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Hydrogen peroxide (H,0;) synthesis generally involves the energy-intensive anthraquinone process. Al-
ternatively, electrochemical synthesis provides a green, economical, and environmentally friendly route
to prepare H,0, via the two-electron oxygen reduction reaction, but this process requires efficient cata-
lysts with high activity and selectivity simultaneously. Here, we report an N, O co-doped carbon xerogel-
based electrocatalyst (NO-CX) prepared by a simple and economical method. The NO-CX catalyst exhibits
a high H,0, selectivity over 90% in a potential range of 0.2-0.6V and a high H,0, production rate of
1410 mmol gc,: ' h~'. The density functional theory calculations demonstrate that the coupling effect be-
tween N and O can effectively induce the redistribution of surface charge and the edge carbon atom
adjacent to an ether group and a graphite nitrogen atom is the active site. This work provides a straight-
forward and low-cost process to produce highly selective H,0, catalysts, which is in place for the expan-
sion of electrocatalytic synthesis of useful chemicals.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H,05) is an important and environmentally
friendly oxidant [1,2]. It has found a wide range of applications in
medical disinfection, pulp and textile bleaching, wastewater treat-
ment, chemical synthesis, and semiconductor cleaning [3,4]. The
production methods of H,0, include the anthraquinone (AQ) pro-
cess, direct synthesis, and electrochemical production. The cur-
rent industrial synthesis of H,0, is carried out by the AQ pro-
cess, which accounts for 95% of H,0, production [5]. However, it
involves a series of hydrogenation and oxidation steps in organic
solvents, followed by extraction and distillation to obtain a con-
centrated solution of H,0,. This process is associated with consid-
erable energy consumption and requires large infrastructures [6].
In addition, large-scale centralized production involves additional
transportation to the place of use. Direct synthesis of H,0, with
the aid of catalysts is possible to solve these problems, which re-
quires catalysts with high activity and selectivity and involves a
mixture of H, and O,, which has a risk of explosion [7].

* Corresponding authors.
E-mail addresses: gaoyang@nanoctr.cn (Y. Gao), zhanglp@buct.edu.cn (L. Zhang),
wangb@nanoctr.cn (B. Wang).
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Differing from the above-mentioned methods, electrochemical
production provides a green, economical, safe, and environmen-
tally friendly way to prepare H,0, via the cathode reduction of
0,. However, it is a complex process, for example, the oxygen
reduction reaction (ORR) can produce H,O via the 4e~ pathway
(05 +4H* +4e~ — 2H,0), or desired H,0, via the 2e~ pathway
(05 +2H*" +2e~ — H,0,) [1,3]. Therefore, it requires the promo-
tion of the 2e~ ORR pathway and prevention of the decomposition
of H,0,. Noble metals and their alloys (such as Au [8], Au-Pd [9],
Pt-Hg [10] and Pd-Hg [11]) are the most effective catalysts for the
electrochemical production of H;O, due to their low overpotential
and high H,0, selectivity. However, the high cost and low reserves
of precious metals limit the large-scale application [12].

Carbon-based nanomaterials have been considered as promis-
ing alternative electrocatalysts for the electrochemical production
of H,O, due to their abundant earth reserves, flexible tunable
structures, and high electrochemical stability [13-15]. Extensive ef-
forts have been devoted to the development of carbon-based elec-
trocatalysts such as carbon nanotubes (CNTs) [16,17], graphene
[18], carbon black [19,20], ordered mesoporous carbon [21], and
heteroatom-doped carbons [22-26]. For example, Cui et al. found
that the carbon atoms adjacent to oxygen functional groups (such
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Scheme 1. Schematic illustration of the fabrication procedure for the NO-CX cata-
lyst, which is simple, low-cost, and efficient in producing highly active carbon cat-
alysts towards H,0, production.

as C-0-C) can serve as the active sites for the 2e~ ORR path-
way [16]. In another representative work, Baek et al. reported that
quinone-enriched carbon materials exhibited high selectivity and
activity for H,O, production [27]. However, these classic works
mainly focus on the effect of oxygen-related sites on catalytic per-
formance and the dual-doping effect has rarely been investigated.
Furthermore, it is still challenging to obtain carbon-based electro-
catalysts with both high activity and selectivity at a low cost for
the electrochemical production of H,0,.

To prepare highly active carbon catalysts for the electrochemical
production of H,0, at a low cost, we propose a simple but efficient
method to prepare an N, O co-doped carbon-based catalyst (N, O
co-doped carbon xerogel, NO-CX) using the widely used polyacry-
lonitrile (PAN) as the precursor. The NO-CX catalyst exhibits both
high activity and selectivity, especially delivering greater than 90%
H,0, selectivity over a potential range of 0.2-0.6V and a high
H,0, productivity of 1410 mmol ge,~' h~'. Furthermore, the den-
sity functional theory calculations reveal that N, O-coupling can ef-
fectively induce the redistribution of surface charge and lower the
thermodynamic energy barrier of the 2e~ ORR pathway, suggesting
the cooperative effect brought by the additional nitrogen atom.

The NO-CX catalyst was prepared by high-temperature pyrolysis
as shown in Scheme 1. Briefly, 0.6g PAN and 0.5 g dicyandiamide
were added to 9mL DMF and stirred for 12h to form a homoge-
neous solution. The solution was then dried in an oven at 60 °C for
48 h to obtain a PAN-based polymer xerogel. Subsequently, the ob-
tained PAN-based polymer xerogel was annealed using a tube fur-
nace in an Ar atmosphere. The sample was first annealed at 550°C
with a heating rate of 2 °C/min and maintained for 4 h. The temper-
ature was then increased to 1000°C at a rate of 5°C/min and held
for 1h before cooling. Finally, the NO-CX catalyst was obtained. As
a control, the N,0 co-doped carbon particle (NO-CP) catalyst was
obtained under the same carbonization conditions as above. The
difference here was that 0.6g PAN and 0.5g dicyandiamide were
mixed evenly by grinding them in a mortar, instead of in solution.

Scanning electron microscopy (SEM) images were acquired from
a Hitachi S4800 field-emission SEM system. Transmission elec-
tron microscopy (TEM), high-angle annular dark-field scanning
TEM (HAADF-STEM), and element mapping images were acquired
from field-emission TEM (FEI Tecnai G2 F20 U-TWIN). The Fourier
transform infrared (FT-IR) spectra were recorded on a Perkin-
Elmer Spectrum One spectrometer. The N, adsorption/desorption
isotherms were measured on an ASAP 2020 physisorption analyzer.
The Brunauer-Emmett-Teller (BET) method and the non-local den-
sity functional theory (NLDFT) pore model were used to analyze
the specific surface area and pore size distribution, respectively.
Raman spectra were collected from a Renishaw inVia Raman mi-
croscope. X-ray photoelectron spectroscopy (XPS) measurements
were carried out on an ESCALAB250Xi apparatus with an Al Ko
X-ray source and all the binding energy was calibrated according
to the C 1s peak of 284.6eV.

All electrocatalytic measurements were performed in a three-
electrode cell using a Bio-logic VMP potentiostat workstation at
ambient temperature. A rotating ring-disk electrode (RRDE, PINE
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Research Instrumentation) with a glassy carbon electrode (0.2475
cm? area) and a Pt ring electrode was used as the working elec-
trode. A Pt foil (1 cm2) was used as the counter electrode (CE)
and an Ag/AgCl (Saturated KCI) electrode was selected as the ref-
erence electrode (RE). All potentials in this study were referred to
RHE, E(rug) = E(ag/agcry +0.059 pH 4-0.199. All of the potentials were
95% iR corrected. To prepare the catalyst ink, 2.5mg of catalyst
was dispersed in 1.04 mL of solution containing 0.6 mL of ethanol,
0.4 mL of water, and 40 puL of 5wt% Nafion solution, followed by
ultrasonication for 60 min to form a homogeneous ink. Then, 10 pL
of the catalyst ink was pipetted onto the glassy carbon electrode
and dried at room temperature. The catalyst loading was about
0.10mg/cm?2. The electrocatalytic measurements were performed
in an O,-saturated 0.1 mol/L KOH electrolyte. RRDE measurements
were carried out by linear sweep voltammetry (LSV) at a scan rate
of 10mV/s at 1600 rpm while holding the potential of the Pt ring
electrode at 1.2V. During the stability test, the electrolyte was re-
placed with fresh O,-saturated 0.1 mol/L KOH solution every 2.5h
to suppress the interference from the accumulated H,0, in the
electrolyte. The H,0, selectivity was calculated using the equation:
H,0, (%)=200 x (It/N)/(I4 + I+/N), and the electron transfer num-
ber (n) at the disk electrode was calculated using n=4 x /(I3 +
I;/N), where I; is the ring current, Iy is the disk current, and N is
the collection efficiency (0.37).

The production of H,O, was performed in an H-type elec-
trolyzer with Nafion 117 membrane as a separator. The NO-CX cat-
alyst was coated on a piece of carbon paper with a mass loading
of 0.1 mg/cm? to serve as the working electrode (WE). The polar-
ization curves were obtained by the LSV method at a scan rate
of 50mV/s. The chronopotentiometry test was carried out under
a constant current density of 10mA/cm? to evaluate the long-term
stability of catalysts.

The H,0, yields in the electrolytes were determined by the
cerium sulfate Ce(SO,), titration method. The yellow-colored Ce**
would be transformed into the colorless Ce3* when reduced by
H,0, according to Eq. 1. Then, the concentration of Ce** can be
determined by ultraviolet-visible spectroscopy.

2Ce** + H,0, — 2Ce3+ + 2H* + 0, (1)

Therefore, the concentration of H,0, (M) was calculated by the
following Eq. 2:

M =1/2 x M(Ce*") (2)

where M(Ce*t) is the mole of consumed Ce**.

All the calculations were conducted using the Vienna ab initio
simulation package (VASP) [28,29] based on density functional the-
ory (DFT) [30] and the projector-augmented wave (PAW) [31,32]
method. The electronic exchange and correlation effects were de-
scribed by the generalized-gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional [33]. To ensure the con-
vergence for the total energy, a plane-wave cutoff energy of 450 eV
with Fermi-level smearing of 0.05eV was used. The Brillouin zone
was sampled with Monkhorst-Pack k-point meshes of 4 x 1 x 1. The
spin-polarization and van der Waals corrections [34] were used
in all the calculations. Besides, geometry optimizations were per-
formed until the force of the system converges to 0.02eV/A and
the energies were converged within 107> eV. All the nanoribbons
were built as three-dimensional periodic structures, and vacuum
layers were set around 16 and 20A in the y- and z-directions, re-
spectively.

The morphology of the N, O co-doped carbon-based catalysts
was first characterized using SEM and TEM (Figs. 1a-c and Fig.
S1 in Supporting information). An irregular particle with a rough
surface is observed, which shows a turbostratic graphitic structure
formed during the carbonization process. Obviously, there are sev-
eral characters we can see from the images: since there is no metal
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Fig. 1. The morphology and component characterization of the NO-CX catalyst.
(a) SEM, (b) TEM, (c) HRTEM, and (d) HAADF-STEM images of NO-CX. (e-g) EDS
mapping images of C, N, and O for NO-CX, respectively.

involved during the preparation process, we could establish a clear
relationship between the carbon structure and its catalytic perfor-
mance without affecting by the potential trace metals that usually
exist in carbon nanotubes; the rough surface endows the carbon
with a surface area of 371 m2/g as tested and shown in the follow-
ing text, which increases the efficient area for catalytic reactions.
Moreover, the HAADF-STEM image and its corresponding element
distribution images show that C, N, and O elements are uniformly
distributed in the NO-CX catalyst (Figs. 1d-g), demonstrating the
successful dual-doping of the carbon materials.

Further characterization was conducted to investigate the struc-
tural and chemical features of NO-CX. As shown in Fig. 2a, the Ra-
man spectrum of NO-CX was deconvoluted into four peaks at 1210,
1360, 1540, and 1600 cm~!, which correspond to p, D, Am, and G
bands, respectively. The D band is usually related to the defects
in graphitic carbon, while the G band is a characteristic feature of
graphitic carbon [35,36]. The area ratio of the D to G band (Ap/Ag)
of NO-CX is 3.90, indicating a turbostratic carbon-dominated fea-
ture that corresponds to the observation in the HRTEM image. As
shown in Fig. 2b, the FT-IR spectrum of NO-CX shows a broad
peak at around 3450 cm~!, which corresponds to the O-H stretch-
ing mode. The absorption peak at 1630 cm™! is ascribed to the
C=C/C=N stretching vibration, while the peaks at 1096 and 1171
cm™! are attributed to C-O stretching vibrations of C-O-C and C-
0O-H, respectively. The surface chemical feature of the NO-CX cata-
lyst was further investigated using XPS. The XPS spectrum of C 1s
(Fig. 2c) was fitted into five peaks, which are assigned to C=C-C
(286.4eV), C-0/C-N (285.8eV), C=0 (287.5eV), 0-C=0 (289.2eV),
and m-* satellite peak (290.6eV). The O 1s XPS spectrum of NO-
CX was deconvoluted into four chemical forms, which correspond
to C=0 (530.8eV), sp3 C-0 (532.0eV), sp? C-0 (533.3eV), and
chemisorbed water molecules (535.7 eV) (Fig. 2d). XPS data reveal
that C-O is the main chemical state of oxygen, which is in ac-
cord with the result of the FT-IR spectrum. The N 1s XPS spectrum
was deconvoluted into four nitrogen species, including pyridinic N
(398.3eV), pyrrolic N (399.6eV), graphitic N (400.9eV), and oxi-
dic N (402.6eV) (Fig. S2 in Supporting information). Furthermore,
N, adsorption/desorption measurement was performed to study
the pore structure of NO-CX. As displayed in Fig. 2e, N, adsorp-
tion/desorption isotherms of NO-CX exhibit a small hysteresis loop,
suggesting the presence of mesopore. The NLDFT pore size distri-
bution curve (Fig. 2f) demonstrates that the NO-CX catalyst has a
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hierarchical porous structure. The as-obtained surface area of 371
m?/g and the N, O-co-doping are desirable to the electrochemical
production of H,0,.

To investigate the electrocatalytic activity and selectivity of the
NO-CX sample during the electrochemical production of H,0,, lin-
ear sweep voltammetry (LSV) was conducted on a rotating ring-
disk electrode (RRDE) at 1600rpm in an O,-saturated 0.1 mol/L
KOH solution. The ring electrode was held at 1.2V to oxidize the
H,0, generated at the disk electrode. Fig. 3a shows the oxygen re-
duction current at the disk electrode and the synchronously de-
tected H,0, generation ring current for the NO-CX catalyst with a
mass loading of ~0.1 mg/cm?2. As shown in Fig. 3b, the H,0, se-
lectivity and electron transfer numbers (n) were plotted against
the applied disk potential. The NO-CX catalyst shows high selec-
tivity to H,0,, especially delivering greater than 90% H,0, selec-
tivity over a potential range of 0.2-0.6 V. It is noteworthy that the
selectivity of NO-CX is superior to recently reported carbon-based
electrocatalysts, such as B, N co-doped porous carbon (BN-C) [37],
O-doped carbon nanosheet (O-CNS) [36], and oxidized CNTs (O-
CNT) [16], and even surpasses some metal-based electrocatalysts
including Co nanoparticles supported on N-doped carbon (Co@N/C)
[38] and Co-N-C [39] catalysts (Fig. 3c), indicating its excellent
electrochemical performance for H,O, generation. To deeply ana-
lyze the electrochemical behavior of NO-CX in the electrochemi-
cal production of H,0,, the LSV curves (Fig. 3a) were divided into
four regions. In the kinetic-controlled region (Region 1), the re-
action rate of ORR is kinetically controlled, and the disk current
and ring current increase slightly with the decrease of the disk
potential. Subsequently, in the mixed kinetic-diffusion controlled
region (Region 2), both the disk current and ring current rapidly
increase as the disk potential decreases, indicating that the reduc-
tion of oxygen and the generation of H,0, accelerate simultane-
ously. The standard electrode potential of the 2e~ ORR pathway at
pH 13 is 0.691V vs. RHE, which corresponds to the initial poten-
tial of disk and ring currents. In the diffusion-controlled area (Re-
gion 3), a small current platform appears at the disk current and
could be seen as mainly originating from 2e~ORR. When the po-
tential further decreases to Region 4, the further reduction of H,0,
in the disk electrode leads to the increase of disk current and the
decrease of H,0, selectivity. Furthermore, the operational stability
of NO-CX was also conducted on RRDE. Fig. 3d demonstrates that
both the disk current and ring current are stable and the H,0, se-
lectivity can hold above 90% during the 10h operation. It should
be noted that the ring current and H,0, selectivity exhibit an in-
creasing trend, which is derived from the gradual accumulation of
generated H,0, in the electrolyte and subsequently the reduction
of H,0, in the Pt ring electrode during operation. After replacing
the electrolyte with fresh O,-saturated 0.1 mol/L KOH solution, the
H,0, selectivity can be recovered, indicating the good stability of
NO-CX.

To evaluate the H,0, production performance of catalysts in
real devices, we coated NO-CX on carbon paper (mass loading:
0.1 mg/cm?) and tested it in an H-type electrochemical cell (Fig.
4a). Fig. 4b shows the catalytic performance of NO-CX during
bulk electrolysis. The long-term stability test was performed us-
ing the chronopotentiometry method at a fixed current density of
10mA/cm? for 6h (Fig. 4c) and cerium sulfate titration was used to
quantify the amount of produced H,0,. As observed in Fig. 4d, the
H,0, yield of NO-CX linearly increases with the operation time,
suggesting the constant production of H,0,. The Faraday efficiency
(FE) of Hy0, production achieves a maximum value of 78.3% at the
initial 0.5h and subsequently decreases, which can be attributed
to the accelerated reduction rate of peroxide with the H,0, accu-
mulation and the decomposition of H,0, in an alkaline electrolyte
over time [40]. As shown in Fig. 4e, NO-CX shows a H,0, pro-
ductivity of 1410mmol geo¢~! h~!, which is superior to many re-
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ent potentials. (d) Stability test of NO-CX at a fixed disk potential of 0.3V. The
electrolyte was refreshed every 2.5h to remove the accumulated H,0, in the elec-
trolyte.

cently reported metal-free electrocatalysts and even comparable to
the metal-based electrocatalyst (Table S1 in Supporting informa-
tion), indicating its excellent H,O, production activity.

Although it is still challenging to determine the exact atomic
structure of NO-CX from current experimental techniques, DFT
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Fig. 4. H,0, production performance of NO-CX in the H-type electrolyzer. (a)
Schematic illustration of the H-type electrolyzer. (b) IR-corrected polarization curve
of NO-CX in an H-cell electrolyzer. (c) Chronopotentiometry curve of NO-CX at a
fixed current density of 10 mA/cm? in 0,-saturated 0.1 mol/L KOH solution. (d) H,0,
yield and FE of NO-CX as a function of time at the stability test of (c). (e) Compar-
ison of H,0, productivity on NO-CX and other recently reported electrocatalysts.

calculations provide a powerful tool to investigate the catalytic
mechanism of NO-CX in the electrochemical production of H,0,.
As shown in Fig. S3 (Supporting information), molecular models
of O-doped graphene nanoribbons with armchair or zigzag edges
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tion and (d) differential charge density distribution of N, O co-doped graphene. For
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respectively. The isosurface level of (d) is 0.02 e/A3.

were constructed by considering four types of oxygen-containing
functional groups such as carboxyl, ether, carbonyl, and hydroxyl
groups. By introducing N atoms to the sites adjacent to C atoms
next to the oxygen-containing functional groups, the molecular
models of N, O co-doped graphene nanoribbons were obtained
(Fig. S4 in Supporting information). In these molecular models, the
dominant nitrogen species are pyridinic N and graphitic N, which
is in accord with the N 1s XPS spectrum of NO-CX (Fig. S2). Fig. 5a
shows the volcano plot of O-doped and N, O co-doped graphene
networks in the electrochemical production of H,0, by using the
adsorption Gibbs free energy of HOO (AGyoo+) as a descriptor. The
overpotential of H,0, generation shows an obvious decrease af-
ter introducing N atoms into O-doped graphene structures, and the
minimum overpotential is only 0.001V, indicating the effectiveness
of N, O-coupling. The most active site as labeled on the N, O co-
doped graphene shown in Fig. 5b locates at the edge C site adja-
cent to an ether group and a graphitic N atom as modulated in
our calculations. To further understand the origin of the most ac-
tive site on the optimum N, O co-doped graphene structure, the
electronic properties of this structure are calculated. As shown in
Fig. 5¢c, the Bader charge distribution reveals that the edge C atom
adjacent to the co-doped N and O atoms has a positive charge
(0.85), which can facilitate the adsorption of HOO [41]. In addi-
tion, the differential charge density distribution of N, O co-doped
graphene is displayed in Fig. 5d. With the incorporation of N and
O atoms into the graphene structure, the interaction of N and O
atoms induces the redistribution of surface charge and generates
the most active site with a negligible overpotential. Although de-
fects are not considered in the modeling, they unavoidably exist
in the carbon materials obtained by pyrolyzing polymers and have
been reported with a positive impact on the catalytic performance
[42]. Works focusing on the identification of active defect struc-
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tures may further promote the catalytic properties of carbon cata-
lysts, but it is beyond the capability of this xerogel material system
because the preparation of control carbons with identified defect
type, number, and distribution is very challenging.

Apart from the chemical features above-mentioned, the pore
structure of N, O co-doped carbon also matters. As a compari-
son, we prepared N, O co-doped carbon particles (NO-CP) by di-
rectly mixing PAN and dicyandiamide, followed by carbonization
(Fig. S5 in Supporting information). As shown in Figs. S6-S8 (Sup-
porting information) and Table S2 (Supporting information), the
NO-CP catalyst shows an approximate Ap/Ag value, similar elemen-
tal composition, and similar chemical binding forms with NO-CX,
indicating their similar graphitic structure and chemical features.
However, the NO-CP catalyst only has a BET-specific surface area
of 14.6 m?/g (Fig. S9 in Supporting information), which is much
lower than that of NO-CX (371 m2/g). In terms of electrocatalytic
performance, the NO-CP catalyst delivers a lower H,0, selectivity
than NO-CX (Fig. S10 in Supporting information), which can be at-
tributed to the difference in pore structure and reveals the impor-
tance of structural design for electrocatalytic performance.

In summary, this work provided a low-cost but efficient way to
prepare a highly selective carbon catalyst for H,0, production; in
the meantime, the effect of N, O-coupling is demonstrated exper-
imentally and theoretically. The obtained catalyst exhibited a high
H,0, selectivity of 98% at 0.6V, greater than 90% H,0, selectivity
over a potential range of 0.2-0.6V, and a high H,0, production
rate of 1410mmol geoc~! h~!, indicating its excellent electrocat-
alytic performance for H,0, electrocatalysis. Based on DFT calcu-
lations, we could ascribe the origin of the high activity to the cou-
pling effect between N and O atoms, which can effectively induce
the redistribution of surface charge and generate the active edge C
site adjacent to an ether group and a graphitic N atom. This work
may shed light on the design and preparation of highly efficient
carbon-based electrocatalysts through simple synthetic approaches
for the electrochemical production of H,0,.
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