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ABSTRACT: The electrochemical double layer plays a fundamental role in energy storage applications. Control of the
distribution of ions in the double layer at the atomistic scale offers routes to enhanced material functionality and device
performance. Here we demonstrate how the addition of an element from the third row of the periodic table, phosphorus,
to graphene oxide increases the measured capacitance and present density functional theory calculations that relate the
enhanced charge storage to structural changes of the electrochemical double layer. Our results point to how rational de-
sign of materials at the atomistic scale can lead to improvements in their performance for energy storage.




In an Electrochemical Double Layer Capacitor (EDLC)
charge is stored in the ionic double layer formed between
the solid substrate and the liquid electrolyte. This mecha-
nism of interfacial charge storage leads to high discharge
rates and excellent recyclability. To maximise the capaci-
tance of EDLC devices conductive materials of high spe-
cific area are employed as electrodes. Graphene with its
high surface area to volume ratio, low density and re-
markable electronic, mechanical and thermal properties
has been shown to be a suitable electrode material in
EDLCs" *. Heteroatomic doping into graphene, which is
also called surface functionalization, is a promising meth-
od of tuning the physicochemical and electronic proper-
ties of the material. Heteroatoms such as nitrogen (N),
oxygen (O), phosphorus (P), boron (B) and sulphur (S)
yield functional groups on the surface of graphene and
introduce defects into the lattice’. Heteroatomic doping
not only helps maintain the layer separation but also al-
ters the electron distribution in the graphene layer, pro-
vides sites for specific adsorption and may yield redox
active surface entities that can enhance the specific ca-
pacitance of the electrodes.

Graphene oxide (GO), oxygen-functionalized graphene,
is formed when graphene is exfoliated from graphite in
strong acids. A range of oxygen functional groups, includ-
ing hydroxyl, epoxy, carboxyl, phenol, carbonyl and qui-
none, have been identified on the surface of GO*. The
enriched oxygen functional groups play important roles in
the electrochemical capacitive performance of chemically
functionalized graphene in electrolytes of different pH
and provide abundant covalent bonding sites for further
functionalization with other atoms. Specific capacitances
as high as 189 F g" and 348 F g" have been reported for
GO’ and reduced graphene oxide (rGO)® 7, respectively.
rGO is typically formed by reducing GO with hydrazine or
a hydrogen plasma or thermal treatment during pro-
cessing. Electron-rich nitrogen (N) doping has been wide-
ly used to improve the electronic conductivity and cata-
lytic activity of graphene®. Pyridinic N (N-6), pyrrolic N
(N-5) and graphitic sp* N (N-Q) are formed when nitro-
gen replaces carbon atoms in the graphene®. Capacitanc-
es as high as 287 F g” have been reported for nitrogen
doped graphene™.

Phosphorus (P) is located in the same main group
(15) as N and has the same number of valence electrons.
The electronegativity of P atoms (2.19) is lower than that
of C atoms (2.55), so P will be partially positively charged
in the C-P bond and the polarity of the C-P bond is oppo-
site to that of C-N bond. Moreover, the larger radius of a
P atom relative to a C atom will lead to structural distor-
tions of the hexagonal carbon framework with P protrud-
ing out of the graphene plane due to the longer P-C bond
as compared with the C-C" bond and could result in in-
creased surface area and improved separation of the gra-
phene layers. Recently, P-doped carbon materials have
been proposed for use in supercapacitors, batteries, field-
effect transistors and catalysts for oxygen reduction reac-
tion (ORR)™ "™, To date the amount of P incorporated on
graphene oxide has been low, typically <3%. In this work
highly P-doped graphene oxide (PGO) with doping levels
exceeding 7% was prepared. It is demonstrated that high
P doping results in an increased specific capacitance of
PGO and improved cycling performance. Density func-
tional theory (DFT) calculations are employed to investi-
gate the structure of PGO and simulate the ion distribu-
tion at the PGO-electrolyte interface to explain the en-
hanced capacitance.

Table 1. C, O and P content of P-doped graphene oxide from
XPS analysis and corresponding ratio of P:C and O:C.

Label C%) O((%) P((% PC 0:C

GO 68.17 31.83 - - 0.467
PGO,1passTOP, 800 60.85  31.38 777 0.128 0.516
PGOi1pa+13TOP, 900 93-50  4.19 2.31 0.025  0.045

PGO;1pa, 800 94.73  3.51 1.76 0.019 0.037
PGOs1pa, goo 06.42  2.43 114 0.012 0.025
PGOrpa, 800 90.90 6.61 2.49 0.027  0.073
PGO,1pa, 800 62.93 2688 1019 0.162 0.427

PGO, 510p, 800 94.63  3.70 1.68 0.018 0.039
PGO, 518p, 800 092.63 5.97 1.40 0.015 0.064
PGO,_;10p, 800 9634 3.10 0.55 0.006  0.032

PGO,_;10p, 900 92.19 5.60 2.20 0.024  0.061
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Fig. 1 Characterization of P-doped graphene oxide. (a) Relationship between P content (at.%) of the product
and the amount of P source (mmol) for doping 67 mg GO at 800 and goo °C. (b) P2p and (c) Ozs high-resolution
XPS spectra of the as-prepared PGO,rpa.i510p,800- The corresponding bonds for P2p analysis are P-C (I), P=O/P-O-P
(1), P-O (IMI) and for O1s are C=0 and P=0 (I), -O- (II), P-O-H (III), absorbed H,O and O, (IV). (d) Raman spectra
of GO, PGO,1pa+1510p,800» PGOirpa, 800 ad PGO, 570p, 800- (€) Raman mapping of the D-band to G-band intensity ratio
(In/Ig), Ip and Ig. (f) TEM images of PGO,rpasi31ops00- (8) AFM image of PGO,rpassroprseo and (h) the measured

thickness in (g) in the denoted directions.

P Doping in Graphene Oxide. To dope the GO three
sources of phosphorus: tri-n-octylphosphine (TOP), tri-
n-butylphosphine (TBP) and tetradecylphosphonic acid
(TPA) and two annealing temperatures (800°C and
900°C) were investigated. 0.7 mmol to 7 mmol of TOP,
TBP and/or TPA were added to 10 mL of a 6.7 g dm?
aqueous suspension of GO, the annealed samples are
labelled as PGO,pst where x is the number of mmol of
the phosphorus source (PS) used and T is the annealing

temperature. The atomic percentages of C, O and P in
the GO and as-prepared PGO samples was determined
by X-ray photoelectron spectrum (XPS), see Fig. S1. The
measured P:C and O:C ratios for GO and PGO samples
are presented in Table 1.

The XPS data shows that in all samples the percent-
age of O is greater than that of P. In those samples of
which the amount of P incorporated in the gaphene is
<3%, the O:C ratio is significantly lower than that of
the parent GO. Both the heat and P sources acting as
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reducing agents at high temperature contribute to the
oxygen reduction (O/C ratios of GO treated at 800 and
900 °C are listed in Table S2). Comparison of the ele-
mental composition of the samples PGO, ;rop, 500 and
PGO, 5rep, 800 suggests that TBP is a poorer reducing
agent than TOP and less efficient at P-doping the GO.
Studies performed at different annealing temperatures
show that for TOP an increase in annealing tempera-
ture favours P doping whilst for TPA and the mixed
TOP-TPA system P doping is enhanced at the lower
temperature. For synthesis using a single source of P
the amount of P in the final material increases with the
number of mmol of P sources, see Fig. 1a. When 7
mmol of TPA are added to 67 mg of GO and annealed
at 800°C, a P-doping level of 10.19% is achieved, con-
siderably greater than values previously reported in the
literature® .

7.77% P-doping can be achieved using only 2.3 mmol
of P sources when a mixed system is used, 1 mmol TPA
with 1.3 mmol TOP, pointing to a synergistic effect in
this mixed source system, see Fig. 1a. To investigate
why the mixed TPA-TOP system leads to more effi-
cient doping of the GO, XRD studies were performed
on GO and GO plus P precursor systems prior to high
temperature annealing. The GO was mixed with
measured quantities of surfactant, the system dried at
temperatures of 60°C, 120°C and 180°C for 12 hours and
the XRD recorded, Fig. S3. Analysis of the (002) peaks
obtained for a drying temperature of 180°C shows that
the distance between the GO sheets is 0.349 nm, 0.400
nm, 0.410 nm and 0.433 nm for GO, 67 mg GO mixed
with 1 mmol TPA, 67 mg GO mixed with 1.3 mmol TOP
and 67 mg GO mixed with 1 mmol TOP + 1.3 mmol
TPA, respectively. The increased distance between the
GO layers in the mixed system suggests that the com-
bination of P containing surfactants can more readily
penetrate the space between the GO layers.

Gas adsorption studies indicate specific surface areas
(Sser) of PGOy1pas15TOP, 8000 PGOitpA, 800 and PGO, 510p, 800
and PGO,1pas00 are 99.5 m” g', 13 m” g" and 295.7 m”
g" and 132.6 m* g with total pore volume (V,) of 0.13
cm’ g', o em? g and 1.27 cm® g7 and 0.14 cm® g7, re-
spectively (see Fig. S4). The high specific surface area
observed when TOP is used as a P source suggests that
this surfactant is able to act as both a P-doping agent
and better separate the graphene layer. The scanning
electron microscopy (SEM) images of the microstruc-
ture of the PGO samples are displayed in Fig. S5-S8.

The percentage of O present in the PGO samples
with low percentages of P are significantly lower than
the amount of oxygen present in the initial GO indicat-
ing that TBP, TOP and TPA all act as strong reducing
agents when annealing is performed at high tempera-
ture in an inert atmosphere. When the amount of P
source employed in the synthesis, and hence the re-

ducing power, is increased to increase P-doping, the
amount of oxygen in the product also increases sug-
gesting P-O bonds are present in the final material.
High-resolution P2p and Ois XPS spectra were em-
ployed to probe the surface chemistry of the as-
prepared PGO samples, see Fig. 1(b, c¢) and Fig. Sg-Sio.
The P2p spectrum of PGO,rpa.510p,800 Can be deconvo-
luted into three peaks that are assigned to P-C (I),
P=0/P-O-P (II) and P-O (III)’> . The O1s XPS spectra
indicate that the as-prepared PGO contains bridging
oxygen, -O- and P-O-H bonding (II, III). The O1s XPS
spectrum also shows a peak at 531.4 eV which can be
assigned to either C=0 and/or P=0 (I)"™ and the peak
at 534.6eV is due to absorbed H,O and O, (IV).

Measurements of the change of ratio between the
intensity of the Raman G band peak, due to in plane
motion of the sp® carbons, and the Raman D band
peak, a result of out of plane vibrations, was employed
to determine the change in defect density on doping.
Raman spectra, measured using a 514 nm laser source,
of GO, PGO,1pa+.310P, 8000 PGOurpa, 800 and PGO, s1op, 800
are displayed in Fig. 1d. An increase in the Ip:[; ratio is
apparent upon P-doping indicating that the reaction
leads to an increase in the defect density in the 2D ma-
terial. Raman spectra and Ip:; ratios for all as-
prepared samples are shown in Fig. Su and Table Ss,
respectively. In all cases an increase in defect density is
observed upon P-doping. The full width at half maxi-
mum (FWHM) of the G band of PGOITPA-#L}TOP,SOO is 54
cm”, smaller than GO (66.5 cm™). Change in FWHM
indicates that the P doping stiffens G-mode phonons™,
consistent with increased charge carrier concentration.
The PGO samples all show a downshifted G-mode
compared with GO, suggesting m-p* conjugation due
to the formation of P-C bond* and weakening of the
bonds. The FWHM of the 2D band of PGO is larger
than that of GO (see Fig. Sud) and the 2D-mode fea-
ture is upshifted after doping. The shift of the 2D mode
and the scattered line width on P doping suggests that
PGO is hole-doped**. Raman mapping of the Ip, I and
Ip/c peak intensities, Fig. 1e, indicates a uniform distri-
bution of defects post P doping™ .

The Selected Area Electron Diffraction (SAED) pat-
tern measured in High-resolution Transmission Elec-
tron Microscopy (HRTEM) of PGO,rpas:510P, 800, Fig. 1f,
shows no long range order in the annealed material
(see SAED in Fig. S12). The elemental mapping of
PGOxrpassTop, 800 demonstrates that the P is uniformly
distributed on the surface (see Fig. S13). The atomic
force microscopy (AFM) image of PGO,rpa+510p, 800 and
corresponding line profiles are depicted in Fig. 1g and
1th. The AFM gives a range of material thicknesses be-
tween 2.34 and 5.03 nm, given the distance between
GO layers is approximately 1 nm* the estimated num-
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ber of layers in the as-prepared P doped materials is 2
to 5.

Charge Storage in PGO. The as-prepared PGO
samples display quasi-rectangular CV curves, even at a
scan rate of 5 V s” (Fig. 2a) and triangular shaped
charge-discharge curves in the potential range 0.0 to -
0.5 V (Fig. S14-S17). Control experiments indicate that
the electrochemical characteristics of current collector
in the working electrolyte and Au substrate contribute
negligibly to the measured responses. The specific
capacitance of the PGO tested at both2 A g”and3A g
' increases with the atomic % of P in the material (Fig.
2b). The sample with the highest P content, 10.19%,
displays capacitances of 132.4 F g" and 95.7 F g" at 2 A
g" and 10 A g7, exhibiting an energy density of 3.3 Wh
kg" at a power density of 500 W kg” and an energy
density of 2.5 Wh kg™ at a power density of 2.5 KW kg™
respectively. The increase in P content enhances the
energy density from 0.72 to 4.6 Wh kg™ at 500 W kg™ of
the sample with P content of 0.55% and 10.19%, see
Ragone plot in Fig. S17d. The highly P doped samples,
10.19% and 7.77%, deliver promising cycling perfor-
mance (see Fig. S18-519). PGO,rpa, 800 cycled at 10 A g™
retains a specific capacitance of go F g with a cou-
lombic efficiency of 96.3% after 5000 galvanostatic
charge/discharge cycles and PGO,rpa..510p, 800 Cycled at
15 A g" maintains 70.4 F g" with an efficiency of 82.7%
after the same number of cycles. Compared to GO, the
specific capacitance of the highly doped PGO is en-
hanced in terms of both magnitude and stability. The
increased capacitance with P doping is also observed in
the electrochemical impedance analysis of the elec-
trodes, the Nyquist plot after 5 cycles of GO,
PGOyrpas3TOP, 800 and PGOirpa, 800 are shown in figure
2(c) and the bode plots in figure S20. Nyquist and Bode
plots after 1000 cycles for the same samples are dis-
played in figure S20. The equivalent circuits used to fit
the data are shown in figure S20 and the values of the
elements that yield the best fit to the data points, solid
lines in the figures, are provided in table S6. In addi-
tion to capacitive components of higher magnitude
upon P doping the EIS data also points to two time
constants for charging the electrode in the presence of
P and only a single time constant for GO electrode.
The increase in capacitance with increased P doping
does not follow the change in the measured surface
area with doping. To explain why addition of P to GO
both increases the capacitance and results in two time
constants in the EIS spectra, DFT calculations were
undertaken.
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Fig. 2 Electrochemical characterization of P-
doped graphene oxide. (a) Cyclic voltammetry
curves of PGO,rpya, 50, at different scan rates from o.05
to 5 Vs'in a voltage range of -0.5~0 V vs. MOE in 6M
KOH electrolyte. (b) Relationship between the specific
capacitance of PGO and P at.% content at current den-
sities of 2 and 3 A g’. (c) Nyquist plot of GO,
PGOy1pas3TOP, 800 aNd PGO,rpa, 500 after 5 CV cycles at
0.5 Vs™. The inset is magnified part of the circle.

Structure and bonding in PGO. To gain insight into
the structure of PGO, we carried out DFT calculations
of GO sheets with phosphorus defects (see Methods
section for computational details). Two types of de-
fects were studied: (i) phosphorus atoms which are
adsorbed to the GO sheet and (ii) substitutional phos-
phorus atoms which replace carbon atoms in the basal
plane of the GO sheet. To identify favourable low-
energy configurations of P defects of type (i), we em-
ployed the following procedure: by adding epoxy and
hydroxyl groups as well as vacancies at random posi-
tions to pristine graphene, an undoped GO sheet was
prepared. Next, adsorbed P atoms are added at random
positions and the whole structure is relaxed. We repeat
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this procedure for many different initial configurations
and sort the relaxed configurations according to their
total energy.

Fig. 3 Structure of P-doped graphene oxide. (a) and
(b): Low-energy configurations of GO with adsorbed P
atoms. (c) and (d): Low-energy configurations of GO
with substitutional P atoms. Circles denote P atoms
which are bonded to O atoms. The yellow is carbon,
green is phosphorus, red is oxygen and blue is hydro-
gen atom.

Fig. 3 (a-b) show two low energy configurations re-
sulting from this procedure. We observe two scenarios
depending on the initial position of the P atom. If the
P atom is initially in close vicinity (i.e. within 1 or 2 C-C
bond lengths) of a vacancy or hole in the GO sheet, it
will move to the vacancy or edge of the hole and pacify
the available dangling bonds. Moreover, structures
with particularly low energies exhibit P atoms at the
edge of holes, which are bonded to one or more oxygen
atoms. This explains our observation that samples with
high P content also exhibit high O content, see Table 1,
and is consistent with the XPS. Because of their large
atomic radius, these bonded P atoms move above or
below the GO basal plane and thereby enhance the
specific surface area and specific capacitance of PGO.
If, on the other hand, the P atom is initially located far
from a vacancy or hole, it will form molecules with the
oxygen and hydrogen atoms from epoxy and hydroxyl
groups in its vicinity and desorb from the GO sheet.
We also studied substitutional P defects in GO sheets.
For this, we follow the same procedure as for the ad-
sorbed P atoms, but instead of using a perfect gra-
phene sheet as starting point, we employ a graphene
sheet with several C atoms replaced by P atoms. After
relaxation, we find that substitutional P atoms are sta-

ble and form low energy configurations when bonded
to one or more oxygen atoms, see Fig. 3 (c-d).

Comparing the relative concentrations of adsorbed
and substitutional P atoms in GO sheets is difficult,
because each of the configurations obtained in the
previous analysis features many different types of de-
fects. To make progress, we compare the formation
energies of adsorbed and substitutional P atoms in a
graphene sheet with a single vacancy. Assuming that
the substitutional P atom replaces a C atom located far
from the vacancy and that the adsorbed P atom paci-
fies the dangling bonds at the vacancy site, we find
that the formation energy of substitutional P atoms is
higher than that of adsorbed P atoms by precisely the
formation energy of a vacancy in graphene, which is of
the order of 8 eV. This indicates that formation of ad-
sorbed P atoms is favourable in graphene oxide.

- P LA R N 8
Fig. 4 Comparison of charge distribution in the
electrolyte. (a) graphene, (b) graphene oxide and (c)
PGO electrodes for an applied voltage of 1 eV with re-
spect to the point of zero charge. Isosurfaces of posi-
tive and negative charge are blue and red, respectively.
Yellow atoms are carbon, red atoms are oxygen and
green atoms are phosphorus.

Electrochemical properties of PGO. To study the
electrochemical properties of PGO, we carried out
simulations of the PGO-electrolyte interface using the
joint density-functional theory framework® *°. Here,
the aqueous electrolyte is described by a local dielec-
tric function €(r) and a local inverse Debye screening
length k(r), whose spatial behaviour at the solid-liquid
interface is determined by the electron density of the
PGO electrode. To compute the capacitance of gra-
phene oxide electrodes, we carried out calculations at
an applied voltage of 1 V from the point of zero charge
and determined the charge on the electrode.

From these calculations, we identified two mecha-
nisms that contribute to the enhancement of the spe-
cific capacitance in PGO: i) increase of interlayer sepa-
ration and ii) strong polarity of P-O groups. In particu-
lar, we observe that the capacitance of graphene tri-
layers approximately doubles as the interlayer separa-
tion is increased from the graphite value of 3.4 Ang-
strom to 4.7 Angstrom and then saturates. As the sepa-
ration between the graphene sheets increases, electro-
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lyte fills the space between the sheets and creates addi-
tional double layers which can store charge, see Fig. 4
(a). Comparing the charge distributions in the electro-
lyte for graphene, GO and PGO [see Fig. 4 (a)-(c)], we
find that polar surface groups in GO and PGO signifi-
cantly modify the structure of the electrochemical
double layer. For graphene and graphene oxide, the
negatively charged electrode induces a (mostly) posi-
tive charge distribution in the electrolyte. Surprisingly,
for PGO we observe a thin layer of negative charge in
the electrolyte adjacent to the negatively charged elec-
trode followed by a layer of positive charge. We attrib-
ute this structure, which enhances the charge storage
capability of PGO, to the strong polarity of the P-O
groups. A Lowdin population analysis reveals that the
P atom in PGO loses 1.6 electrons and therefore carries
a large positive charge which attracts negative ions
more strongly than the negatively charged graphene
plane.

To conclude, highly phosphorus doped graphene
oxide (PGO) was prepared by the thermal decomposi-
tion of P containing surfactants; TPA, TBP and TOP.
The specific capacitance of the as-prepared samples
increased with the amount of P incorporated in the
graphene oxide layers. PGO with P at.% of 7.77% dis-
played specific gravimetric capacitances of 95.6 F g*
and 72.4 Fg" at 2 A g" and 10 A g, and maintained
70.4 F g" with an efficiency of 82.7% after 5000 cycles
at 15 A g”. DFT calculations show that phosphorus at-
oms prefer to adsorb to defects in the GO sheet rather
than substitute for carbon atoms in the basal plane of
the GO sheet. The doping of P atoms can improve the
charge storage capability by increasing interlayer sepa-
ration of GO and the strong polarity of P-O groups
leading to specific adsorption of ions at the surface.
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