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ABSTRACT: High-capacity anode materials are one of the
bottlenecks to further improve the energy density of Na-ion
batteries (NIBs). Except for introducing more defects to increase
the sloping capacity, tuning the closed porous structure to boost
the plateau capacity is another direction. Here by adopting phenol-
formaldehyde resin (PF) as the carbon precursor and ethanol
(EtOH) as the pore-forming agent, through precise chemical
regulation of their relative content during a solvothermal process
before further carbonization, carbon anodes with appropriate
microstructure are achieved. It is found that the function of EtOH
rests on generating steam vapor to create a pore cavity among
cross-linked matrixes. The obtained optimal anodes exhibit a high
Na storage capacity of ca. 410 mAh/g. When pairing with an O3-
NaNi, ;Fe; ;;Mn, 30, cathode, the full cell delivers a high initial

A

@

T

HC-1550

Pore-Forming Agent

EtOH

i U —
Closed Pore

AN\

HC-21-1550

Coulombic efficiency of 83% and energy density of ca. 300 Wh/kg. The proposed chemical regulation approach via a
pore-forming strategy is simple and practical to enable high-energy-density NIBs.

storage technology is highly demanded with the
increasing awareness of fossil fuel depletion and
environmental pollution. Na-ion batteries (NIBs) have recently
captured growing interest due to the natural abundance of
sodium resources, regarded as a beneficial supplement to Li-
ion batteries." Although plenty of cathode materials have been
developed, the lack of anode materials with comprehensive
good performance impedes further improvement of energy
density for NIBs.> In this respect, the innovation of new
strategies to produce affordable and achievable anode materials
with remarkable performance is of timely significance.*™®
Carbonaceous anodes are very promising for practical use,
and massive efforts have been devoted by many research
groups.”~ " In recent years, our group also developed advanced
carbon anodes by adopting strategies of hard and soft
combination, preoxidation, high/low-temperature treatment,
etc,'®™"? during which the understanding of the Na storage
mechanism constantly deepened, where the sloping and
plateau capacity relates to surface defects and internal closed
pores, respectively. It is no doubt that the plateau capacity is
the main contributor to the total capacity of carbon anodes;
thus, closed pores are the main microstructure responsible for
sodium storage. Therefore, a simple pore-forming strategy to
help generate a suitable closed porous structure is crucial to
realize high-capacity carbon anodes.

T he requirement of sustainable and cost-effective energy
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Different from the complicated template’””' or self-

assembly methods,”*"** here we propose a green chemical
regulation approach via a pore-forming strategy to tune the
microstructure evolution. Specifically, the low-cost and
producible phenol-formaldehyde resin (PF) is directly used
as a carbon precursor, and ethanol (EtOH) acts as the pore-
forming agent. After fully mixing and incubating for ~2h, the
mixture is treated through a solvothermal process, during
which PF undergoes solidification while EtOH functions as
both a reaction agent to accelerate the solidification process
and steam generator to induce a pore cavity among the cross-
linkage matrixes. It is found that the regulation of EtOH
content is the key to achieve an appropriate microstructure
after a further carbonization process as large steam gas may
burst to open the pore while a small amount of EtOH may
directly solidify with PF and could not produce enough vapor
to facilitate the formation of a porous structure. A schematic
illustration of the green chemical regulation process is shown
in Scheme 1.

The general preparation process of hard carbons (HCs) is
shown in Figure S1, and the details are shown in the
experimental section of the Supporting Information. The HC

Received: August 29, 2019
Accepted: October 4, 2019
Published: October 4, 2019

DOI: 10.1021/acsenergylett.9b01900
ACS Energy Lett. 2019, 4, 2608—2612

<EARKE


http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b01900/suppl_file/nz9b01900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b01900/suppl_file/nz9b01900_si_001.pdf
http://pubs.acs.org/journal/aelccp
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.9b01900
http://dx.doi.org/10.1021/acsenergylett.9b01900

ACS Energy Letters

Scheme 1. Illustration of the Typical Synthesis Process of
Hard Carbon Using Liquid Phenol-Formaldehyde (PF)
Resin as the Precursor and EtOH as the Pore-Forming

Agent
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precursors were made from mixture of PF and EtOH with
different volume ratios by a solvothermal method (ST),
denoted as ST-PF-EtOH-11 (the volume ratio is 1:1), ST-PF-
EtOH-21, ST-PF-EtOH-81, and ST-PF. The corresponding
HCs prepared at different temperatures were denoted as HC-
11-1550, HC-21-1550, HC-81-1550, HC-1550, HC-21-1200,
and HC-21-1400. The HC precursors have a smooth surface,
and there are tiny holes with a size less than 50 nm (Figure
S2). Fourier transform infrared spectroscopy (FTIR) measure-
ments were performed to analyze the effect of EtOH on further
polymerization of liquid PF with a low degree of polymer-
ization. As shown in Figure S3, the FTIR spectra of ST-PF are
similar to that of ST-PF-EtOH-21. All of the samples contain
the stretching vibration of phenolic hydroxyl groups (—OH) at
3500 cm™, the bending vibration of methylene (—CH,—) at
1465 cm™', and the stretching vibration of ether groups (C—
O—C) at 1125 and 1250 cm™". The transmittance of the ether
groups (C—O—C) of ST-PF-EtOH-21 is obviously lower than
that of ST-PF, indicating that EtOH functions as a reaction
agent to accelerate the solidification process and has a
significant effect on the polymerization and cross-linking
degree of PF. After high-temperature pyrolysis, the brown
precursor turns into black and exhibits an irregular blocky
morphology with a size distribution range of 10—200 ym. In
addition, the porous structure could be clearly observed from
the surface of the HC-11-1550 sample (Figure S4b).

X-ray diffraction (XRD) and Raman spectroscopy were
performed and the results are shown in Figure 1la,b. All XRD
patterns have two broad peaks at around 24° and 43°, which
can be assigned to the crystallographic planes of (002) and
(101) in the disordered carbon structure. With the increasing
amount of EtOH, the diffraction pattern remains unchanged,
and the (002) diffraction peak has no significant shift,
indicating that the average interlayer distance between graphite
layers is almost unchanged (Table 1). All of the Raman spectra
exhibit two bands: one band at around 1340 cm™ represents
the A}, symmetry vibration mode of defects in graphene layer
edges ED band), and the other at around 1580 cm™ represents
the E,, symmetry vibration mode of an ideal graphitic lattice
(G band).*® The Ip/Ig of HCs calculated from the integrated
intensities of the D band and G band shows a bit of decrease
when the volume ratio of EtOH is less than 50%, while the I,/
I values of HC-21-1550, HC-81-1550, and HC-1550 are close
to each other, indicating that the amount of EtOH has little
influence on the disordering degree of HCs. The fitting curves
of Raman spectra are shown in Figure SS.

High-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED)
were used to investigate the microstructure of the HCs. In
general, the sharper diffraction rings of the SAED patterns
indicates a more ordered structure in HCs. The disordered and
curved graphite sheets are cross-linked to each other, forming
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Figure 1. (a) X-ray diffraction patterns and (b) Raman spectrum of
HCs prepared by carbonization of a precursor mixed in different
amounts of EtOH. Typical HRTEM and SAED images of (c) HC-
11-1550, (d) HC-21-1550, (e) HC-81-1550, and (f) HC-1550.

Table 1. Structure Parameters and Electrochemical
Properties of HCs

dog” La‘ Syt RC? ICE®

smple (1) L/I"  (om)  (mg) (mAh/g) (%)
HC-11-1550 3.94 1.331 14.44 390.84 238 30
HC-21-1550 391 1.240 15.50 1.44 384 86
HC-81-1550 3.89 1.245§ 15.44 0.39 351 82
HC-1550 3.86 1.243 15.46 0.26 304 80

“dy, is the average interlayer distance. bI, and I are the integrated
intensities of the D and G bands. “La (nm) = (2.4 x 107", *(I5/
Ip). “RC is the reversible capacity. “ICE is the initial Coulombic
efficiency.

closed pores with a diameter less than 2 nm. The local ordered
structure constructed by some parallel carbon hexagonal layers
can be observed from the turbostratic graphitic micro-
structures. It is worth noting that both the nanographitic
domain and closed pores can be observed in the samples of
HC-11-1550, HC-21-1550, and HC-81-1550 (Figure lc—e).
However, the closed pore is hardly visible in the sample of HC-
1550 (Figure 1f), indicating that EtOH can induce the
formation of a pore cavity among the cross-linkage matrixes of
HC.

To figure out the specific surface area and pore size
distribution of HCs, the nitrogen adsorption—desorption
measurement was performed. The adsorption—desorption
isotherms are shown in Figure S6, and the Brunauer—
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Emmett—Teller (BET) surface area is listed in Table 1. The
BET surface area is directly related to the amount of EtOH
added. With the increasing volume ratio of EtOH, the
calculated surface area increases. In the region of high relative
pressure, the area enclosed by the adsorption line and the
desorption line is larger, indicating that there are a lot of
mesopores in HC-11-1550. The HC-11-1550 shows the largest
BET surface area of 390.84 m?/ g, much higher than those of
HC-21-1550, HC-81-1550, and HC-1550. Such a high specific
surface area will lead to the formation of a large amount of
solid—electrolyte interface (SEI) films on the surface of HC-
11-1550 during the first discharge process, which would reduce
the initial Coulombic efficiency. The corresponding electro-
chemical results are listed in Table 1.

The electrochemical performance of HCs was tested in half-
cells with sodium foil as the counter electrode first. Figure 2a
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Figure 2. (a) Galvanostatic initial discharge—charge profiles. (b)
Specific capacity of HCs contributed from the slope and plateau
region. (c) Relationship among the plateau capacity (0.1-0 V),
true density, and EtOH content. (d) Cyclic performance of a HC
at a current of 0.1C.

displays the initial discharge—charge profiles of the four HC
electrodes at a current density of 0.1C (30 mA/g) with a
voltage range of 0—2 V. The discharge—charge curves of the
samples show typical Na storage behavior of HC materials.
The curves can be divided into a high-potential slope region
above 0.1 V and a low-potential plateau region below 0.1 V,
which correspond to Na ions adsorbed at the defect sites and
stored in closed pores, respectively. As shown in Figure 2b, the
sloping capacity values of each sample are very similar,
manifesting that the amount of added EtOH has little influence
on the slope capacity. On the contrary, the plateau capacities of
HC-11-1550, HC-21-1550, HC-81-1550, and HC-1550 are
134, 284, 253, and 212 mAh/g, respectively, revealing that the
addition of EtOH has a great impact on the plateau capacity.
The reasons behind lie in that in the solidification process
EtOH acts as a steam generator to induce a pore cavity among
the cross-linkage matrixes. The regulation of EtOH content is
the key to achieve an appropriate microstructure after a further
carbonization process as large steam gas may burst to open the
pore while a small amount of EtOH may directly solidify with
PF and could not produce enough vapor to facilitate the
formation of a porous structure. Therefore, the plateau
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capacities of HC-21-1550, HC-81-1550, and HC-1550 show
a decreased trend.

To further understand how the introduction of EtOH
influences the structure of materials, the true density analysis
was performed to figure out the effect of EtOH content on
closed pores. During the true density test, the volume of open
pores and interparticle space can be removed. Therefore, the
true density analysis can measure the total volume of closed
pores and the solid portion. The true density values decline
with the increase of open pores. As shown in Figure 2c, the
plateau capacity and true density show an opposite trend with
the change of EtOH addition amount, indicating that the
number of closed pores increases with the increase of EtOH
content, leading to the increase of plateau capacity. The
number of closed pores reaches the peak value when EtOH is
33% in the precursor mixture. When the volume content of
EtOH reaches 50%, a large number of open pores will be
formed, which will rapidly increase the specific surface area and
greatly reduce the plateau capacity.

The rate performance was characterized at the current rates
from 0.1C to 2C. Due to the low potential in the plateau
region, the excessive polarization will significantly reduce the
plateau capacity under large current. As shown in Figure S7,
the HCs show moderate rate capacity. The cycling perform-
ance of HCs was further carried out at a constant current rate
of 0.1C, and the results are shown in Figure 2d. The HC-21-
1550, HC-81-1550, and HC-1550 samples show capacity
retentions of 93, 98, and 94% after 40 cycles, respectively.

To investigate the effect of different carbonization temper-
atures on the Na storage performance of HCs, HC-21-1200
and HC-21-1400 are prepared. The morphology, structure and
relevant parameters of HCs prepared by different carbon-
ization temperatures are shown in Figures S8—S10 and Table
S1. The electrochemical performances of HCs with different
carbonization temperatures were also tested in half-cells with
sodium foil as the counter electrode. Figure 3a shows the initial
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Figure 3. (a) Galvanostatic initial discharge—charge profiles of
HC-21-1200, HC-21-1400, and HC-21-1550 samples. (b) Specific
capacity of HCs contributed from the slope and plateau regions.
Electrochemical performance of the full cell combining O3-
NaNi, ;Fe;/;3Mn,; 30, as the cathode material and HC-21-1400 as
the anode material. (c) Galvanostatic charge—discharge curves at
0.1C and 0.2C versus specific capacity in the voltage range of 0.1—
4.0 V. (d) Cycling performance of the full cell at 0.2C.
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discharge—charge profiles of the three HC electrodes at 0.1C
with a voltage range of 0—2 V. As shown in Figure 3b, the
reversible capacity of HCs contributed from the slope region
decreases obviously with improvement of the pyrolysis
temperature, manifesting the reduction of defect sites in
HCs. The results are consistent with Raman characterization
(Figure S10b). It is worth mentioning that the HC-21-1440
sample exhibits a high reversible capacity of ca. 410 mAh/g
and a high initial Coulombic efficiency of 84%, demonstrating
the highest capacity among the reported values (Table S2).
The rate and cycling performance of HCs with different
carbonization temperatures were further carried out, and the
results are shown in Figures S11 and S12. The HC-21-1200,
HC-21-1400, and HC-21-1550 samples show moderate rate
performance from 0.1C to 2C and capacity retentions of 96%,
96%, and 93% after 40 cycles at 0.1C, respectively. The
HRTEM image shows that the nanographitic domains and
closed pores in HC-21-1400 are basically maintained after
cycling, indicating the good cycling stability of the sample
(Figure S13).

The coin-type full cell was assembled with O3-Na-
Ni, ;Fe;sMn, 30, as the cathode material and HC-21-1400
as the anode material in order to evaluate the practical
application prospect of HCs derived from PF resin. The full
cell delivers a high reversible capacity of 413 mAh/g based on
the anode mass and 102 mAh/g based on the total mass of the
anode and cathode at 0.1C in a voltage range of 0.1—4 V with
an average operation voltage of 2.9 V (Figure 3c). The initial
Coulombic efficiency can be achieved up to 83%. The energy
density of the full cell reaches ca. 300 Wh/kg based on the
total mass of the anode and cathode active materials. The
cycling performance of the full cell was further carried out at a
constant current rate of 0.2C and shows a capacity retention of
87% after SO cycles (Figure 3d). The outstanding performance
of the full cell demonstrates that the HC derived from PF resin
is a promising anode material for NIBs.

In summary, we have successfully developed a simple and
green chemical regulation strategy to tune the microstructure
of PF-derived HC anodes. Through adjusting the content of
EtOH, closed pores that have an intimate relationship with the
plateau capacity are well controlled. The as-prepared HC-21-
1400 shows promising Na storage performance with a high
reversible capacity of ca. 410 mAh/g (the plateau capacity
accounts for 70%), a high initial Coulombic efficiency of 84%,
and a relatively good capacity retention of 96% after 40 cycles.
The practical application prospect of synthesized carbon
anodes was further demonstrated by an assembled coin-type
full cell with O3-NaNi, ;;Fe;/sMn, 30, as the cathode material
and HC-21-1400 as the anode material. The full cell exhibits a
high reversible capacity of 413 mAh/g, a high initial
Coulombic efficiency of 83%, and a high energy density of
ca. 300 Wh/kg at 0.1C rate. These findings enrich the
regulation strategy in microstructure tuning and open new
opportunities to design high-performance carbon anodes for
NIBs.
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