesting feature is that the density of
the P-functionalized samples is around twice that of the non-
functionalized; 0.53 vs 1.07 g cm~3 for carbons reduced at 400 °C
and 0.21 vs 0.47 g cm~3 for those reduced at 800 °C. Furthermore,

the density of GO-P-R400 (1.07 g cm~3) is higher than that typi-
cally reported for activated carbons (0.5-0.7 g cm3) [39,40].

The electrochemical performance of these materials was firstly
evaluated in the three-electrode cell configuration using 1 M
H,S04 as aqueous electrolyte. Impedance spectroscopy (Figure S6)
shows an almost ideal capacitive behavior for all the samples. The
close-up of the high-frequency region (Figure S6-inset) points to
the low ESR values for the four materials and the absence of any
semicircle, which is commonly associated with an insulating layer
on the current collectors [41,42]. The no-semicircle spectra also in-
dicate no corrosion issues with the selected current collectors in
the aggressive acidic electrolyte. At the medium-to-low frequency
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region, the samples reduced at 400 °C show a less vertical capac-
itive line than those reduced at 800 °C. This is mainly due to the
higher amount of poorly conductive surface groups anchored to the
graphene layers at the lower annealing temperature, which makes
capacitance more disperse because of the less homogeneous elec-
trode. Apart from it, for both temperatures the corresponding P-
functionalized material displays more vertical lines, meaning better
capacitive features.

Cyclic voltammetry was first conducted to establish the operat-
ing voltage window for each graphene-based electrode using pre-
viously reported criteria [43]. The thus-obtained voltammograms
were analyzed using the E-pH Pourbaix diagram of water with
respect to the thermodynamic values for oxygen and dihydrogen
evolution in 1 M H,SO4 [44] (Fig. 5).

GO-R800 (Fig. 5a) displays a noticeable increase in the positive
current for potentials above 0.35 V and a decrease in the negative
current for potentials below —0.65 V (red voltammogram and red
arrows), which indicates oxygen and dihydrogen evolution, respec-
tively. The stability potential window of GO-R800 was therefore
limited to —0.65 to 0.35 V (le AEGO-RSOO =1.0 V) which is below
the thermodynamic stability of water (1.23 V). Since the experi-
mental and thermodynamic values for dihydrogen evolution poten-
tial in GO-R800 coincide (Fig. 5a), the narrow potential range of
this electrode is ascribed to its high reactivity at lower potential
than thermodynamic oxygen evolution. By contrast, the stability
potential window is extended to AEgg.p.rgoo =1.5 V for the phos-
phorus containing GO-P-R800 sample (Fig. 5b), since the experi-
mental negative decomposition limit is shifted to —0.95 V, well be-
low the thermodynamic dihydrogen evolution potential, while the
positive decomposition limit is displaced to 0.55 V (green voltam-
mogram and green arrows).

A close examination of Fig. 5b reveals that the shape of CV
profiles varies significantly depending on the limits of the poten-
tial window. Specifically, the potential window between —0.8 and
0.25 V (black voltammogram) leads to the redox peak at —0.1 V
being barely noticeable even though (pseudo)capacitive storage is
quite important. In contrast, when the potential excursion is ex-
tended between —0.95 and 0.55 V (green voltammogram), the re-
dox peaks at —0.1 V become more prominent and the capacitance
is boosted from 72 F g~! to 128 F g~!. In addition, the widen-
ing of the operational window reveals an additional redox peak
(ca. —0.9 V) farther beyond the thermodynamic dihydrogen evolu-
tion potential (—0.65 V). Similar results were obtained for the sam-
ples reduced at 400 °C (AEgo-rago =1.2 V and AEgo.p.ra00 =1.5 V).
However, surprisingly the additional peak at —0.9 V is not ob-
served for GO-P-R400 (Figure S7).

To better understand the electrochemical response of GO-P-
R800, a separate experiment (Fig. 6) was conducted where the
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Fig. 6. Cyclic voltammograms recorded at 5 mV s~! in various voltage ranges for
GO-P-R800.

freshly made working electrode was first subjected to cycling be-
tween —0.95 V and 0.2 V, subsequently between —0.6 V and
0.55 V, and finally between —0.95 V and 0.55 V. The first cy-
cling (black curve) was deliberately limited to 0.2 V so as to pre-
vent any oxidation of the material and/or oxygen evolution. Nega-
tive polarization reveals a wide wave for potentials below —0.6 V
with a subsequent positive polarization hump at about —0.5 V.
The curve obtained in the second cycling (red curve) yields an al-
most square shape with a slight redox activity around —0.1 V that
alludes to a transformation akin to that of benzoquinone to hy-
droquinone[22,43,44]. The widening of the working potential from
—0.95 to 0.55 V (blue curve) not only promotes an intense redox
activity of quinones (—0.1 V) but also leads to an additional redox
peak at —0.90 V. The wider electrochemical window is typically
displayed by ultramicroporous carbons where the weak chemisorp-
tion of atomic (nascent) hydrogen in small pores results in Hy
evolution overpotential [45]. By contrast, our work suggests this
phenomenon to occur for GO-P-R800, which is non-porous prior
to electrochemical tests. In addition to nascent hydrogen storage,
the negative shift in dihydrogen evolution can, at least partially, be
related to the involvement of protons in the conversion of phos-
phates to phosphonates according to:

-CH,PO4 + 2H* + 2e~ = -CH,PO3 + H,0

This assumption is based on the redox peak at —0.9 V in the
CVs of GO-P-R800 which coincides with the standard reduction
potential of the analogous inorganic reaction H3PO4 + 2H* + 2e
= H3PO; + H,0 (E= —0.28 V or —0.93 V vs Hg/Hg,S0,[46],
See Supporting Information). It is also possible that the conver-
sion to phosphonates is promoted at more positive potentials than
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Fig. 7. (a) Cyclic voltammograms recorded at 5 mV s~ showing gravimetric specific capacitance and (b) dependence of the gravimetric specific capacitance on the scan rate.

Table 2

Working potential window (AE), gravimetric capacitance (C), volumetric capaci-
tance (Cy), capacitance retention at 100 mV s~! (Cegention) and capacitance retention
after 60,000 cycles at 10 A g7' (Ceycling)-

AE(V) C(Fg!') G (Fam3)  Cgetention (%)  Ceyciing (%)
GO-R400 1.2 47 21 45 —
GO-R800 1.0 17 4 83 —
GO-P-R400 1.5 51 56 65 121
GO-P-R800 1.5 115 46 100 105

predicted (—0.93 V) using the above inorganic reaction of H3POy4 as
a reference. Thus, the not mutually exclusive mechanisms for dihy-
drogen are envisioned to be nascent hydrogen storage (< —0.65 V)
and conversion of phosphates to phosphonates (< —0.93 V). In
practical terms, Figs. 5 and 6 reveal that GO-P-R800 in 1 M H;S04
can be more useful than GO-R800 for energy storage because of its
higher capacitance/pseudocapacitance and the wider electrochem-
ical stability window.

The comparison of the voltammograms of all the GRMs (Fig. 7a)
points out that the phosphorus-containing samples display a wider
stability potential window while the dramatic enhancement of
specific capacitance occurs for GO-P-R800. For the phosphorus-free
samples, the higher specific capacitance of GO-R400 (47 F g 1)
vs GO-R800 (17 F g~1) can be ascribed to its higher concentra-
tion of reversible redox-active quinone/ hydroquinone groups[43].
These redox peaks became intensified for GO-P-R400, although
similar gravimetric capacitance to GO-R400 (about ~50 F g1) is
found at low scan rates. Nevertheless, GO-P-R400 clearly overper-
forms GO-R400 at higher scan rates (Fig. 7b and Table 2), mostly
due to the improved electronic conductivity provided by phos-
phate groups. For the samples reduced at 800 °C, the gravimet-
ric capacitance is 7 times boosted from pristine GO-R800 sample
(17 F g71) to the P-functionalized GO-P-R800 (115 F g~1). Regarding
both phosphorus-containing samples (GO-P-R400 and GO-P-R800),
the higher reduction temperature leads to the higher gravimetric
capacitance and better capacitance retention (Fig. 7b). It can be
due to the depletion of oxygen functionalities and weakly bonded
phosphate species at 800 °C and/or the appearance of phospho-
nate functionalities (Fig. 2b, 3b, 3d) with C-P = O bonding that
enhances electronic conductivity, wettability and also redox stor-
age processes [36,47]. From the volumetric point of view (Figure
$8), GO-P-R400 outperforms GO-P-R800 at low scan rates due to
its higher apparent density. Nevertheless, the improved features of
GO-P-R800 results in a better capacitance retention. In fact, the ca-
pacitance retention is 100% at 100 mV s~!. To conclude, phospho-
rus functionalization clearly improves the usable potential window,
specific capacitance and capacitance retention. Besides, low surface

area measured (Table 1) corresponds to an anomalously high spe-
cific capacitance (Table 2) if compared to other carbon materials
with similar SSA. This phenomenon was previously reported for GO
materials [38].

In order to study the cycling stability of the phosphorus-
functionalized samples (GO-P-R400 and GO-P-R800) 60,000
charge/discharge cycles were performed at 10 A g~!. Fig. 8a shows
an exceptional cycling stability for both samples even at the wide
potential window of 1.5 V. No sign of degradation was observed
even after 60,000 cycles, which can be related to the stability
and/or reversibility of the phosphate functional groups present in
the samples. Moreover, a little increase in capacitance is noticed
(Fig. 8b), maybe related to the activation of the samples upon cy-
cling. This capacitance increase is higher for GO-P-R400, likely due
to the higher content of blocking functional groups such as weakly
bonded phosphates and phosphoric acid that are irreversibly
swept away in the initial cycles. This enables better electrolyte
access to the bulk material, increasing the electrochemically active
surface.

Post-mortem solid-state NMR experiments were conducted in
order to study changes in the surface chemistry of both GO-P-R400
and GO-P-R800 upon cycling. Fig. 9 illustrates the differences in
the phosphorus surface groups (3P NMR signals) before (pristine,
blue line) and after 60,000 charge/discharge cycles (cycled, green
line). As can be seen from Fig. 9a, the total intensity of the signal
ascribed to surface phosphate groups is strongly reduced for GO-P-
R400 upon cycling (~10%). As well, no shift is observed on the3'P
NMR signal, suggesting that the chemical state of the species after
cycling GO-P-R400 electrode remains as C-O-P like phosphates. In
contrast, the spectrum for GO-P-R800 confirms the existence of
chemical stable phosphorus-containing groups as the total inten-
sity of the 3P signal barely changes after charge/discharge cycling
(Fig. 9b). Interestingly, a slight change in the chemical state of the
phosphorus functionalities is observed, the content of phosphate
groups decreased from 74% to 62% and phosphonate functionalities
increased from 26% to 38% (as calculated from the total 3'P inten-
sity). A separate NMR analysis of the GO-P-R800 electrode after
the initial voltammetry scan (Fig. 5b, —1 to 0.6 V) demonstrates
that the loss of the most weakly bonded phosphate groups takes
place on extending the potential window and is not a consequence
of cycling (Figure S9). The XPS analysis of P-functionalized elec-
trodes confirmed the proposed chemical evolution of phosphorus
throughout cycling on the electrodes surface. The intensity of the
P2p signal for GO-P-R400 electrode is strongly reduced after cy-
cling, in contrast to GO-P-R800 (compare Figs. 9c and d). The shift
of the peak centroid in GO-P-R400 to lower binding energies
reveals the enlarged proportion of phosphates linked to
the graphene structure. It is hypothesized that, during cy-
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cling, a large number of free molecules of phosphoric
acid/phosphates/polyphosphates are dissolved in the acid elec-
trolyte where only the phosphates bonded to the carbon atoms
in the graphene sheets endure the cycling. Hence, the sensitivity
of the XPS analysis for the C-O-P species increases after cycling
as they were shielded by a thick layer of unbounded and labile
phosphate species deposited onto the GO-P-R400 surface. An
in-depth inspection of the surface chemistry by deconvolution
of the P2p spectra for the cycled GO-P-R800 electrode (Fig. 9d,

green line) confirms a larger proportion of phosphonate species
in detriment to phosphates as compared with the uncycled ma-
terial (Fig. 9d, blue line). Thus, the atomic proportion of C-P
bonds increases from 25 to 37% upon cycling while the relative
percentage of C-O-P functionalities decreases from 71 to 58%.
These observations are strengthened by deconvolution of the O1s
spectra (Figure S3b) where the signal ascribed to P = O bonding
in phosphates shifts to lower binding energies after cycling for
both GO-P-R400 and GO-P-R800. In the case of GO-P-R400, the
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contribution for P = O bonds belonging to phosphorus linked to
terminal OH groups in free phosphates/polyphosphates shifts to
that ascribed for phosphates linked to carbon atoms (C-O-P-O and
C-0-P = 0). In GO-P-R800 the relative contribution for both C-P-O
and C-P = O bonding increases after cycling. From the comprehen-
sive characterization conducted by different techniques, it can be
concluded that the weaker phosphate bondings (C-O-P), mainly
observed in the GO-P-R400 sample, are easily removed from the
carbon substrate whereas phosphonates groups (C-P = O0) are
more resistant to electrochemical cycling. These results support
the differences observed in the CV profiles for GO-P-R400 and
GO-P-R800 (Fig. 5b and S7b). The population of stable phosphates
stronger bonded to the graphenic matrix is larger for GO-P-R800
than for GO-P-R400 (Fig. 3c and 3d), and it seems that only
phosphates strongly bonded can store nascent hydrogen and be
converted to phosphonate species (redox peak at —0.9 V) since
weaker bonded phosphates are released to the electrolyte upon
cycling. Even considering that a small contribution of strongly
bonded electrochemically active phosphates are present on the
GO-P-R400 sample, its lower electronic conductivity could limit its
redox activity at —0.9 V.

To compare the practical energy storage characteristics of GO-
R800 and GO-P-R800, symmetric 2-electrode cells were assembled
in the aqueous 1 M H,SO4 electrolyte and cycled at several current
densities. The Ragone plot (Figure S10a) shows that the gravimet-
ric energy delivered by the phosphorus-containing material at low
power densities 8 Wh Kg=! is sixteen times that of the pristine
sample 0.5 Wh Kg~1. At the higher power density of 6.6 kW Kg~1,
an energy density as high as 5 Wh Kg~! is delivered by GO-P-R800
in contrast to 0.07 Wh Kg~! delivered by GO-R800. The impact of
phosphorus is even more pronounced for volumetric values (Figure
S$10b) since the energy density provided by the P-functionalized
material 3 Wh dm=3 is thirty times that delivered by the non-
functionalized sample 0.1 Wh dm~3 and even higher than that pre-
viously reported for phosphorus-functionalized activated carbons
[17,48,49].

4. Conclusions

The synthesis temperature seems to play a crucial role in the
control of the chemical state of the phosphorus-containing species;
a large population of weakly bonded phosphate groups with C-O-
P bonding are linked to the carbon matrix for the 400 °C treat-
ment while more stable phosphates and phosphonate groups with
C-P = O bonding also originates at 800 °C. Electrochemical re-
sponse is optimum after phosphorus functionalization at 800 °C
and phosphorus groups enlarge the potential stability window to
1.5 V. Apart from it, stable species clearly improve redox processes
resulting in a gravimetric capacitance of 115 F g~! and capaci-
tance retention of 100% up to 100 mVs~!. The charge storage in
phosphorus-functionalized materials is influenced by both material
composition and preliminary electrochemical cycling. It appears to
involve multiple possible contributions: i) non-Faradaic charging;
ii) nascent hydrogen storage; iii) benzoquinone-to-hydroquinone-
like redox processes; iv) phosphate-to-phosphonate like transfor-
mation. Among these processes, prior electrochemical polarization
to oxygen evolution potential is crucial at least in two respects:
i) the emergence of redox reactions of quinones (otherwise un-
detected); ii) a significant improvement in the reversibly stored
Faradaic charge below thermodynamic hydrogen evolution poten-
tial. In terms of performance, these findings translate into improve-
ments in energy and power densities. The practical reversibility of
the combined charge storage mechanisms is reflected in the excel-
lent cycling stability upon 60,000 charge-discharge cycles.
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