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Abstract: Exploring a novel approach for the synthesis of oxygen reduction reaction (ORR) and
hydrogen evolution reaction (HER) catalysts with inexpensive and high-activity is desirable. Herein,
we report a bubble templating method to synthesize the graphene-like mesoporous carbon sheets
with point defects as ORR/HER bifunctional electrocatalysts. The typical product shows excellent
ORR performance including the positive onset potential (740 mV) and high diffusion-limiting current
density (4.07 mA cm~2). Along with small Tafel slopes, the overpotential is determined to be about
—453 and —378 mV at 10 mA cm 2 in both alkaline and acidic media, which suggests a good candidate
for HER reaction as well. The superior catalytic activities are derived from the abundant point defects
on the mesoporous carbon sheets surface, especially the existence of pyridinic and pyrrolic nitrogen
species. This study may be an alternative route to prepare the novel functional materials for the
applications of ORR and HER.
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1. Introduction

Developing renewable and green clean energy technologies in response to the increasingly serious
energy crisis and environmental problem has attracted great attention of the scientific community [1-3].
The low catalysis efficiency of oxygen reduction and hydrogen evolution is the key bottleneck for
the new energy conversion technologies in terms of proton exchange membrane fuel cell (PEMFC)
and hydrogen production [4-6]. To accelerate the oxygen reduction reaction (ORR) and hydrogen
evolution reaction (HER) kinetics, the introduction of platinum into catalyst is an effective means.
Nevertheless, the expense and scarcity of resources hamper its industrial application [7-9]. Therefore,
exploring a facile and low-cost synthetic process is of great significance to construct the highly-effective
and resource-abundant electrocatalyst to replace the precious platinum-based materials.

Catalytic reactions occur on the surface of catalysts, and thus catalytic activity is largely dependent
upon the surface conditions, such as area and defects. Increasing the surface area can improve the
physical collision rate and generating surface defects can enhance the chemical interaction between
the reactants and the surface of catalysts. Recently, graphene-like mesoporous carbon sheets as
metal-free electrocatalysts have been broadly employed in the electrocatalytic ORR/HER process [10].
The unique graphene-like thin sheets and mesoporous structure leads to a high surface area, which is
beneficial for O, diffusion in ORR process [11], and water molecules adsorption during the HER
process [12]. However, the electrocatalytic efficiency, especially for HER process, remains unsatisfactory.
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It is reasonable to introduce point defects on the surface of the above catalyst system for further
enhancements. Point defects can not only effectively facilitate the oxygen adsorption and weaken
the O-O bonding to promote the ORR, but also significantly decrease the free energy of adsorbed H
(AGp+) to enhance the proton/electron-transfer process [13,14]. Thus, it is extremely desired to explore
a novel path for preparation of point-defect-rich graphene-like mesoporous carbon sheets.

Very recently, the bubble templating method has been widely used to porous materials [15,16].
Upon the calcination of thermovolatile materials, bubbles were in situ generated and served as a
guiding agent for the growth of target materials. During the further heating process, the bubble was
extruded or burst, generating porous structure. Herein, we utilized the bubble templating method to
prepare the point-defect-rich graphene-like mesoporous carbon sheets. The schematic illustration of
the construction process is presented in Scheme 1. Calcium gluconate is used as precursor materials.
Abundant CO; bubbles were generated during the calcination of calcium gluconate. After the bubble
extrusion or burst process, the remaining carbon species present mesoporous sheet-like structure.
The subsequent annealing process generates point defects. The details about experiment principle are
presented in Supplementary Materials (see the formation mechanism of graphene-like mesoporous
carbon sheets). The products exhibit excellent electrocatalytic ORR/HER activities regarding the
onset potential, electron transfer number, measured H,O, yield and overpotential. In addition,
part of calcium sources converted into CaCNj crystals dispersed on the surface of the carbon sheet,
avoiding the agglomeration of carbon sheets, thus enhancing the stability of carbon sheets as the
ORR/HER bifunctional electrocatalysts.
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Scheme 1. Schematic illustration of formation mechanism of graphene-like mesoporous carbon sheets
by CO,-bubble templating approach.

2. Results

Structural characteristics of all samples were revealed by X-ray diffraction (XRD) patterns as
exhibited in Figure S1 (see the Supplementary Materials). As-prepared samples present a broad
diffraction peak at around 22.0°, which can be assigned to the (002) diffraction plane of graphitic
carbon [17]. The diffraction peaks of PDRC-900 (PDRC represents the point defects-rich carbon,
while 900 corresponds to the annealing temperature.) and PDRC-1000 at bout 18.0, 30.4, 41.6 and 49.3°
can be belonged to the (003), (012), (015) and (110) planes of CaCN, (JCPDS 32-0161). Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) images (Figure 1a,b) show that the
PDRC-1000 has a graphene-like carbon sheets and channel features, as well as in situ generated CaCN
on the surface and interior of carbon sheets. A selected-area electron diffraction (SAED) (Figure 1b,
inset) pattern derived from CaCNj; exhibits the single-crystalline nature. HRTEM image (Figure 1c)
along the <300> zone axis presents uniform lattice fringes, which are attributed to the (012) plane of
CaCNj. Figure 1d-i show the elemental distribution of PDRC-1000, corresponding to the C, N, O and
Ca elements, suggesting that the N atoms are introduced into the graphene-like carbon sheets surface
to create the point defects and in situ growth of CaCNj.
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Figure 1. (a) Scanning electron microscopy, (b) transmission electron microscopy and the selected-area
electron diffraction (inset), (c) high resolution transmission electron microscopy, (d) high-angle
annular dark-field scanning transmission electron microscopy images and (e—i) elemental mapping
of PDRC-1000.

The X-ray photoelectron spectroscopy (XPS) measurement was used to evaluate the composition
of elements on the surface of samples in Figure S2 (see the Supplementary Materials). The XPS
data clearly present the existence of C, O, N and Ca elements coming from as-obtained samples.
The corresponding atomic ratio is shown in Table S1 (see the Supplementary Materials). Figure 2a—c
show the XPS spectra of N1s of PDRC-800, PDRC-900 and PDRC-1000, which is well-divided into the
peaks centered at bout 398.4, 399.9 and 401.3 eV, corresponding to the pyridinic N, pyrrolic N and
graphitic N [18,19]. The schematic representation (Figure 2d) and contents of different N-bond types in
as-prepared products are obtained in Table S2 (see the Supplementary Materials). The pyridinic N
and pyrrolic N are predominant than graphitic N in all samples, indicating its successful introduction
of point defects by NHj etching. Raman spectra (Figure S3, see the Supplementary Materials) of
as-prepared products possess the prominent peaks at around 1350 and 1600 cm™, which is associated
with D and G peaks, corresponding to the disorder and defects, as well as the vibrational modes of sp?
carbon [20]. The ratio of the D and G peaks is used to quantify the level of the defect, where the values
of about 1.521, 1.839, 1.939 and 1.725 for C-1000, PDRC-800, PDRC-900 and PDRC-1000, respectively,
revealing that the introduction of nitrogen atoms can create the defects’ structures in graphene-like
carbon sheets [21].
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Figure 2. The N1s X-ray photoelectron spectra of (a) PDRC-800, (b) PDRC-900 and (c¢) PDRC-1000;
(d) schematic representation of different N-bond types in the graphitic plane.

Surface areas and porous features of catalysts were investigated by nitrogen adsorption-desorption
isotherms’” measurements. As shown in Figure 3a, the type-IV isotherms of all-prepared samples
are obtained, indicating a mesoporous character. Interestingly, the PDRC-1000 display the highest
surface area (1158 m? g‘l) compared to the C-1000 (620 m? g‘l), PDRC-800 (809 m? g‘l) and PDRC-900
(1034 m? g=1), which may be due to the etching of NH; atmosphere [22]. The pore size distributions
of all-prepared samples are determined by the Barrett—Joyner-Halenda (BJH) method, and display
the presence of abundant mesoporous characteristics with the pore size between 2.5 and 4.2 nm as
shown in Figure 3b, which is beneficial for the transport of reactants and products in the ORR and
HER process [23].
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Figure 3. (a) Nitrogen adsorption—desorption isotherms and (b) pore size distributions of C-1000,
PDRC-800, PDRC-900 and PDRC-1000.

The electrocatalytic ORR activities of as-prepared samples were analyzed by cyclic voltammetry
(CV) cycles in the Ar or O,-saturated acidic media. From Figure S4 (see the Supplementary Materials),
no obvious cathodic peaks from 1.0 to 0 V in Ar-saturated acidic media are observed for all products.
In O,-saturated solution, the PDRC-1000 presents a cathodic peak at more positive potential than
C-1000, PDRC-800 and PDRC-900. Rotating ring-disk electrode (RRDE) measurement was performed
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to evaluate the electron transfer number (n) and H,O; yield during the ORR process. The disk (Ip) and
ring (Ir) currents of samples are recorded in acidic media as exhibited in Figure 4a—b and Figure S5 (see
the Supplementary Materials). The ORR electrocatalytic activity was highest with a PDRC-1000 sample
for which a positive half-wave potential of 560 mV, an onset-potential of 740 mV and a diffusion-limiting
current density in RRDE voltammograms of 4.07 mA cm~2, respectively, compared to the C-1000,
PDRC-800 and PDRC-900 under analogous conditions. For PDRC-1000 sample, the n value and HyO,
yield were determined by Equations (1) and (2) (see the Supplementary Materials, Figure 4c,d) to be
greater than 3.96 and lower than 1.66% between 0.30 to 0.01 V, respectively. It indicates that PDRC-1000
is an efficient catalyst that follows a near four-electron ORR mechanism.
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Figure 4. (a,b) RRDE voltammograms of PDRC-800, PDRC-900, PDRC-1000 and Pt/C in O,-saturated
0.5 M H,SOy; (c) the n value and (d) H,O; yield of PDRC-800, PDRC-900, PDRC-1000 and Pt/C.

From Figure 5a,b, the electrocatalytic HER activities of C-1000, PDRC-800, PDRC-900, PDRC-1000
and Pt/C were investigated. Among all the as-prepared samples, the overpotentials at 10 mA cm~2 of
PDRC-1000 are —453 mV (in alkaline media) and —378 mV (in acidic media), which are more positive
than C-1000, PDRC-800 and PDRC-900, revealing a low energy consumption in the electrocatalytic
hydrogen production process. For in-depth study, the Tafel plots of PDRC samples derived from the
corresponding polarization curves were investigated. The low Tafel slope of sample will result in a
faster incrementation of hydrogen evolution reaction rate. From Figure 5c,d, the PDRC-1000 presents
the lowest value of Tafel slope of about 109 (in alkaline media) and 103 mV per decade in acidic
media than the values of Tafel slopes for control samples, and close to that of Pt/C, revealing its decent

electrocatalytic HER performance.



Catalysts 2019, 9, 386

0.1 M KOH

0.5 M H,SO,

6 of 10

(a)’ (b)’ 7
54 -10
o
o £
£ ©-20-
o
-10 <«
< £ ——c-1000
c —— 1000 =
—~ ——PDRC-800 —-304 —— PDRC-800
- ——PDRC-900 ——PDRC-200
-151 PDRC-1000 PDRC-1000
—PIC 40 —PtIC
10 08 06 04 02 00 02 04 06 08 -06 04 02 00 02 04
E/Vvs. RHE E/V vs. RHE
0.1 M KOH 0.5 M H,SO,
(C) PDRC-800 (d )0'1 68 mV/decad PDRC-800
h— m’ lecade —
0.00{— PpRG-900 76 mV/decade 00] — — PDRO.900
PDRC-1000 \ PDRC-1000
0.15{—FPtC " 0.1 — PHC
I:'|I:J L 029 {14 mvidecade
o 9301 a4 103 mV/decade
% 218 mV/decade 109 mV/decade 05 0.3
>
> 0451 164 mVidecade > 0.44
> i 125 mV/decade
— 0.60- 1 0.5
w
_0-6 - \
0.751

020002040606 1012 14 16 1.8
log| J(mA cm™®

00 02 04 06 08 10 1.2 14 16 18
log| J(mA cm'ﬁ|
Figure 5. Polarization curves of C-1000, PDRC-800, PDRC-900, PDRC-1000 and Pt/C in (a) alkaline and

(b) acidic media; Tafel plots of PDRC-800, PDRC-900, PDRC-1000 and Pt/C for HER in (c) alkaline and
(d) acidic media, respectively.

In addition to excellent HER performance, the durability is another significant concern for its
practical application in hydrogen production process, which was evaluated by chronoamperometry
measurement. From Figure S6 (see the Supplementary Materials), i-t curves were recorded in both
alkaline and acidic media, respectively. After 20 hours, the cathodic current density shows a small
reduction from —1.77 to —1.46 mA cm™? in alkaline media, corresponding to the values from —1.20
to —0.77 mA cm~2 in acidic media, confirming its decent durability in electrochemical hydrogen
evolution process.

The electrocatalytic HER properties of PDRC-800, PDRC-900 and PDRC-1000 are associated with
the resistance on interface between sample and electrolyte, and, hence, the electrochemical impedance
spectroscopy (EIS) measurements were employed as presented in Figure 6. The PDRC-1000 has the
smallest semicircle of Nyquist plots compared to the PDRC-800 and PDRC-900, revealing that the
PDRC-1000 shows the best electron transfer ability for enhancing the HER kinetics.

The possible mechanisms for excellent ORR/HER activities of typical product may be originated
from the following points. Firstly, the introduction of pyridinic N in graphene-like mesoporous carbon
sheets create a large number of ORR active sites, as well as the C atom adjacent to pyridinic N in the
initial step for adsorbed oxygen molecules [5]. Density functional theory display that the excellent
HER performance derived from the reducing of AGy+ of defects-rich structure [24]. The different
electronegativities of different N-bond types would adjust the electronic structures of adjacent C atoms
in varying degrees, indicating its different AGg». The better electrocatalytic activity of pyrrolic N
than that of the pyridinic N and graphitic N may be derived from the proper electronegativity and
configuration after the introduction of point defects, which can enhance the H* adsorption sites for
improving the HER performance [25]. Secondly, the high BET surface area and mesoporous characters
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of sample are beneficial for the free diffusion of oxygen molecules (0.34 nm in kinetic diameter) and H,
detachment during the ORR and HER process [11]. Finally, the major active sites of typical product
should be located in the graphene-like mesoporous carbon sheets with point defects-rich; however,
the existence of CaCNj; can prevent the agglomeration of carbon sheets, which is also significant to
expose the ORR and HER active sites.
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Figure 6. Electrochemical impedance spectroscopy (EIS) Nyquist plots of PDRC-800, PDRC-900
and PDRC-1000.

3. Materials and Methods

3.1. Materials

Calcium gluconate (C1,H;Ca0O14, 99.0%), ethanol (CoHgO, 99.7%) and hydrochloric acid (HC],
36.0%) were purchased from Aladdin Industrial Corporation (Shanghai, China) and Guangzhou
Chemical Reagent Factory (Guangzhou, China), respectively.

3.2. Material Synthesis

The point-defects-rich carbon sheets were constructed by CO,-bubble templating approach.
In brief, 50 g of calcium gluconate was added to a beaker containing 40 mL of ethanol and stirred to
form a mixture. Then, sponge-like carbon foam was formed by igniting the mixture. The carbon foam
was then annealed at tube furnace in an Ar atmosphere at 600 °C for 30 min. The product was soaked
into the hydrochloric acid and washed with distilled water. To generate point defects into porous
carbon, the primary product was further annealed at tube furnace in an ammonia (NH3) atmosphere
at 1000 °C for one hour to obtain the typical sample, and marked as PDRC-1000, where PDRC and
1000 stand for the point defects-rich carbon and annealing temperature, respectively. The yield of
the typical sample was about 10%. Ammonia was used not only as the etching agent to increase the
specific surface area, but also acts as nitrogen source to replace carbon atoms to create point defects.
Control samples were synthesized using 800 °C or 900 °C by similar steps, which denoted as PDRC-800
and PDRC-900. Nitrogen-free sample was also synthesized by Ar atmosphere at 1000 °C, which was
denoted as C-1000.

3.3. Characterization

The structural characteristics of all samples were revealed by an X-ray diffractometer (XRD, D-MAX
2200 VPC, RIGAKU, Neu-Isenburg, Germany). The microstructure and element distribution were
analyzed through FEL Quanta 450 scanning electron microscope (SEM) and JEM-2100F transmission
electron microscope (TEM, JEOL, Kyoto, Japan). The composition of elements on the surface of samples
was evaluated via X-ray photoelectron spectrometer (XPS, ESCALAB 250Xi, Thermo, Waltham, MA,
USA). Brunauer-Emmett-Teller (BET) surface area and Raman spectrum were revealed by micromeritics
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Tristar 3020 instrument and laser micro-Raman spectrometer (Renishaw inVia, Wotto-under-Edge,
UK)), respectively.

3.4. Electrochemical Measurements

ORR performance was analyzed via an electrochemical workstation (Wavedrive 20,
Pine Instrument Co., Ltd., Grove City, PA, USA) combined with a RRDE system with diameter
of 5.61 mm. Meanwhile, the reference electrode is Ag/AgCl, while graphite rod served as the counter
electrode. 8.0 mg of product in 2.0 mL ethanol to form the catalyst or Pt/C (20%, Johnson Matthey,
London, UK) ink (4 mg mL™!) via ultrasonically was obtained. Subsequently, the RRDE electrode
surface was dripped with 10uL of catalyst or Pt/C ink and then adhered with Nafion solution (10 pL,
0.05 wt%), and followed by drying. ORR tests were implemented in Ar or O;-saturated 0.5 M H,SO;.

HER performance was evaluated through an electrochemical workstation (Gamry, reference 3000,
Warminster, PA, USA) with a three-electrode system equipped with a graphite rod, an Ag/AgCl and a
glassy carbon with diameter of 3 mm. In the same manner, the glassy carbon electrode surface was
dripped with 5uL of catalyst or Pt/C ink (4 mg mL~1) and then adhered with Nafion solution (5 puL,
0.05 wt%), and followed by drying. The HER activities of as-prepared samples were determined in
0.1 M KOH or 0.5 M HSOy4, respectively. All potentials were iR-compensated.

4. Conclusions

In summary, we report the design and construction of graphene-like mesoporous carbon sheets
through a new approach assisted by a CO,-bubble templating approach. After the introduction of
point defects into mesoporous carbon sheets, more active sites are created for electrochemical reactions.
As a result, the typical product exhibits outstanding ORR and HER activities, as well as excellent
durability in both alkaline and acidic media during the HER process, indicating it an ideal candidate
for the application of PEMFC and hydrogen production. This study opens a novel method to use
the CO,-bubbles extrusion to prepare graphene-like mesoporous carbon sheets for electrochemical
energy applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/386/s1,
Figure S1: title, Table S1: title, Video S1: title. Figure S1. XRD patterns of C-1000, PDRC-800, PDRC-900 and
PDRC-1000, Figure S2. XPS data of PDRC-800, PDRC-900 and PDRC-1000, Figure S3. Raman spectra of (a)
C-1000, (b) PDRC-800, (c) PDRC-900 and (d) PDRC-1000, Figure S4. CV curves of (a) C-1000, (b) PDRC-800,
(c) PDRC-900 and (d) PDRC-1000 (scan rate 150 mV s~1) in Ar- or Op-saturated 0.5 M H,SOy, Figure S5. (a) RRDE
voltammograms, (b) the n value and (c) H,O, yield of C-1000 in O;-saturated 0.5 M H,SOy, Figure S6. The stability
measurements of PDRC-1000 electrode over 20 h in (a) alkaline and (b) acidic media, respectively, Table S1.
The atomic % of C, O, N and Ca of samples from XPS data, Table S2. The atomic % of the different N-bond types
from XPS data, Table S3. The summary table of the samples used and their main properties.
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