RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 22

RSC Advances

Tunable ternary (P, S, N)-doped graphene as an efficient electrocatalyst for
oxygen reduction reaction in an alkaline medium

Yishu Wang, Bowen Zhang, Minghui Xu, Xingquan He

Department of Chemistry and Chemical Engineering, Changchun University of

Science and Technology, Changchun 130022, P. R. China.

Corresponding author. Tel.+86-431-85583430
E-mail address:hexingquan@hotmail.com (Xingquan He)



RSC Advances

Abstract

In this work, we utilize a one-step pyrolysis method to thermally synthesize
phosphorus (P), sulfur (S) and nitrogen (N) ternary-doped graphene (PSNG) using
graphene oxide (GO), phosphoric acid and thiourea precursors as a low-cost and
high-efficient catalyst for the oxygen reduction reaction (ORR). The synthesized
PSNG was characterized by transmission electron microscopy (TEM), X-ray
diffraction (XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS),
respectively. The electrocatalytic activity of the PSNG composite towards ORR was
evaluated by the linear sweep voltammetry (LSV) method. Electrochemical
measurements reveal that the pyrolyzed PSNG at 1:10 mass ratio of phosphoric acid
to thiourea has excellent catalytic activity towards ORR in an alkaline electrolyte,
including large kinetic-limiting current density and good stability as well as a
desirable four-electron pathway for the formation of water. These superior properties

make the PSNG a kind of promising cathode catalyst for alkaline fuel cells.

Keywords: ternary-doped graphene; Pyrolysis; ORR; Fuels cells

1. Introduction

Electrochemical energy conversion and storage devices, ranging from fuel cells to
metal—air batteries, demand high-efficient cathodic electrocatalysts for accelerating
the sluggish oxygen reduction reaction (ORR) [1, 2]. It is well known, platinum (Pt)

or Pt-based alloys have been regarded as the most active catalysts because they

Page 2 of 22



Page 3 of 22

RSC Advances

provide the lowest overpotential and the highest current response towards a direct
4-electron reduction of oxygen to water [3]. However, the usage of electrocatalysts
with high loading of Pt in the cathode, leads to high cost which hinders further
commercialization [4,5]. Under these circumstances, seeking for novel, highly active,
durable, and affordable non-precious-metal or metal-free electrocatalysts for ORR has
been actively pursued over the past few decades [6-10].

Graphene, a unique two-dimensional monolayer structure of spz-hybridized carbon,
has gained great attention in the fields of fuel cells, metal-air batteries and sensors
because of its intriguing properties such as superior electrical conductivity, large
surface area, excellent mechanical flexibility, and high thermal/chemical stability
[11-15]. Furthermore, the some carbon atoms on the pristine graphene can be
substituted by heteroatoms, such as N, B, P, S and F, the obtained heteroatom-doped
graphene materials are considered to be effective electrocatalysts for ORR [16-22].
Although the details of all the mechanism that the heteroatoms improve the ORR
electrocatalytic activities of doped carbons remain not yet well-understood, both
theoretic calculation and experimental results indicate that substitution of C atoms
with heteroatoms in the sp2 lattice of graphitic carbon alters the -electronic
arrangement of carbon nano-materials (CNMs) and tailors their electron donor
properties, and subsequently generates active sites for oxygen adsorption, thus leading
to an improved ORR electrocatalytic activity [23-26].

At present, most studies are concentrated on dual-doped carbon materials such as

N/F, N/B, N/P and N/S dual-doped CNMs, which displayed higher catalytic activity
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than mono-doped carbon nano-materials. It is generally believed that dual-doping
could not only provide more defective sites but also interact with each other to
provide synergetic coupling effect, thus enhancing the ORR activity [18,19,21,22].
Besides the work focused on the binary doping of heteroatoms into the carbon
structure, the ternary-doped carbon materials for ORR is highly desired because
ternary-doping could offer more defective sites and lead to preferable synergistic
coupling effects of doped atoms [20, 27, 28]. However, most of the present methods
for synthesis of ternary-doped carbon materials involve tedious procedure and/or
toxic/expensive precursors. Therefore, it is of essential significance to develop
efficient method for green synthesis of ternary-doped CNMs for ORR in both
fundamental research and practical applications.

Herein, a P, S, and N ternary-doped graphene, abbreviated as PSNG, was
fabricated by a one-step pyrolysis method, in which phosphoric acid was employed as
the mild phosphorus source, and thiourea as nitrogen and sulfur sources. The PSNG,
as a metal-free catalyst, exhibited a favorable activity for ORR in an alkaline medium
comparable with Pt/C. In addition, our proposed catalyst possessed superior stability,
making it a promising ORR catalyst for applications in fuel cells and metal-air
batteries.

2. Experimental
2.1. Synthesis of heteroatom-doped RGO
GO was synthesized from graphite powder by a modified Hummers’ method [27].

For synthesis of P, S and N ternary-doped graphene (PSNG) samples, thiourea was
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used as the precursor of N and S, and phosphoric acid (H3;POs) as the P doping source.
In a typical synthesis of PSNG, 200 mg of graphene oxide was dispersed into 50 mL
of 0.1 M phosphoric acid by ultrasonic vibration for 2 h at a concentration of 4.0 mg
mL™. Then, a certain amount of thiourea was added into the above dispersion with
vigorously stirring at room temperature for 6 h. The dispersions with different mass
ratios of phosphoric acid to thiourea (1:5, 1:10, 1:20) were prepared by varying the
weight of thiourea, while keeping the weight of phosphoric acid fixed at 49 mg. The
solvent in the mixture was removed in an evaporator operated at 60 'C and 300 mbar.
The paste mixture obtained was then dried overnight in an oven at 60 'C. Remnant
solid was grinded and pyrolyzed at 900 'C in tubular furnace (OTF-1200 MTI

Corporation) for 1 h at the ramp rate of 10 'C min”

in an Ar, atmosphere. When the
mass ratios of phosphoric acid to thiourea are 1:5, 1:10 and 1:20, the obtained PSNG
samples are termed as PSNGI1:5, PSNG1:10 and PSNG1:20, respectively. For
comparison, N-doped graphene (NG), or P and N co-doped graphene (PNG) was also
prepared through the same steps as those used to make PSNG by adding urea as
nitrogen source or using urea and phosphoric acid as nitrogen and phosphorus
sources.
2.2 Physical characterizations

The structure of the as-prepared samples was observed under transmission electron

microscope (TEM, JEOL-2010 transmission electron microscope operating at 200 kV)

and X-ray diffractometer (RIGAK, D/MAX2550 VB/PC, Japan). Field emission

scanning electron microscope (FESEM) imaging was performed using a JEOL
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JSM-6700F scanning electron microscope. SEM energy-dispersive X-ray (EDX)
mapping was performed on a Focused lon Beam Scanning Electron Microscope (EDS
Inca X-Max). Raman spectra were taken on a TriVistaTM555CRS Raman
spectrometer at 785 nm. X-ray photoelectron spectroscopy (XPS) analysis was carried
out on an ESCLAB 250 spectrometer with a monochromatized Al Ko X-ray source
(1486.6 eV photons) to identify surface chemical composition and the bonding state.
2.3 Electrochemical measurements

1 mg of as-prepared PSNG electrocatalyst was immersed in 1 mL of ethanol
followed by ultrasonicating for 45 min. To prepare the modified electrode, 55 pL of
the catalyst ink was dropped onto the glassy carbon electrode and dried in ambient
temperature, resulting in a catalyst loading of 280 pg cm™. For comparison, the same
amount of N-doped graphene, P and N co-doped graphene, or Pt/C (20 wt %) catalyst
was also loaded onto the GC electrode with the same procedure.

Rotating disk electrode (RDE) measurements were performed on a CHI660E
electrochemical workstation (CH Instruments, USA) in a conventional three-electrode
cell using the coated GC electrode (5 mm in diameter) as the working electrode, a
platinum wire as the auxiliary electrode, and a saturated calomel electrode (SCE) as
the reference electrode. RDE measurements were performed in an O,-saturated KOH
solution at a scan rate of 10 mV s™'. Linear sweep voltammetry measurements were
performed at a GC rotating disk electrode with a 5 mm diameter. The rotating ring
disk electrode (RRDE) experiments were performed using a Pine Instrument

Company AF-MSRCE modulator speed rotator on a CHI660E electrochemical
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workstation (CH Instruments, USA). For RRDE experiments, the working electrode
was a glassy carbon disk (5.61 mm diameter) and a platinum ring, resulting in a
collection efficiency of the ring disk electrode, N = 37 %. These experiments were
performed at 1600 rpm with a scan rate of 10 mV s in an O,-saturated KOH solution.
The Pt ring electrode was polarized at 0.1 V vs. SCE for oxidizing hydrogen peroxide
generated during oxygen reduction at the modified GC disk electrode. During the test,
the trachea was put on the solution surface. All electrochemical measurements were

carried out at room temperature and performed 3 times to avoid any incidental error.

N NN X
W w2 o0

Scheme 1 The synthesis routes of PSNG.

3. Results and discussion
3.1. Characterization of the heteroatom-doped graphene

The obtained PSNG1:10 sample was firstly characterized by TEM and XRD
techniques. The TEM image of PSNG1:10 exhibits a wrinkle laminar structure (Fig.
la), which is similar to previous report on reduced graphene oxide [30]. The partially
crinkled nature could originate from the defective structures formed during

heteroatoms-doping process [31]. The high-resolution transmission electron
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microscope (HRTEM) image and selected area electron diffraction (SAED) pattern
confirm the crystalline structure of PSNG1:10 (Fig. 1b). The interlayer spacings of
graphitic layers are revealed to be ca. 0.34 nm, which is consistent with the separation
of (002) layers of hexagonal graphite [32]. The XRD pattern of PSNG1:10 presents a
broad peak at ~26.4 ° (Fig.1c) corresponding to an inter-layer spacing of 0.340 nm,

which is close to 0.335 nm for graphite and similar to that of the HRTEM result.

Cc

(002)

PSNG1:10
s

Intensity (a.u.)

i GO

"’ : ;n 2-thlf:ta lde;;ree 6‘“ 7‘0 B
Fig.1 (a) TEM image of PSNG1:10; (b) HRTEM image of PSNG1:10, inset shows the
corresponding SAED pattern; (c) XRD patterns of PSNG1:10 and GO.

Fig. 2 shows the FESEM image and corresponding EDX elemental mapping
analysis of PSNGI1:10. It is revealed that the PSNG1:10 sample is only composed of
C, N, O, P and S elements, and the distribution of N, S and P on the graphitic plane is

relatively uniform. This fact strongly suggests that the nitrogen, phosphorus and

sulfur atoms were doped into the graphene sheets.
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Fig.2 FESEM image and corresponding EDX elemental mappings of PSNG1:10.
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The successful doping of N, P and S into the graphitic matrix of the graphene

sheets was further verified by XPS measurements. In Fig. 3a, the full XPS survey

spectrum shows the C, N, O, S, and P signals of PSNG1:10, indicating that the N, P,



RSC Advances

and S atoms were successfully doped into graphene sheets. The high resolution XPS
spectrum can provide more information about the bonding configurations and
chemical environments for the doped graphene. As shown in Fig. 3b, the N 1s spectra
can be deconvoluted into four different signals with binding energies of 398.3, 399.4,
401.1 and 402.4 eV corresponding to pyridinic N (N1), pyrrolic N (N2), graphitic N
(N3) and oxides of nitrogen (N4), respectively [33]. The content of four nitrogen
species was listed in Table S1. It can be seen from Table S1, the total content of
pyridinic and graphitic N is 66.47% of the doped N atoms in PSNG1:10, which is
more than those of other PSNG materials. Previous work demonstrated that these two
types of N species act as decisive roles in ORR [34].

We further examined the S2p XPS spectrum, as shown in Fig. 3¢.The two peaks
at binding energies of around 163.9 and 165 eV can be identified as the spin-orbit
coupling positions of 2p3/2 (S1) and 2p1/2 (S2) for thiophene-S, and the third peak at
around 168.5 eV corresponds to SOx moieties, which is inoperative for ORR.[35]
Thiol group (-SH) signal at around 162 eV was not detected in the S2p XPS spectrum,
suggesting that all the sulfur atoms were embedded in the edge and defect of graphene
layers in the form of thiophene-S and SOx, without forming thiol groups on the
surface of graphene. Table S2 presents the content of thiophene-S and SOx in
different samples. It is clear from Table S2 that the content of thiophene-S is nearly
invariable for different PSNG samples. It is generally believed that thiophene-S is
high-efficient active site for ORR [36].

In Fig. 3d, the high-resolution P2p spectrum reveals that phosphorus was doped
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into graphene in four main types of chemical bonding: (P1): P-C (~132.69 eV), (P2):
P-N (~133.45 eV), (P3) C-O-PO; (~134-134.6 eV) and (P4): metaphosphates (~135.2
eV), respectively [37, 38]. The existence of the P-C covalent bond confirms that
phosphorus was successfully doped into the PSNG1:10. The formation of P-N should
be due to P-doping in carbon sample containing nitrogen [39]. The existence of P3
indicates that the P was linked to the carbon surface by bonding to one bridging
oxygen [40]. P4 should be formed through the condensation of pyrophosphates (or
phosphates) [41]. Table S3 gives the content of four phosphorus species. It is seen
from Table S3, the PSNG1:10 catalyst possesses the highest content of C-O-PO;

(36.12%), which is operative for ORR [42].
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Fig. 4 Raman spectra of RGO, NG, PNG, PSNG1:5, PSNG1:10and PSNG1:20.

To further evaluate the effect of heteroatom doping on graphene, Raman analysis
was carried out on virgin graphene oxide as well as doped graphene samples. Fig. 4
shows the comparative Raman spectra of various samples. Raman spectra show that
the Ip/Ig ratio increases with the increasing thiourea mass ratio. This can be confirmed
from the Raman comparison of NG and PNG with Ip/Ig value of 1.16 and 1.13,

respectively, as well as PSNG1:5, PSNG1:10 and PSNG1:20 with Ip/Ig value of 1.20,
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1.25 and 1.27, respectively. On the contrary, it can also be seen that the introduction
of S into PNG decreases graphitic order, which can be deduced from the difference in
Ip/Ig values of PNG and PSNGI1:10. This phenomenon should be due to the
destruction of the graphitic structure [20].
3.2. Electrocatalytic reduction of oxygen

To investigate the ORR performance, linear sweep voltammetry (LSV)
measurements were operated on a rotating disk electrode (RDE) in an O,-saturated
0.1 M KOH electrolyte. Fig. 5a shows the LSV curves at various rotation speeds for
PSNG1:10. Obviously, the diffusion limiting current density increases with increasing
rotation speed. To further gain better insight into the electron transfer process for
ORR on each sample, the Koutecky-Levich (K-L) plots were obtained for these
catalysts at reaction potentials from -0.4 to -0.8 V vs. SCE based on LSVs at various
rotation speeds (Fig. 5b and Supplementary Fig. S2 b, d, f, g, h and 1 ). The electron
transfer number can be calculated from the slope and intercept of the

Koutecky—Levich plots, respectively [43]:

1 1 1 1 1
Tt = toom (D
J J« J. NFKCo Bw

B =0.62nFC,(D,)* v (2)

Where J is the measured current density, Jx and Jp are the kinetic and diffusion
limiting current densities, respectively, # is the overall number of electrons transferred,
F is the Faraday constant, Cy is the bulk concentration of O, dissolved in the
electrolyte, Dy is the O, diffusion coefficient, v is the kinematic viscosity of the

electrolyte, K is the electron transfer rate constant, and o is the angular velocity of the
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disk (w = 2nN, N is the linear rotation speed). The electron transfer number in the O,

reduction process can be calculated from the slope of the K—L equation.
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Fig. 5 (a) LSVs of PSNG1:10 for ORR in O;-saturated 0.1 M KOH under different
rotation speeds at a scan rate of 10 mV s™. (b) The corresponding K-L plots for
PSNGI1:10 at fixed potentials of -0.4, -0.5, -0.6 -0.7 and -0.8 V vs. SCE, respectively;
(c) LSVs of RGO, NG, PNG and PSNGI:5, PSNG 1:10, PSNG 1:20 and Pt/C in
O,-saturated 0.1 M KOH at a scan rate of 10 mV s™ with a rotation speed of 1600 rpm;
(d) Electron transfer number of RGO, NG, PNG and PSNGI1:5, PSNGI1:10,
PSNG1:20 and Pt/C at fixed potentials of -0.4, -0.5, -0.6 -0.7 and -0.8 V vs. SCE.
Fig. 5c¢ shows the ORR polarization curves of RGO, NG, PNG, PSNGI:5,
PSNG1:10, PSNG1:20 and commercial Pt/C at a rotation speed of 1600 rpm. Tafel
plots of LSVs are derived and presented in Supplementary Fig. S2. To evaluate the
catalytic efficiency comprehensively, the electrochemical parameters for ORR on

these catalysts, including the onset potential (Eonset), have-wave potential (Ei),
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limiting current density (jr) and Tafel plot slopes, are compared according to the
polarization curves, as seen in Table 1.
Table 1 Electrochemical parameters for ORR estimated from RDE polarization curves

in 0.1 M KOH solution.

Catalysts Eonset Ep JjL (mA cm'z) at  Tafel plot slopes

V vs. SCE V vs. SCE -0.7Vvs.SCE  (mV dec™)

RGO -0.120 -0.319 3.25 121
NG -0.064 -0.234 4.13 89
PNG -0.038 -0.196 4.03 86
PSNGL1:5 -0.025 -0.147 4.70 82
PSNG1:10 -0.007 -0.109 4.94 73
PSNG1:20 -0.010 -0.120 4.18 81
Pt/C 0.045 -0.124 5.82 62
Obtained from Fig.7c.

It can be seen from Table 1, the catalytic activity of the ORR on the PSNG1:10
catalyst is apparently better than those on other PSNG materials. The activity
enhancement of the PSNG1:10 should be related to more active heteroatom species.
XPS results indicate that the content of thiophene-S is nearly unchanged for different
PSNG samples. Compared with PSNG1:5 and PSNGI1:20 catalysts, however, the
PSNG1:10 catalyst possesses dominating active nitrogen (pyridinic-N and graphitic-N)
and phosphorus (C-O-PO;) species, which are high-efficient reactive sites for ORR

[17,34,36,42], thus leading to higher catalytic activity of the PSNG1:10 catalyst.
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Furthermore, the catalytic activity of PSNG1:10 is also higher than that of RGO, NG,
PNG, which should be due to the synergistic coupling between N, S and P. More
importantly, the onset potential of PSNG1:10 (-0.007 V) is comparable with that of
Pt/C (0.045 V), while the half-wave potential of O, reduction on the PSNG1:10
catalyst is even more positive than that of Pt/C, testifying superior activity of our
PSNG 1:10 catalyst. The excellent ORR activity of the PSNG 1:10 catalyst is also
inferred from the much smaller Tafel slope of 73 mV dec” in the low overpotential
region than those measured with NG, PNG and other PSNG catalysts. The Tafel slope
of 73 mV dec™ is close to that of Pt/C (62 mV dec™), which suggests that the ORR on
these two catalysts has a similar catalytic mechanism [44].

The electrocatalytic properties of our PSNG1:10 catalyst are also compared with
those previously reported in literature (Table S4). It is worth noting that the onset
potential and limiting current density of our catalyst is comparable to or even better
than those of previous reports (as shown in Table S4).

Fig. 5d presents the number of electrons transferred at different potentials in the
ORR process for all the samples. The electron transfer number (n) for ORR on
PSNG1:10 varies between 3.76 and 3.97 at applied potentials, suggesting that the
PSNG1:10 hybrid favors a 4-electron process for ORR and the final reduced product
is almost H,O. The electron transfer number of Pt/C is determined to be 3.93,
agreeing well with the previous report [45].

An additional rotating ring disk electrode (RRDE) experiment can be applied to

estimate n and further verify the ORR pathways, in which peroxide species produced
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during the ORR process at the disk electrode can be detected by the ring electrode.
The electron transfer number and the percentage of hydrogen peroxide species can be

determined by the following equations [46, 47]:

n=—4ID 3)
I,+I, /N
WHO, = 200x1, /N @
Iy +1 /N

Where Ip is the disk current, Iy is the ring current, and N is the current collection

efficiency of the Pt ring.
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Fig. 6 (a) Rotating ring disk electrode (RRDE) linear sweep voltammograms of
PSNG1:10 and Pt/C in O,-saturated 0.1 M KOH at a scan rate of 10 mV s-1with a
rotation speed of 1600 rpm; (b) Peroxide percentage and (c) electron transfer number
of PSN1:10 and Pt/C at fixed potentials of -0.4, -0.5, -0.6 and -0.7 V vs. SCE.

Fig. 6a shows the disk current and ring current for the PSNGI1:10 and Pt/C

catalysts in an O,-saturated 0.1 M KOH solution. As shown in Fig. 6b, notably, the
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measured H,O, yield for PSNG 1:10 is below 10% over the potential range from -0.4
to -0.7 V vs. SCE, and the electron transfer number calculated is in the range of 3.81
to 3.82, which is in accordance with the results calculated from K-L equation, proving

high efficiency of the ORR on PSNG 1:10.
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Fig. 7 Stability evaluation of PSNG1:10 and Pt/C for 10000 s in an O,-saturated 0.1
M KOH solution at -0.3 V vs. SCE with a rotation speed of 1600 rpm.

In addition, the stability for PSNG1:10 and Pt/C was evaluated by current-time
chronoamperometric measurements with constant potential set at -0.3 V vs. SCE and a
rotation speed of 1600 rpm in 0.1 M KOH solution saturated with O,. Fig. 7 gives the
stability test results for PSNG1:10 and Pt/C. The current attenuation loss on Pt/C
catalyst is around 13.37 % after a chronoamperometric tests for 10000 s, while
PSNG1:10 retains 89.93 % of its initial current under the same conditions. The results
demonstrate that the PSNG1:10 catalyst possesses better stability than Pt/C.

4. Conclusion
In summary, this work reports the preparation of a novel ternary-doped graphene

catalyst for ORR. Compared with NG and PNG, the obtained PSNG1:10 catalyst for
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ORR exhibited higher catalytic activity in terms of more positive onset potential and
half-wave potential, and larger diffusion limiting current density, which should be
ascribed to the synergetic effect between N, S and P. Furthermore, The PSNG1:10
catalyst also showed better stability than Pt/C. It is believed that the simple but
efficient method could be further developed for the production of metal-free
electrocatalyst to replace Pt/C in the fields of fuel cells and metal-air batteries in the
future.
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