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Abstract: Sustainable organic materials have gained considerable attention as electrodes for zinc-
ion batteries (ZIB) due to their high theoretical capacity, structural versatility, and environmental
friendliness. However, issues of inferior capacities and poor rate performance owing to limited
inherent electronic conductivity and severe dissolution still persist. Herein, sandwich-structured
perylene diimide-ethylene diamine/graphene (PDI-EDA /EG) composites are judiciously designed
and synthesized. The two-dimensional graphene host can interact with the PDI-EDA polymer through
rt—t stacking, endowing accelerated ion/electron transfer, abundant active sites, excellent structural
integrity, and mitigated solubility of the hybrid electrodes. When evaluated as an anode in ZIB,
the hybrid electrode delivers a high capacity (110.2 mAh g~! at 0.1 A g~ 1), superior rate capability
(88.9 mAh g_1 at5 A g_l), and exceptional durability (93.4% capacity retained after 1000 cycles). The
structure evolution of the hybrid electrode during the insertion/extraction cycle was investigated
by ex-situ Fourier transform infrared spectra (FTIR) and X-ray photoelectron spectroscopy (XPS),
revealing the reversible Zn>* storage at carbonyl sites. In addition, a prototype rocking-chair ZIB cell
was constructed with a zinc pre-intercalated MnO,; cathode, displaying an ultrahigh energy density
of 54.9 Wh kg~ at a power density of 42.5 W kg~! and excellent stability with negligible capacity
decay after 1000 cycles.

Keywords: zinc-ion battery; rocking-chair battery; organic anode; aqueous electrolyte; perylene
diimide-ethylene diamine

1. Introduction

Rechargeable aqueous zinc-ion batteries (ZIBs) have attracted considerable interest
and show great promise for grid-level energy storage owing to their moderate energy
density, environmental friendliness, abundant reserves, cost-effectiveness, inherent re-
liability, and high ion conductivity of the electrolytes [1-5]. Over the past few years,
great achievements have been made in developing advanced cathode materials, including
Mn-, V-, and Co-based compounds, Prussian blue analogues, organic compounds, and
metal-organic frameworks (MOFs) [6-10]. However, in most full-cell prototypes, excessive
Zn metal (Zn foil, Zn powder, etc.) was applied as an anode based on the reversible
Zn?* plating/striping due to the high theoretical gravimetric capacity (820 mAh g~1),
suitable redox potential (—0.76 V vs. standard hydrogen electrode), low cost, and good
stability in the ambient environment of Zn [4,11-13]. Unfortunately, zinc metal anodes
suffer from various drawbacks, such as uncontrollable zinc dendrites growth, corrosive
reaction, hydrogen evolution reaction (HER), and low Coulombic efficiency, sacrificing rate
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performance and lifespan [14-16]. Although tremendous efforts such as surface modifi-
cation, structural design, hydrogel electrolyte adoption, and multi-functional separator
construction have been made to restrict the growth of zinc dendrites, issues of limited
stability still pertain to zinc metal anodes [15-22].

As the dominant energy storage device in the market, the successful commercializa-
tion of lithium-ion batteries (LIBs) is attributed to the introduction of an intercalation-
type graphite anode instead of lithium, which can effectively inhibit the problems
caused by lithium dendrites. Thus, inspired by the achievements and experience of
LIBs, it is of great value to construct zinc-free “rocking-chair” ZIBs, which can over-
come the limitations of Zn anodes. An ideal anode material should possess a high
theoretical capacity, robust structural stability, reversible Zn?* insertion/extraction and
low potential vs. Zn/Zn2* [19-25]. In 2016, Chevrel-phase MogSg was investigated as a ZIBs
anode and demonstrated a low average discharge plateau of 0.36 V vs. Zn/Zn?** with good
cycling stability yet an insatiable capacity [26]. In the meantime, Manthiram et al. found
that the Zn?* pre-intercalated binary molybdenum-vanadium oxide (ZnxMo; 5,y VOo. )
can also be applied as an anode to store the Zn?* [27]. Since then, numerous ZIB anodes
have been discovered, such as Cuy_,Se, WO3/WC, CuS;_ @PANI, h-MoO3, Cu;Tey, and
hydrated ammonium vanadate [20-22,28-32]. These inorganic anodes mainly rely on the
insertion and conversion-based electrochemical mechanisms, which are thus accompanied
by sluggish diffusion kinetics and rapid fading of capacity.

Compared to inorganic anodes, organic compounds, particularly carbonyl-rich
molecules and polymers, are considered favorable anode candidates due to their tunable
chemical structure, environmental friendliness, and recyclability [7-9,33-35]. In addition,
the redox processes of organic compounds mainly relied on chem-absorption and chem-
ical bond rearrangement without structure or valence variations, thus manifesting fast
Zn?* adsorption/desorption with structural integrity [8]. For example, Lu et al. reported
the 3, 4, 9, 10-perylenetetracarboxylic dianhydride anode for Zn2t storage, which exhibits
a remarkable capacity of 122.9 mAh g~! owing to the 1-D ion tunnels and strengthened
nt—7t stacking interaction [36]. Zhang et al. constructed a perylene-3, -4, -9, -10-tetracarboxylic
diimide/reduced graphene oxide (PTCDI/rGO) composite electrode, which demonstrated
a high capacity of 121 mAh g~! through the H*-Zn?* co-participating phase transfer
mechanism [37]. However, it remains a major difficulty to obtain high capacity, remark-
able rate capability, and excellent stability in organic anodes for ZIBs due to their dis-
solution in electrolytes, intrinsically poor electronic conductivity, and relatively high
discharge plateau.

In this study, a sandwich-structured perylene diimide-ethylene diamine/graphene
(PDI-EDA /EG) composite electrode was designed with effectively boosted Zn?* storage
capacity and electrochemical kinetics. Owing to the strong 7—m stacking interactions
between graphene and PDI-EDA and the high electronic conductivity of electrochemically
exfoliated graphene, the electrode with unique architecture manifests greatly improved
structural integrity and promotes ion/electron transport. The obtained composites exhibit
a high capacity of 110.2 mAh g=! at 0.1 A g~! and a high rate capacity of 88.9 mAh g~!
at 5 A g~!. The Zn?* storage mechanism of PDI-EDA/EG was investigated by ex-situ
Fourier transform infrared spectra (FTIR) and X-ray photoelectron spectroscopy (XPS),
revealing reversible Zn?* storage at carbonyl sites. To evaluate its practical application, the
PDI-EDA/EG anode was combined with a Zn,MnO, cathode, assembling a rocking-chair
ZIB with a high energy density (54.9 Wh kg~! at a power of 42.5 W kg~1) and outstanding
cycle stability (without capacity degradation after 1000 cycles).

2. Materials and Methods
2.1. Materials

3, 4, 9, 10-perylenetracarboxylic dianhydride (PTCDA, 99%), ethylene diamine
(EDA, 99.5%), N, N-dimethylformamide (DMEF, 99.8%), N-Methyl pyrrolidone (NMP),
polyvinylidene fluoride (PVDE, 99.8%), and zinc foil (Zn, 99%) were purchased from Shang-
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hai Aladdin Biochemical Technology Co., Ltd (Shanghai, China). Ammonium sulfate
((NH4)25S04, 99%), zinc sulfate heptahydrate (ZnSO4-7H,0, 99.5%), manganese sulfide
tetrahydrate (MnSO,-4H,0), and graphite paper were purchased from Shanghai Macklin
Biochemical Co., Ltd (Shanghai, China). All the materials were used directly without any
further purification.

2.2. Synthesis of Materials

Preparation of exfoliated graphene nanosheets (EG): The exfoliated graphene
nanosheets were prepared by electrochemically exfoliating graphite paper, as previously
reported [38]. Then, the stable graphene suspension dispersed in DMF was diluted to
2 mg mL~! for further use.

Preparation of PDI-EDA/EG: Typically, 53.3 mg ethylene diamine (EDA) and
346.8 mg 3, 4, 9, 10-perylenetracarboxylic dianhydride (PTCDA) were added to 50 mL
of EG solution (2 mg mL~'). The resultant mixture was stirred magnetically for 3 h. To
optimize the content of EG in the composites, the mass ratios of EG in the composites were
controlled to 10, 20, and 30%, respectively. The resulting suspension was then poured into a
100 mL autoclave reactor for solvothermal reaction at 180 °C for 12 h. After the reactor was
cooled down, the composite was separated by centrifugation, rinsing, and drying. In the
controlled experiment, pure PDI-EDA was prepared using the same synthetic procedure in
the absence of EG.

2.3. Characterization

The crystal structure of the composites was analyzed by powder X-ray diffraction
(XRD, X'Pert Pro MPD, Panalytical, Almelo, The Netherlands) using a Cu K« X-ray
source. The chemical structure of the composites was studied by Fourier transform infrared
spectroscopy (FTIR, Thermo Scientific Nicolet, Thermo Fisher, Waltham, MA, USA) using
a KBr pallet and Raman spectroscopy (Horiba LabRAM HR Evolution, Horiba Scientific,
Kyoto, Japan). The micro- and nano-structures were characterized by field-emission scan-
ning electron microscopes (FESEM, ZEISS GeminiSEM 300, ZEISS, Oberkochen, Germany).
The chemical bonding environment of elements was examined on an X-ray photoelectron
spectroscopy system (XPS, Thermo Scientific K-Alpha, Thermo Fisher, USA).

2.4. Electrochemical Measurements

All the electrochemical experiments were performed on CR2032-type coin cells. The
PDI-EDA/EG electrodes were prepared by mechanically mixing active materials, carbon
black (CB), and PVDF binder in a mass ratio of 7:2:1 in NMP. The slurries were drop
coated onto carbon paper and dried at 80 °C for 12 h to remove the organic solvent. The
active material loading was approximately 1-1.5 mg cm 2. To evaluate the electrochemi-
cal performance of organic electrodes, zinc foil, glass fiber membrane (whatman, GF/D,
Austin, TX, USA), and 2 M ZnSO4 were used as counter/reference electrodes, separa-
tors, and electrolytes, respectively. The cyclic voltammetry (CV) and electrochemical
impedance spectra (EIS) were measured on an electrochemical workstation (SP-150,
Biologic, Seyssinet-Pariset, France). Galvanostatic charge-discharge (GCD) tests were car-
ried out on a Neware battery test system (CT-4008) in the potential range of 0.15t0 1.2 V
(vs. Zn/Zn?"). Galvanostatic intermittent titration technique (GITT) tests were performed
by discharging 300 s at 50 mA g, followed by 300 s relaxation.

For the preparation of rocking-chair type zinc-ion batteries, the PDI-EDA /EG-20,
Zn,MnO, glass fiber filter, and 2 M ZnSOy + 0.1 M MnSO4 aqueous solution were used as
the anode, cathode, separator, and electrolyte, respectively. The N/P mass ratio is kept at
about 1.2. Zn,MnO,; cathodes were electrochemically prepared in a Zn//MnQO; cell with
[3-MnQO; as active materials (MnO,:CB:PVDF = 7:2:1) and 2 M ZnSOy + 0.1 M MnSQOy as
the electrolyte. The cells were pre-activated for 5 cycles between 0.8 and 1.8 Vat 0.1 A g~ !
and then discharged to 0.8 V at the end.
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3. Results
3.1. Characterization of the Prepared Materials

The PDI-EDA/EG composites were synthesized by a solution-based polymeriza-
tion method, as illustrated in Figure la. Typically, EG, condensing agent EDA, and
PTCDA monomers were first homogeneously dispersed into DMF. After solvothermal
reaction, the PDI-EDA polymer was in situ polymerized on graphene nanosheets through
ni—7t stacking interactions. To optimize the ratio of EG to PDI-EDA, the mass ratios of
EG to the composites were controlled to 1:9, 2:8, and 3:7 and named PDI-EDA /EG-10,
PDI-EDA /EG-20, and PDI-EDA /EG-30, respectively. For comparison, pure PDI-EDA
polymer was prepared under the same conditions in the absence of EG. The crystal struc-
tures of EG, PDI-EDA, and PDI-EDA /EG-20 were characterized by X-ray diffraction (XRD)
and displayed in Figure 1b. XRD patterns of PDI-EDA show dominant peaks located at
11.8, 12.7, 25.3, 27.8, and 29.0°, which are attributed to the (011), (021), (112), (122), and
(140) crystal planes of PDI-EDA, respectively [9,33,34]. In contrast, EG only demonstrates
one broad peak at 26.7°. For the PDI-EDA/EG-20 composite, the five characteristic
20 peaks are still present, which indicates the presence of PDI-EDA in the composites.
Importantly, the slightly lower intensity of the (021) peak in PDI-EDA /EG-20 than that of
PDI-EDA indicated that the 77—t stacking interactions can reduce the degree of crystallinity
of PDI-EDA, which is favorable for enhancing the electrochemical performance of organic
electrodes due to the strengthened interactions between PDI-EDA and EG [9]. Fourier
transform infrared spectra (FTIR) were performed to confirm the successful synthesis of
these organic materials. As shown in Figure 1c, the adsorption peaks of PTCDA posi-
tioned at 1775.4, 1590.8, 1296.5, and 1014.6 cm ™! are attributed to C = O bands bending
vibration in carbonyl groups, C = C bands stretching vibration in benzenoid rings, and
C-O-C and CO-O-CO bands stretching vibration in anhydrides, respectively [9,34,39]. In
the spectrum of PDI-EDA, all the anhydride bands have almost disappeared, while the new
peak at 1358.9 cm ! is ascribed to the C-N stretching, manifesting the generation of imide
groups [9,40]. The double adsorption peaks formed at 1694.1 and 1659.6 cm ™! are assigned
to the symmetric and asymmetric stretching vibrations of the carbonyl group in PDI-EDA,
respectively [9,41]. Moreover, the FTIR spectrum of PDI-EDA /EG-20 shows similar adsorp-
tion peaks to PDI-EDA, demonstrating the existence of PDI-EDA. As shown in Figure 1d,
Raman spectra were characterized to further investigate PDI-EDA and EG interactions in
the composites. For PDI-EDA, the three peaks located at 1297.6, 1377.7, and 1580.2 cm !
are attributed to the stretching of the C-C bond, the bending of the C-H bond, and the
stretching of the C = C bond in perylene, respectively [9,40]. The PDI-EDA /EG composite
also displays three major peaks of PDI-EDA with a slight blue shift, verifying that the
PDI-EDA was successfully polymerized on EG with enhanced 77—7t stacking interactions,
in good agreement with the XRD and FTIR results.

Scanning electron microscopy (SEM) was used to characterize the morphology of the
obtained samples. As displayed in Figures 1le-h and S1, the pure PDI-EDA exhibited a
tubular structure with a rough surface. In contrast, for the PDI-EDA /EG samples, the
tubular structure disappeared and a nanosheet structure was presented, especially at high
mass ratios of EG, revealing that the EG can suppress the overgrowth of the PDI-EDA
polymer and form a sandwich structure. The measured average thickness of the EG and
PDI-EDA /EG-10, PDI-EDA /EG-20, and PDI-EDA /EG-30 samples is 1.52, 43.8, 36.3, and
32.2 nm (Supplementary Figure S2), respectively. This unique structure can not only
strengthen the interactions between EG and PDI-EDA but also accelerate the ion/electron
transfer kinetics, thus delivering remarkable rate capability and a long life span.

3.2. Electrochemical Performance of the Prepared Materials

Based on the above discussion, the PDI-EDA /EG samples are expected to deliver
superior Zn?*-storage properties. The electrochemical performance of pure PDI-EDA
and PDI-EDA/EG samples was evaluated in coin-type ZIBs with 2 M ZnSOy as elec-
trolyte and Zn foil as counter and reference electrode. First, the working potential of
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PDI-EDA /EG was optimized. As shown in Supplementary Figure S3, 0.15-1.2 V is prefer-
able due to the limited HER. Figure 2a displays the initial three cyclic voltammetry (CV)
profiles of the PDI-EDA /EG-20 electrode at a sweep rate of 0.2 mV s~!. Obviously, all
three CV curves exhibit similar cathodic and anodic peaks, demonstrating the high re-
versibility of the electrode. The first circuit is slightly dissimilar to the second and third
circuits, which could be attributed to the irreversible reactions and the formation of a
solid electrolyte interface (SEI) on the Zn anode surface [9,14]. The CV profiles of PDI-
EDA, PDI-EDA /EG-10, and PDI-EDA /EG-30 electrodes are also collected for comparison
(Supplementary Figure S4a,c,e). The galvanostatic charge/discharge (GCD) profiles of the
four anodes at different current densities were recorded to compare their electrochemical
performance (Figure 2b, Supplementary Figure S4b,d,f). Evidently, as the current densities
increase, the PDI-EDA/EG samples show less capacity decay than the pure PDI-EDA,
demonstrating their lower electrode polarization at high current densities.
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Figure 1. (a) Schematic of PDI-EDA /EG composite preparation. (b) XRD patterns, (c) FTIR spectra,
and (d) Raman spectra of EG, PDI-EDA, PDI-EDA /EG-20. (e-h) SEM images of PDI-EDA, PDI-
EDA /EG-10, PDI-EDA /EG-20, and PDI-EDA /EG-30 samples, respectively.

Based on the GCD profiles, the rate performance of the PDI-EDA, PDI-EDA /EG-10,
PDI-EDA /EG-20, and PDI-EDA /EG-30 samples at various current densities is summa-
rized in Figure 2c. For the pure PDI-EDA electrode, a discharge capacity of 93.6 mAh g~!
was delivered at 0.1 A g~!, which decreased drastically to 29.2 mAh g~! when the cur-
rent density was increased to 5 A g~ 1. In contrast, the PDI-EDA/EG electrodes possess
improved rate capability. Especially for the PDI-EDA /EG-20 sample, a maximum capacity
of 110.2 mAh g~! can be obtained at a low current of 0.1 A g~!, which can still maintain
a capacity of 88.9 mAh g~ ! at a high current density of 5 A g~!. The superior rate per-
formance should be attributed to the addition of EG, which can promote Zn?* diffusion
kinetics and facilitate charge transport. This result was further proven by electrochemical
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impedance spectroscopy (EIS). As displayed in Figure 2d, the Nyquist plots of PDI-EDA
and PDI-EDA/EG-20 exhibit a semicircle in the high frequency region and a straight
line in the low frequency part, which represent the charge-transfer (Rt) resistance and
Zn?* diffusion resistance (Rq), respectively. The intercept on the x-axis is associated with
the bulk resistance (Rp). Obviously, the PDI-EDA /EG-20 electrode demonstrates a higher
slope, a smaller semicircle diameter, and an intercept, indicating accelerated ion/electron
transfer in the presence of EG, explaining the better rate capability of PDI-EDA /EG-20 than
PDI-EDA. The zinc-ion diffusion coefficient (Dz,2") can be analyzed by Equation (1) [42]:

D = R?>T?/2A’n*F*C?o? (1)

where R, T, A, n, F, C, and ¢ represent the gas constant, absolute temperature, electrode
surface area, number of electrons per molecule oxidized, the Faraday constant, Zn ion
concentration, and Warburg factor, respectively. The o depends on Z’. As depicted in
Supplementary Figure S5, evidently, the PDI-EDA /EG-20 electrode has a smaller slope
value than the PDI-EDA electrode. The fast zinc-ion transport rate could be attributed to
the hybrid sandwich nanosheet structure of the PDI-EDA /EG-20 anode, which facilitates
electrolyte infiltration and electron migration. To evaluate the cycling performance of
PDI-EDA and PDI-EDA /EG-20 anodes, the long-term cyclic stability at 1 A g~! was tested.
As shown in Figure 2e, the PDI-EDA /EG-20 electrode can maintain a capacity of 82.9 mAh g~!
with a capacity retention of 93.4% and nearly 100% coulombic efficiency after
1000 cycles, much higher than those of the bare PDI-EDA electrode (54.9 mAh g~! and
81.7% capacity retention).

3y (b),] ((:)120-30_1 » y
S o 93290000, 0.5 3
£ 4 5 £ . 1 1 33333
2nd & —01Ag' —0.2Ag" © 100 sgoauog'gi 3 2 5
—3rd § 107 05Ag" —1Ag" E I - 3333533009053g333800000
IS —2Ag' —5Ag" = 804 04990 2200
¢ 081 £ 99900 9009
> ® 60 .
= 0.64 % Unit: Ag’ 2009@
8 ©
= ] 404 o PDI-EDA
2 044 ] o PDI-EDA/EG-10 ssssa
o & 209 o PDI-EDA/EG-20
0.2 o PDI-EDA/EG-30
T T T T T T T T T T T 0 T T T T
0.2 0.4 0.6 0.8 1.0 1.2 0 20 40 60 80 100 0 10 20 30 40
Potential (V vs. Zn/iZn*) Specific capacity (mAh g) Cycle number

0

°
L4 L

“3305

[=]
(=]

PDI-EDA 120+
PDI-EDA/EG-20 o

-
o
o
1
=]
o

- PDI-EDA/EG-20

[

1Ag’

i N PDI-EDA
Sy,

T
B
o

nau
2882°

I
S ©
N
T
N
=1

[

Specific capacity (mAh
2]
o
[=2]
o
Coulombic efficiency (%)

50 100

100 200 300 400 500 600 700 200 400 600 800 1000

Z' (ohm)

o

0

Cycle number

Figure 2. (a) Initial three CV curves of the PDI-EDA /EG-20 electrode at a sweep rate of 0.2 mV s~ 1.
(b) GCD profiles of the PDI-EDA /EG-20 electrode at various current densities. (c) Nyquist plots of
PDI-EDA and PDI-EDA /EG-20 electrodes. (d) Rate performance of different anodes. (e) Long-term
cycle stability test at 1 A g_1 for PDI-EDA and PDI-EDA /EG-20 anodes.

3.3. Zn?* Storage Mechanism in PDI-EDA/EG Materials

To examine the fast electrochemical reaction kinetics of Zn?* storage in the
PDI-EDA /EG-20 electrode, the CV profiles at different sweep rates were conducted
(0.2-2mV s~!) and shown in Figure 3a. All the CV curves exhibit similar shapes without
obvious peak deviations as the sweep rate increases, manifesting highly reversible redox
reactions. The relationship between the obtained peak current (i) and sweep rate (v) can be
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used to quantitatively evaluate the Zn?* storage kinetics by the power-law formula [25,42]:
i = av’, where b = 0.5 suggests a diffusion-controlled process, while b = 1.0 indicates a
pseudocapacitive behavior [9,42]. As for the PDI-EDA /EG-20 electrode, the b values of
1, 2, and 3 peaks can be calculated to be 0.83, 0.97, and 0.86 (Figure 3b), respectively,
demonstrating a fast pseudocapacitive process instead of solid-state diffusion for
Zn%*-storage. The b values of PDI-EDA (Supplementary Figure S6a,b), PDI-EDA /EG-10
(Supplementary Figure Séc,d), and PDI-EDA /EG-30 (Supplementary Figure Sée,f) elec-
trodes are also calculated for comparison. In order to quantify the pseudocapacitive
contribution ratio, the whole capacity can be divided into pseudocapacitive contribution (k;v)
and diffusion-controlled contribution (k,v"2) under fixed potential (V) by the equation:
i(V) = kiv + kov'/? [42,43]. Figure 4c summarizes the proportions of pseudocapacitive
contribution in PDI-EDA and PDI-EDA /EG-20 electrodes. The pseudocapacitive con-
tribution ratios of the PDI-EDA /EG-20 electrode at 0.3, 0.5, 0.7, 1, and 2 mV s~ were
59.1,74.1,78.9, 85.1, and 93.9%, respectively, which were significantly higher than those
of the PDI-EDA anode. This further verified that the presence of EG can improve the
pseudocapacitive contribution of PDI-EDA /EG-20 with enhanced ionic/electronic conduc-
tivity, thus delivering remarkable rate capability and cycling stability. Furthermore, the
galvanostatic intermittent titration technique (GITT) was performed to assess the detailed
electrochemical reaction kinetics during GCD processes (Figures 3d and S7a). The corre-
sponding Zn?* diffusion coefficients (Dznp.) of PDI-EDA /EG-20 and PDI-EDA electrodes
at different potentials could be calculated using the following equation [42]:

412 [ AEs\?
P="7 (AEt) @

where L, T, AE;, and AE; are representing the thickness of the electrode (cm), the duration
of the current pulse, the change in steady-state voltage, and the total change in cell voltage
during the constant current pulse 7 after IR-drop in a single-step GITT experiment. As
depicted in Figures 3e and S7b, the Zn%* diffusion coefficients of the PDI-EDA /EG-20 anode
are generally higher than those of pure PDI-EDA in the first and second discharge/charge
processes, which is attributed to the enlarged surface area in PDI-EDA /EG-20 that en-
sures fast and vast Zn?* storage. This analysis agrees with the EIS result and explains its
exceptional rate capability and cycling stability.

In order to shed light on the Zn?* storage behavior of the PDI-EDA /EG-20 anode,
ex-situ FTIR and XPS were performed. As shown in Figure 4a, in the FTIR spectra of the as-
prepared sample, the dual adsorption peaks located at 1694.1 and 1659.6 cm ! are assigned
to the asymmetric and symmetric stretching vibrations of the C = O bond, respectively [9].
When the electrode is completely discharged, the adsorption peak at 1694.1 cm~! will be
weakened. Meanwhile, two new peaks positioned at 1102.5 and 1022.4 cm ™! appeared,
which could be attributed to the stretching vibration of C-O and O-Zn bonds, manifesting
the reduction of the C = O bond and the formation of the C-O-Zn bond [9,33]. When the
electrode was completely charged, the adsorption peak at 1694.1 cm~! was restored, while
the new peaks at 1102.5 and 1022.4 cm ! almost vanished, demonstrating that the redox
reaction of the C = O bond and the uptake/release of Zn?* are highly reversible [9]. In
addition, the perylene ring and the C-N bond presented at 1588.6 and 1343.5 cm ! barely
changed during the whole discharge/charge process, indicating that these functional
groups were not involved in Zn storage [40,41].

To further elucidate the chemical bond evolution during discharge/charge, ex-situ
XPS was employed (Supplementary Figure S8, Figure 4b—d). As demonstrated in the full
XPS survey of the as-prepared electrodes (Supplementary Figure S8), the three clear peaks
presented at 530.3, 399.2, and 281.6 eV are attributed to the O 1s, N 1s, and C 1s peaks,
respectively [40]. As displayed in Figure 4b, in the high resolution Zn 2p spectra,
two new peaks centered at 1044.7 and 1021.6 eV were formed after full discharge, indicating
that Zn?* is inserted into the PDI-EDA /EG-20 electrode. In the charge state, the peaks
almost disappeared, suggesting that the electrochemical uptake/release of Zn** are highly
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reversible. As displayed in the C 1s spectra of the as-prepared sample, the peaks positioned
at 283.8, 284.8, and 289.8 eV could be associated with sp2 C = C, sp3 C-C, and C = O bonds,
respectively [9]. After the electrode was completely discharged, the intensity of the
C = C bond was weakened, while the C-C bond became stronger. Subsequently, the
C = O bond disappeared, and a new peak at a lower binding energy of 288.6 eV was
detected, which could be assigned to the reduction of the carbonyl group caused by
7Zn?* coordination. On the other hand, after the electrode was recharged back to 1.2 V, the
peaks almost recovered, indicating that the electrochemical reaction is highly reversible.
This result was consistent with the high resolution of the O 1s spectra (Figure 4d), where
the C = O/C-O bond intensity ratio decreased at the discharge state but increased after
being fully charged. According to the above analyses, it can be concluded that the carbonyl
group in PDI-EDA /EG-20 is the active site for the reversible uptake/release of Zn2*.

() (b)> ©)
1.0 5 31 0 I 1IPDI-EDA
z ] < I 1 PDI-EDA/EG-20
c
05 E 024 S 80+
T 5 2
:‘E_, 0.04 , ‘,=_- -0.4 'E 60
§ —0.2mV s.1 : 061 g
£.054 —03mVs 3 £ 40
o —0.5mVs’ £ 53 @ Peak1, b=083 ES
104 —0.7mVs’ §‘ o Peak2, b,=0.97 g 5.
N —1mvs' -1.0 o Peak3, b=0.86 | O
—2mvs'
154— . : . : ‘ 12 . . T T . 0 —
02 04 06 08 10 12 08 06 04 02 00 02 04 0.3 o.g 0.7 i A 2
Potential (V vs. Zn/Zn*) Log (scan rate, mV s™) can rate (mV s™)
(d) , (e) 10° .
|
1.21 1st discharge | 1stcharge —o—PDI-EDA d
i i
= | 107 —o— PDI-EDA/EG-20 |
5 191 ——PDI-EDA : :
5 ——PDI-EDA/EG-20 ! T 1o !
5 0-8- i o i
> | E 1
> | o 1
<064 I e 107 !
- i a i
E 0.4 : 10704 :
& ' ;
- . : 107 : : r
0 25 50 75 100 25 50 75 100 0 25 50 75 100 25 50 75

Zincification state (%)

Figure 3. (a) CV profiles of the PDI-EDA /EG-20 electrode at different sweep rates. (b) b values for
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3.4. Assembly and Electrochemical Performance of a ZIB Full Cell

Finally, to explore the practical application of PDI-EDA /EG-20 in a ZIB full cell, a
rocking-chair-type ZIB was constructed using a PDI-EDA /EG-20 anode and a pre-activated
MnO, cathode (ZnyMnO;). The mass ratio of anode to cathode was adjusted to be 2:1. The
electrochemical performance of the MnO; cathode is shown in Supplementary Figure S9.
Owing to the higher Zn storage potential than that of Zn plating and HER, employing
PDI-EDA /EG-20 as an anode can effectively avoid electrolyte decomposition and dendrite
formation, thereby boosting cycling stability. The schematic of the ZIB is demonstrated
in Figure 5a. The typical CV profiles of the PDI-EDA /EG-20 anode, Zn,MnO, cathode,
and PDI-EDA/EG-20/ /Zn,MnO; full cell are depicted in Figure 5b. The first three CV
profiles of the full ZIB are shown in Figure 5c. Obviously, all the CV profiles are almost
overlapped, demonstrating the good electrochemical reversibility of the device. The CV
profiles at sweep rates ranging from 0.5 to 5 mV ! were examined and are displayed in
Figure 5d. All the curves demonstrate multiple reversible redox peaks without obvi-
ous deformation, manifesting the excellent electrochemical reversibility and fast kinet-
ics of the cell. According to the power-law formula mentioned above, the b values of
1, 2, 3, and 4 peaks for the full ZIB can be calculated to be 0.86, 0.83, 0.80, and 0.99

100
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(Supplementary Figure S10), respectively, indicating that the ZIB device undergoes a
pseudocapacitive behavior, which is expected to display a superior rate capability. The
GCD tests of the PDI-EDA /EG-20/ /Zn,MnO, battery were conducted and are shown in
Figure 5e, where the current densities and capacities are calculated based on the anode and
cathode active materials. At a low current density of 0.05 A g~!, the PDI-EDA /EG-20-based
ZIB battery can deliver a high specific capacity of 64.6 mAh g~! and an average discharge
plateau of 0.82 V. The battery could deliver specific capacities of 61.5,56.8,51.7, and 44.9 mAh g !
at0.1,0.2,0.5,and 1 A g’l, respectively (Figure 5f,). Even at a high current density of 2
A g7, the PDI-EDA /EG-20/ / ZnyMnOj, battery can still yield a capacity of 38.9 mAh g1,
corresponding to a 60.3% capacity retention at 0.05 A g~!, showing exceptional rate per-
formance. Figure 5g displays the cycling stability and coulombic efficiency (CE) of the
PDI-EDA/EG-20/ /Zn,MnO; cell at 2 A g~!. Impressively, the cell exhibits no appar-
ent capacity degradation after 1000 cycles with nearly 100% CE. Based on the GCD pro-
files, the energy density and power density of the PDI-EDA/EG-20//ZnMnO; cell is
calculated and the Ragone plots are demonstrated in Figure 5h. Significantly, the max-
imum energy density of the device can reach 54.9 Wh kg~! at a power of 42.5 W kg~ !.
Even at a high power density of 1523.4 W kg~!, the energy density can still keep at
29.4 Wh kg !, manifesting the superior rate performance of the device. These values sur-
passed most reported “rocking-chair” ZIBs, including Nag 14TiS; / / ZnMnyO4 (51 Wh kg_l,
24.3 W kg~ 1) [28], PTCDI/rGO//ZnPB (44 Wh kg1, 45.6 W kg 1) [37], Zn,MogSg / / ZnPB
(47 Wh kg1, 12.8 W kg 1) [44], TiS,//Zn3V4(POy,)s (48.8 Wh kg1, 51.7 W kg 1) [45],
MoO,@NC//Zn-NVPOF (45.1 Wh kg~ !, 44.3 W kg !) [25], and PI-1/CNT/ /Zn,MnO,
(50.5 Wh kg1, 45.5 W kg 1) [39]. These results clearly imply that this hybrid polymer
anode is a competitive candidate for high-power and long lifespan ZIBs.

(a) Zn (b) Zn2p

o
Cs0 C;NGC;O0,
- Tl T W RE g Charged
3 b s
< IO 3
8 i L s
g Discharged ' ; ~ 2
£ i i Vo 7] Discharged
£ ’ | : | | 5
2 As-prepared | v -
S : i =
" Ei E E E E As-prepared
2500 2250 2000 1750 1500 1250 1000 750 500 1050 1045 1040 1035 1030 1025 1020 101!
Wavenumber (cm™) Binding energy (eV)
() c-g ¢ c1s (d) | : O1s

cro l\
Charged . (l ‘\

' |
Aarged

3 i £
s i < ' ;
S | _Discharged ' lZ y A\ % ' : Discharged
L= ) A £ ! .
As-prepared /IS’_A )A)mpared
296 292 288 284 280 536 534 532 530 528
Binding energy (eV) Binding energy (eV)

Figure 4. (a) FTIR spectra, (b) high-resolution Zn 2p spectra, (c) high-resolution C 1s spectra, and
(d) O 1s spectra of PDI-EDA /EG-20 at different discharge/charge states.
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Figure 5. (a) Schematic of the fabricated ZIB device. (b) CV profiles of the PDI-EDA /EG-20 an-
ode, the MnO, cathode, and the ZIB full device. (c) Initial three CV profiles of the PDI-EDA/
EG-20//ZnyMnO, device. (d) CV profiles of the device at various sweep rates. (e) GCD profiles at
different current densities. (f) Rate and (g) long-term cycling performance of the device. (h) Ragone
plots of the ZIB in current work compared with previously reported ZIBs.

4. Conclusions

In summary, a novel sandwich-structured PDI-EDA /EG hybrid material is designed
and applied as an anode for aqueous “rocking-chair” ZIBs. The highly conductive graphene
nanosheets and strong 71— stacking interactions between graphene and PDI-EDA can
accelerate the ion/electron migration and enhance the structural stability, thus delivering
remarkable rate capability and cycling stability. When applied as an anode, it demonstrates
a high capacity of 110.2 mAh g ! at 0.1 A g~! and keeps 88.9 mAh g~! even at a high
current density of 5 A g~!. Various measurements, including ex-situ FTIR and ex-situ
XPS, were performed to investigate the structure evolution during the discharge/charge
process, revealing a reversible Zn?* uptake/release at the carbonyl site of PDI-EDA /EG.
More importantly, an aqueous “rocking-chair” ZIB was built by coupling a PDI-EDA /EG
anode and ZnyMnO, cathode, which can realize an ultrahigh energy density of 54.9 Wh kg !
and remarkable stability without capacity degradation after 1000 cycles at 2 A g~!. This
work offers an attractive anode material for aqueous ZIB, which may open a new avenue for
the preparation of cost-effective and sustainable organic anodes for grid-scale applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /batteries9060318/s1, [46-55]. Figure S1: SEM images of (a,e) PDI-EDA,
(b,f) PDI-EDA /EG-10, (c,g) PDI-EDA /EG-20, and (d,h) PDI-EDA /EG-30 composites, respectively;
Figure S2: SEM images of (a) EG, (b) PDI-EDA /EG-10, (c) PDI-EDA/EG-20 and (d) PDI-EDA /EG-30
composites, respectively; Figure S3: CV curves of the PDI-EDA /EG-20 electrode at different potential
windows; Figure S4: (a,c,e) CV curves and (b,d,f) GCD profiles of pure PDI-EDA, PDI-EDA /EG-10,
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and PDI-EDA /EG-20 electrodes, respectively; Figure S5: The relationship between Z’ and w~1/2
for the PDI-EDA and PDI-EDA /EG-20 electrodes; Figure S6: (a,c,e) CV curves at different current
densities and (b,d,f) b values for anodic and cathodic peaks of PDI-EDA, PDI-EDA /EG-10, and
PDI-EDA /EG-20 electrodes, respectively; Figure S7: (a) GITT curves and (b) corresponding Zn**
diffusion coefficients at different potential states; Figure S8: Typical XPS survey of PDI-EDA /EG-20
electrode at different discharge/charge states; Figure S9: Electrochemical performance of MnO,
cathode. (a) Initial three CV curves. (b) CV curves at different sweep rates. (c) GCD profiles at
different current densities. (d) Long-term cycling stability at 2 A g~1; Figure S10: (a) CV curves of the
device at different scan rates. (b) b values for cathodic and anodic peaks of the ZIB cell.
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