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Earth-abundant, active and stable water splitting
electrocatalysts operating in the same electrolyte at all pH
values is important for many renewable energy conversion
processes. We report here the first carbon nanomaterials-

10 based metal-free water splitting electrocatalyst. The nitrogen,
phosphorus and oxygen tri-doped porous graphite carbon
@oxidized carbon cloth (ONPPGC/OCC) electrocatalyst can
be prepared by a simple cost-effective method using aniline,
phytic acid and OCC as precursors. Being a robust integrated

15 three-dimensional porous bifunctional electrode,
ONPPGC/OCC enables a high-performance basic water
electrolyzer with 10 mAcm™ at a cell voltage of 1.66 V.
Additionally, this electrode offers excellent catalytic
performance and durability under both neutral and acidic

20 conditions.

Electrochemical water splitting is widely considered to be a
critical step for efficient renewable energy production, storage
and wusage including sustainable hydrogen production,
rechargeable metal-air batteries and fuel cells'. Currently, Ir- and
»s Ru-based compounds have the highest activity toward oxygen
evolution reaction (OER), while platinum group metals are most
efficient hydrogen evolution reaction (HER) catalysts. However,
both types of systems suffer from metal scarcity and high costs,
limiting their widespread use. A great deal of effort and progress
30 has been made in recent years towards the development of
efficient OER and HER catalysts with earth-abundant materials,
such as cobalt phosphate?, oxides® * and hydroxides®® ( for OER),
and chalcogenides™ '°, carbides'' and phosphides'® (for HER).
However, pairing the two electrode reactions together in an
integrated electrolyser for practical use is difficult due to the
mismatch of pH ranges in which these catalysts are stable and
remain most active. In addition, designing different catalysts for
OER and HER requires different equipment and processes which
can increase complexity and system costs. The development of a
40 simple and efficient bifunctional electrocatalyst with high activity
towards both OER and HER in the same electrolyte can be a
relevant yet challenging alternative. A few recent works (Ni
phosphide'> ', Ni selenide'®, Ni;S,'®, Co phosphide/phosphate'”
18 cobalt—cobalt oxide!’, transition metal oxide®®, and NiFe
ss layered double hydroxide?', Co,Sg@MoS, core—shell structures™)
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have reported electrocatalytic systems capable of catalyzing both
HER and OER in the same alkaline media. However, these
materials have generally low electronic conductivity, limiting
their potential in electrocatalysis enhancement. Developing
efficient and low-cost full water splitting catalysts working at all
pH values remain highly challenging™ .

Various heteroatom doped carbon materials feature unique
advantages for designed water splitting electrocatalysis due to
their tunable molecular structures, abundance and strong
tolerance to acid/alkaline environments®*>?. In general, the
electrocatalytic performances of heteroatom doped carbon
materials are governed by three crucial factors: 1) the intrinsic
nature of active sites, determined by chemical composition and
interactions between different components; 2) the accessible part
of active sites and transport properties of reaction-relevant
species, determined by specific surface area and the presence of
hierarchically porous structures; and 3) the electron transfer
energy, determined by electrical conductivity of the catalyst itself
and its binder-free structure. Despite tremendous efforts, carbon
nanomaterials-based full water splitting electrocatalysts which
exhibits the above three features and thus achieve a high
performance have never been achieved so far.

In this contribution we report a scalable methodology for the
design of unprecedented three-dimensional O, N and P tri-doped
porous graphite nanocarbon directly grown on oxidized carbon
cloth (ONPPGC/OCC) as a binder-free eclectrode, which
represents the first carbon nanomaterial-based non-metal full
water splitting electrocatalyst. Full water splitting could be
achieved using the aforementioned designed nanomaterial at all
pH values.

ONPPGC/OCC nanomaterials were synthesized as illustrated
in Figure S1. Commercial CC was first mildly oxidized to OCC
(Figure S2), creating abundant functional groups (e.g. —COQO") on
the surface to enhance its interaction with aniline. Aniline
monomers were then polymerized in the presence of phytic acid
(the cross-linker and O, P source) to produce a polyaniline
hydrogel on OCC surfaces within 3 min (Figure S3). Phytic acid
molecules facilitate the formation of the hydrogels on OCC
surfaces. Subsequent hydrothermal process and pyrolysis led to
the formation of an ONPPGC/OCC. Scanning electron
microscopy (SEM) images (Figure 1 A, B) pointed to the
presence of highly interconnected fibers to a porous structure on
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the OCC surface. Elemental mapping revealed the uniform
distribution of C, O, N and P on the materials (Figure S4).
Atomic force microscopy (AFM) results showed that these
porous structures have a thickness of approximately 5 nm (Figure
S5). Transmission electron microscopy (TEM) images depicted in
Figure 1 C indicated the presence of a large number of edge-like
graphitic structures which may play a crucial role in
electrocatalytic activity. Figure S6 shows the X-ray diffraction
(XRD) patterns of the ONPPGC/OCC sample. Two broad intense
peaks at about 25° and 43° corresponding to (002) and (101)
diffraction lines of graphite carbon could be observed, in
agreement with the expected graphite structure of
ONPPGC/OCC. Raman spectra were also recorded to study the
degree of graphitization of the samples (D and G bands provide
information on the disorder and crystallinity of sp® carbon
materials, respectively). After pyrolysis, only D- and G-bands at
~ 1357 and 1590 cm™ could be observed for ONPPGC/OCC
(Ip/Ig= ~ 0.93) (Figure 2 A). This high degree graphitized carbon
could clearly favor improvements in electrical conductivity.

P —

Fig. 1 (A, B) SEM images of ONPPGC/OCC and C) TEM images of
ONPPGC.

Nitrogen adsorption—desorption isotherms analysis revealed
that the Brunauer—Emmett-Teller (BET) surface area of
ONPPGC/OCC (94 m’g”', Figure S7A) was remarkably improved
as compared to essentially non porous OCC (<5 m’g”, Figure
S7A). DFT pore size distribution curves derived from N,
desorption branches confirmed the presence of micro- and
mesopores and significantly enhanced pore volume (0.071 cm’g™'
for ONPPGC/OCC, Figure S7B). The high microporosity can
supply numerous accessible active sites and rich mesoporosity is
favourable for the efficient mass transport in the catalyst layer.
Overall, characterisation data confirmed that ONPPGC/OCC
featured a three-dimensional structure with large surface area,
high pore volume and a hierarchically porous structure that could
be in principle highly appropriate for electrocatalytic
applications.

X-ray photoelectron spectroscopy (XPS) analysis (Figure S8)
revealed that ONPPGC/OCC is mainly composed of C
(82.8 at.%), O (16.4 at.%), N (0.46 at.%) and P (0.32 at.%),
further confirming that O, N and P were successfully
incorporated into the carbonaceous nanocomposite. A high-
resolution N3 XPS spectrum (Figure 2 D) of ONPPGC/OCC
pointed to the presence of pyridinic, pyrrolic, and graphitic N.
The high-resolution P,, XPS spectrum (Figure 2 E) of
ONPPGC/OCC also confirmed the existence of P-C and P-O
bonds™. These results suggested the successful doping of P
heteroatoms into the carbon network. The high-resolution Oy
XPS spectrum (Figure 2 F) of ONPPGC/OCC supported the
formation of three types of O-containing functional groups: -
C=0, —C-0, and —COOR. The existence of these functional
groups was further confirmed by the corresponding Fourier
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transform infrared (FTIR) spectroscopy analysis (Figure S9).
These various oxygen, nitrogen and phosphorus species lead to
different chemical/electronic environments for neighbouring
carbon atoms and hence different electrocatalytic activities.
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Fig. 2 (A) Raman, and (B-D) high-resolution Ny, P,,, and O;; XPS
spectra of ONPPGC/OCC.
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We investigated the OER activity of ONPPGC/OCC as a 3D
electrode in 1.0 M KOH (pH 14). For comparative purposes,
similar measurements at bare CC and 20 wt % Pt/C were also
performed. Figure 3A shows their linear sweep voltammetry
(LSV) curves. Note that all currents presented were corrected
against the ohmic potential drop and current densities were based
on projected geometric electrode areas. ONPPGC/OCC exhibited
a remarkably superior current density and earlier onset of
catalytic current with respect to bare CC and Pt/C.
ONPPGC/OCC required an overpotential (nogg) of only 410 mV
to reach 10 mAcm™. This nogr was found to be 190 and 40 mV
inferior to those of bare CC and Pt/C, respectively. OER kinetics
was also estimated by the corresponding Tafel plots (n versus
log(j)) for such electrodes (Figure 3B). The Tafel slope for
ONPPGC/OCC is 83 mVdec™, significantly reduced as compared
to that of bare CC (423 mV dec!) and PY/C (86 mV dec™),
implying a faster OER rate for ONPPGC/OCC. We further
probed the long-term electrochemical stability of this electrode in
bulk electrolysis of water in 1.0 M KOH. A potential of about
1.64 V was required to deliver 10 mAcm™ and current density
then stabilizes around 10 mAcm™ during a 5 h reaction
experiment (Figure S10).

The electrocatalytic HER performance of ONPPGC/OCC with
respect to bare CC and Pt/C were also assessed in 1.0 M KOH
solution. As shown in Figure 3C, Pt/C required 40 mV to deliver
10 mAcm™ Although unmodified bare CC was found to be
electroactive towards HER, ONPPGC/OCC exhibited a
remarkably improved activity with an overpotential (nygr) of 446
mV to achieve 10 mAcm™. Figure 3D depicts the corresponding
Tafel plots. Pt/C exhibited a Tafel slope of 39 mVdec™. The Tafel
slope of 154 mVdec for ONPPGC/OCC was however observed
to be inferior to that of unmodified bare CC (193 mVdec™). The
long-term electrochemical stability of this electrode was further
tested in bulk electrolysis of water. A potential of about -0.4 V is
required to deliver 7.6 mAcm™ and current density then stabilized
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around this value during the 5 h reaction experiment (Figure
S11). These results demonstrate the unprecedented stability of
ONPPGC/OCC electrode for HER in 1.0 M KOH.

Given that ONPPGC/OCC is an active and stable catalyst
towards both OER and HER in strongly basic media, an
electrolyzer in a two-electrode setup using ONPPGC/OCC as
both anode and cathode was designed to go a step closer to the
real application. This alkaline water electrolyzer exhibited a high
performance with a cell voltage of 1.66 V to afford 10 mAcm™
10 water-splitting current in 1.0 M KOH (Figure 3E) with vigorous
gas evolution on both electrodes. This potential was found to be
comparable to that of electrolyzers based on Pt/C (1.69 V), NiFe
LDH/NF (1.7 V)*', NiSe/NF (1.63 V)", Ni,P (1.63 V)", and
NiFeOyx (1.51 V)* (Table S1). We also tested the long-term
stability of this system for 10 h in 1.0 M KOH. A potential of
1.66 V was required to deliver 10 mAcm™ at the beginning and
stabilized around 1.67 V (after 10 h electrolysis test, Figure 3F)
with a vigorous gas evolution on both electrodes (Figure S12,
Movie S1). We also probed the stability of the ONPPGC/OCC
electrode by cyclic polarization curve scanning. The overpotential
increased by only 10 mV to reach 20 mAcm™ after 1000 cycles,
as shown in Figure S13. Figure S14 indicated the volume ratio of
produced H, and O, was close to 2, corresponding to a
quantitative Faraday yield. The effects of the relative ratios of O,
25 N and P in the performance of the systems were also investigated

by changing aniline/phytic acid molar ratios (Table S2). Indeed, a

certain effect of the heteroatoms was observed in the water

splitting reaction under strongly alkaline solutions (Figure S15),

particularly at high aniline/phytic acid ratios (7:1).
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Fig. 3 A) LSV curves for ONPPGC/OCC, bare CC, and Pt/C with a scan
rate of 2 mVs" for OER in 1.0 M KOH. B) The corresponding Tafel
plots. C) LSV curves for ONPPGC/OCC, bare CC, and Pt/C with a scan
rate of 2 mVs" for HER in 1.0 M KOH. D) The corresponding Tafel
35 plots. E) LSV curves of water electrolysis for ONPPGC/OCC, bare CC,
and Pt/C in a two-electrode configuration with a scan rate of 2 mVs™ in
1.0 M KOH. F) Chronopotentiometric curve water electrolysis for

ONPPGC/OCC in a two electrode configuration with constant current
density of 10 mAcm™ in 1.0 M KOH.

s We further investigated the OER performance of
ONPPGC/OCC in neutral solution (0.2 M pH 7.0 PBS). Figure
S16A depicts LSV curves. To achieve a current density of 2
mAcm 2, ONPPGC/OCC required an overpotential of 420 mV
with excellent durability (Figure S 16B). A Tafel slope of

45 231 mV dec ' was observed (Figure S 16C). The electrocatalytic
HER performance of ONPPGC/OCC was also assessed in 0.2 M
PBS (pH 7). Figure S 17A shows LSV curves. An overpotential
of 352 mV with excellent durability (Figure S17B) was recorded
for ONPPGC/OCC to reach a current density of 1 mAcm 2 A

s0 Tafel slope of 374 mV dec”' was also registered for this
experiment (Figure S 17C). This neutral water electrolyzer
exhibited a high performance with the need of a cell voltage of
1.71 V to afford 2 mAcm™ water-splitting current in 0.2 M PBS
(pH 7) (Figure 4A) on both electrodes. We also tested the

ss long-term stability of such system for 10 h in 0.2 M PBS. A
potential of 1.70 V was comparatively required to deliver
2 mAcm™ at the beginning and stabilized around 1.71 V after
10 h electrolysis (Figure 4B).
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60 Fig. 4 A) LSV curves of water electrolysis for ONPPGC/OCC in a two-
electrode configuration with a scan rate of 2 mVs™ in 0.2 M PBS. B)
Chronopotentiometric curve water electrolysis for ONPPGC/OCC in a
two electrode configuration with constant current density of 10 mAcm™ in
0.2 M PBS. C) LSV curves of water electrolysis for ONPPGC/OCC in a

6s two-electrode configuration with a scan rate of 2 mVs'! in 0.5 M H,SO..
D) Chronopotentiometric curve water electrolysis for ONPPGC/OCC in a
two electrode configuration with constant current density of 10 mAcm in
0.5 M H,SO,.

ONPPGC/OCC also exhibited an unprecedented activity under

70 acidic conditions. Figure S18A shows the OER polarization curve
of ONPPGC/OCC in 0.5 M H,SO,4 (pH 0). An overpotential of
470 mV was required to approach current densities of
10 mA cm 2. ONPPGC/OCC still presented a good durability
even under such acidic conditions (Figure S 18B). The Tafel
75 slope was calculated to be 200 mV dec™ (Figure S 18C). HER
performance was also assessed in 0.5 M H,SO, (pH 0).
Figure SI9A also depicted the OER polarization curve of
ONPPGC/OCC in 0.5 M H,SO, (pH 0) for which an
overpotential of 386 mV with good durability (Figure S 19B) was

s present to achieve a current density of 10 mAcm 2, with a Tafel
slope of 109 mV dec' (Figure S 19C). This acidic water
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electrolyzer demonstrated a high performance with the need of a
cell voltage of 1.75 V to afford 5 mAcm™ water-splitting current
in 0.5 M H,SO, (pH 0) (Figure 4C). We also tested the long-term
stability of this system for 10 h in 0.2 M PBS. A potential of
1.75 V was required to deliver 5 mAcm™ at the beginning and
stabilized around 1.77 V after 10 h electrolysis test (Figure 4D).

The excellent water splitting electrocatalytic performance can
be correlated to 1) ONPPGC and CC enhancement of accessible
active sites and transport properties of reaction-relevant species
due to the 3D porous structure and 2) a high electrical
conductivity of graphitized carbon and binder-free electrode
which favored the formation of a continuous conductive network
throughout the whole energy conversion process. Previously
reported work supported the benefits of graphitic carbon for
HER® and N doped graphitic carbon®®, N/P co-doped graphitic
carbon* as well as oxygen containing functional groups* ¥’ for
OER. The presence of O, N and P incorporated species on
graphitized nanocarbon can certainly provide a number of active
sites for both HER and OER. Accordingly, ONPPGC/OCC
provided a low diffusion transfer resistance in the high frequency
region of the Nyquist plot, indicative of favorable diffusion
transport kinetics. The higher electroconductivity of the
ONPPGC/OCC electrode was also believed to play a crucial role
in enhancing its electrochemical performance (Figure S 20).

Conclusions

In conclusion, we have developed a low-cost and scalable
approach to prepare flexible ONPPGC/OCC electrodes using a
simple three-step process. ONPPGC/OCC can provide a
promising alternative electrocatalytic system for water splitting
featuring a novel 3D porous electrode with excellent activity and
durability for all pH values. An efficient basic water electrolyzer
could achieve 10 mAcm? at a cell voltage of 1.66 V with
superior stability by applying ONPPGC/OCC as both anode and
cathode. This work opens an exciting new avenue to explore the
use of metal-free materials toward full water splitting. We
anticipate that our nanomaterial will also be useful for other
electrocatalytic applications that will be reported in due course.
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