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1. Introduction

Aqueous Zn-ion hybrid capacitors (ZHCs) 
are regarded as sustainable supplements 
to supercapacitors because of their high 
theoretically capacity, excellent power den-
sity, and relatively high energy density.[1–4] 
The rechargeable function of ZHCs relies 
heavily on the plating–striping process 
on the Zn anode and the adsorption–des-
orption process on the carbon cathode.[3] 
Nevertheless, the reversible cycling of Zn 
anodes is troubled by the problems of 
notorious Zn dendrite growth and intri-
cate side reactions, which impedes the 
performance progress and wide-range 
application of Zn-based energy storage 
systems.[5–7] The generation of Zn den-
drites stems from the unevenly distributed 
electric field and concentration polariza-
tion, which triggers the rapid attenuation 
of the coulombic efficiency (CE) and the 
internal short circuit of devices.[8,9] More 
problematically, baneful interfacial side 
reactions, including hydrogen evolution 
reaction (HER) and corrosion caused by 
high-water-activity aqueous solution, exac-
erbate the dendrite issue.[10,11] At present, 

Rechargeable aqueous zinc-ion hybrid capacitors (ZHCs) have aroused 
unprecedented attention because of their high safety, cost effectiveness, 
and environmental compatibility. However, the intractable issues of den-
drite growth and side reactions at the electrode–electrolyte interface dete-
riorate durability and reversibility of Zn anodes, deeply encumbering the 
large-scale application of ZHCs. Concerning these obstacles, a negatively 
charged carboxylated chitosan-intensified hydrogel electrolyte (CGPPHE) 
with cross-linked networks is reported to stabilize Zn anodes. Beyond pos-
sessing good mechanical characteristics, the CGPPHE with polar groups 
can reduce the desolvation energy barrier of hydrated Zn2+, constrain the 
2D Zn2+ diffusion, and uniformize electric field and Zn2+ flux distributions, 
assuring dendrite-free Zn deposition with high plating–stripping efficiency. 
Concurrently, the hydrophilic CGPPHE alleviates harmful hydrogen evolu-
tion and corrosion by abating water activity. Accordingly, Zn|CGPPHE|Zn 
and Zn|CGPPHE|Cu cells exhibit an extended life exceeding 350 h 
(1600 mAh cm−2 cumulative capacity under 20 mA cm−2) and a high average 
coulombic efficiency of 98.2%, respectively. The resultant flexible ZHCs 
with CGPPHE and template-regulated carbon cathode present perfect 
properties in capacity retention (97.7% over 10 000 cycles), energy density 
(91.8 Wh kg−1), and good mechanical adaptability. This study provides 
insight into developing novel hydrogel electrolytes toward highly recharge-
able and stable ZHCs.
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modifications of the anode and the electrolyte are emerging as 
good options to circumvent the issues of Zn anodes for effi-
ciency improvement.[12–14] However, the current electrolyte opti-
mization primarily focuses on additive selection, which may be 
powerless to deal with the liquid leakage and mechanical toler-
ance problems of aqueous devices with liquid electrolyte (LE).

To compromise the above challenges, “beyond aqueous” 
electrolytes have extensively been considered recently, among 
which highly safe polymeric hydrogel electrolytes are particu-
larly launched due to their marked merits over the ordinary 
LE.[15] Through the molecular-level adjustment of the polymeric 
matrix, the designed polymer-based hydrogel electrolytes with 
special functional groups are capable of visibly achieving intel-
ligent functions.[16] For instance, some zincophilic and hydro-
philic groups of the polymeric matrix in such electrolytes are 
prone to guiding Zn2+ transport and depressing the water 
activity, thus mitigating the dendrite and side reaction issues 
to a certain extent.[17,18] Despite these apparent advantages, two 
underlying confinements should be well liberated to gain more 
reversible and stable Zn anodes in polymer hydrogel electro-
lytes. One is that Zn2+ absorbed on the anode tends to migrate 
horizontally along the surface (defined as 2D diffusion) to 
search for energetically favorable tip sites and reduce to Zn0 on 
tips, which intensifies the nonuniform electric field and hence 
leads to dendritic growth.[19,20] The other is that the desolvation 
process of hydrated Zn2+ in aqueous electrolytes inevitably con-
sumes a huge amount of energy due to the strong coulombic 
interaction between Zn2+ and H2O solvation sheath.[21,22] The 
large desolvation penalty is highly likely to provoke HER and 
hinder Zn deposition kinetics.[23] Recent research has proved 
that some polar groups carried by polymer chains, especially 
negatively charged groups (e.g., sulfonate, phosphate, and car-
boxyl groups), preferentially interact with Zn2+, realizing the 
dual effects of changing the solvation structure to reduce the 
desolvation barrier of hydrated Zn2+ and redistributing the ion 
flux to constrain 2D diffusion.[17,24–28] Additionally, favorable 
mechanical properties of such electrolytes are requisite, which 
guarantees the firm interface contact with the electrode in 
daily activities to stabilize Zn anodes for flexible and high-
performance Zn-based devices.[29] Nevertheless, the polymer 
hydrogel electrolytes with the above comprehensive features 
remain scarce, and thus deeply understanding their impact on 
electrochemical properties is immensely important for further 
boosting the function of hydrogel electrolytes.

Considering that negatively charged carboxylated chitosan 
(CCS) features multiple merits, such as rich resources, envi-
ronmental benignity, macromolecule structure, and sufficient 
hydrophilic/polar groups, herein we propose a CCS-enhanced 
hydrogel electrolyte (CGPPHE) with multiple cross-linked 
networks to minimize the facing issues of Zn electrodes and 
achieve efficient and flexible ZHCs. The innovative CGPPHE 
consists of carboxylated chitosan-graft-polyacrylamide (CCS-
g-PAM) and polyvinyl alcohol (PVA) permeated with zinc 
trifluoromethanesulfonate (Zn(OTf)2) aqueous solution, har-
vesting satisfactory mechanical characteristics and ionic con-
ductivity. Based on electrochemical tests, in situ microscopic 
observation, and density functional theory (DFT) calculations, 
we have proved that the prepared CGPPHE has diverse func-
tions, namely, quickening the ion transport, reducing the 

desolvation energy barrier of hydrated Zn2+, restricting the 
2D ion diffusion at Zn electrode surface, and immobilizing 
water molecules, which benefits from the strongly polar and 
hydrophilic carboxyl groups of CCS assisted by amide groups 
of PAM. Therefore, CGPPHE displays the excellent ability to 
restrain dendrite generation, corrosion, and HER as compared 
to its counterparts (PPHE and PHE), where PPHE and PHE are 
hydrogel electrolytes with polymeric matrices of PAM/PVA and 
PAM, respectively. These properties enable the stable cycling of 
more than 350 h at 1 mA cm−2 for the Zn|CGPPHE|Zn cell and 
the high average CE of 98.2% after 700 cycles at 4  mA cm−2 
for the Zn|CGPPHE|Cu cell. Moreover, a respectable cumula-
tive capacity of 1600 mAh cm−2 is delivered at 20 mA cm−2. Due 
to the above advantages, the flexible ZHC made of CGPPHE, 
template-assisted porous carbon (TPC) cathode and Zn anode 
has long-term cycling stability, outstanding energy and power 
densities (91.8 Wh kg−1 and 15 685.7 W kg−1), and high working 
reliability under bending deformation.

2. Results and Discussion

PAM and CCS would be decorated by the grafting or cross-
linking reaction, and PVA can be readily bound to many 
molecules (PAM, CCS, etc.) through hydrogen-bonding inter-
action.[30−33] Inspired by these features, herein the molecular 
engineering based on these components is applied in the 
design of functional hydrogels. As briefly schematized in 
Figure 1a, we first prepared a homogeneous colloid embracing 
CCS, PVA, acrylamide (AM) monomer, ammonium persulfate 
initiator, and N,N′-methylenebisacrylamide (MBAA) cross-
linker in deionized water. The subsequent thermal polymeri-
zation gave rise to the grafting of the formed PAM chains on 
the CCS backbone and the cross-linking between PAM chains, 
producing a chemically cross-linked CCS-g-PAM hydrogel with 
rich functional species.[31] Meanwhile, the CCS-g-PAM back-
bone was bound to the PVA chain via extensive hydrogen bonds 
and mechanical entanglement to build a network-like hydrogel 
matrix of CCS-g-PAM/PVA (CGPPH).[32,33] Digital images visu-
ally confirm the successful transition from the precursor solu-
tion to a transparent solid-like hydrogel (CGPPH) after heating 
(Figure  1b). Next, a highly robust hydrogel electrolyte with 
multiple networks (CGPPHE) was received by impregnation 
of CGPPH in 1 m Zn(OTf)2 aqueous solution. Figure  1c illus-
trates the chemical structure of CGPPHE with sufficient cova-
lent and hydrogen bonds. To confirm the presence of functional 
groups in CGPPH, Fourier-transform infrared (FTIR) spectrum 
analysis was carried out (Figure 1d). The broad absorption peak 
appeared at 3500–3074 cm−1 reflects the stretching vibrations of 
NH and OH groups raised from PAM, PVA, and CCS com-
ponents.[34] The three peaks at around 2926, 1644, and 1407 cm−1 
are the stretching vibrations of CH (2925 cm−1 for PAM and 
2906 cm−1 for PVA), CO (1647 cm−1 for PAM and 1641 cm−1 for 
CCS), and OCO (1400 cm−1 for CCS), respectively.[31,34–36] As 
for the signal peak at ≈1030 cm−1, it corresponds to the COH 
stretching (1025 cm−1 for CCS and 1084 cm−1 for PVA).[37] 
Noticeably, the position and intensity of the above peaks in 
CGPPH slightly deviate from those in pristine PAM, PVA, 
and CCS, which may be ascribed to the chemical and physical 
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interactions between these constituents. FTIR results reveal 
the existence of hydrophilic carboxyl, amide, and hydroxyl 
groups in CGPPH, which helps to immobilize water molecules 
through hydrogen-bonding interaction, thereby weakening the 
activity of water and mitigating water-induced corrosion and 
HER.[15,25,38,39] The scanning electron microscopy (SEM) image 
clearly shows a macropore-interconnected framework, and the 
corresponding energy dispersive spectroscopy (EDS) mappings 
confirm the good distribution of S, O, Zn, F, and C elements 
in the freeze-dried CGPPHE (Figure 1e; Figure S1, Supporting 
Information). It is conjectured that such a porous CGPPHE has 
intrinsically high ionic conductivity.
Figure  2a–d confirms superior mechanical properties of 

CGPPHE to its counterparts (PHE and PPHE). As depicted in 
Figure  2a, the tensile stress of CGPPHE under 473.7% strain 
is 69.6 kPa, while the corresponding values of PHE and PPHE 
are only 3.6 kPa under 131.4% strain and 10.7 kPa under 284.9% 
strain. CGPPHE still holds up well when stretched to 400% 
strain, signifying its excellent ductility (the insets in Figure 2a). 
Similarly, CGPPHE has good compressibility, with a compres-
sive stress of 151.2 kPa at 60% strain, in comparison with PHE 
(9.5  kPa) and PPHE (11.1  kPa) (Figure  2b and its inset). The 
significantly improved properties of CGPPHE correlate closely 
to strong chemical/physical interactions and massive hydrogen 
bonds that exist in cross-linked networks. Specifically, when 
CCS is integrated into the polymer backbone, it can interact 
with PAM by covalent bonds, and the generated CCS-g-PAM 

dynamically interacts with PVA by hydrogen bonds and physical 
entanglement, jointly contributing to mechanical properties of 
the synthesized CGPPHE.[31,33,40] Figure  2c presents the cyclic 
tensile curves under different strains (100–400%). The loading–
unloading curves with pronounced hysteresis loops verify the 
good resilience and excellent fatigue resistance of CGPPHE.[41] 
The compression–recovery curves show slight hysteresis loops 
with restorable compressive strain in 2–5 cycles except for the 
initial cycle, which reflects the good elasticity and rapid recover-
ability of CGPPHE (Figure 2d and its inset). This can be further 
verified by the digital photographs before and after 5 cycles of 
compression (the inset in Figure 2d), and SEM images showing 
an unspoiled macropore-interconnected network after cyclic 
compression (Figure S2, Supporting Information). In addition, 
CGPPHE has a slight thickness change after being assembled 
into the device, further verifying its approving mechanical 
properties that benefit the stable operation of this hydrogel elec-
trolyte in devices (Figure S3, Supporting Information).

Apart from mechanical robustness, hydrogel electrolytes 
should be featured with strong adhesiveness to the electrode so 
as to avert the separation from the electrode. We chose electrode 
materials such as metal Zn, stainless steel, copper, and tita-
nium sheets as substrates to assess this property of CGPPHE. 
As seen from digital photographs in Figure  2e, CGPPHE dis-
plays good adhesiveness to different metal substrates, which 
is attributed to the physical interactions between CGPPHE 
and substrates.[42–44] The corresponding adhesive strengths 

Small Methods 2022, 2201398

Figure 1.  Synthesis and characterization of CGPPH. a) Schematic of CGPPH synthesis. b) Digital photographs showing the successful completion 
of CGPPH. c) The chemical structure of CGPPH. d) FTIR spectra of PAM, PVA, CCS, and CGPPH. e) SEM image of the freeze-dried CGPPHE with 
corresponding EDS elemental mappings.

 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202201398 by C
ochraneC

hina, W
iley O

nline L
ibrary on [26/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.small-methods.com

2201398  (4 of 10) © 2022 The Authors. Small Methods published by Wiley-VCH GmbH

of CGPPHE quantified by the lap sheer test (Figure  2f) are 
12.4 ± 1.4, 8.7 ± 0.8, 9.3 ± 0.6, and 7.5 ± 0.8 kPa on Zn, stain-
less steel, copper, and titanium sheets, respectively (Figure 2g). 
It illustrates that the firm electrolyte–electrode interface can be 
established via the hydrogel electrolyte design, facilitating the 
full play of CGPPHE function for stabilizing Zn anodes.[17,45]

The ionic conductivity (σ) and Zn2+ transference number  
( Zn2t +) of CGPPHE were measured to assess its ion-transport 
ability. It is known from electrochemical impedance spectros-
copy (EIS) that CGPPHE has a larger σ value of 2.7 S m−1 than 
PPHE (2.2 S m−1) and PHE (2.0 S m−1) (Figure 2h and its inset), 
indicating the positive action of CCS in promoting the ionic 
transport. Moreover, the designed CGPPHE gains a higher 

Zn2t + 
of 0.69 compared with PPHE (0.56) and LE (0.33) (Figure 2i). 
This indicates that the polar carboxyl and amide groups in 
CGPPHE can interact with cations to optimize Zn2+ transmis-
sion behavior,[25,46,47] which is in favor of reducing the concen-
tration polarization (the reduction of concentration difference) 

near to the Zn surface and further mitigating the dendritic 
growth.[15,48]

In addition to mechanical damage, the dendrites, corro-
sion, and HER will also deteriorate the electrochemical sta-
bility and reversibility of Zn anodes, leading to performance 
degradation or even failure of energy storage systems. To 
survey the influence of different electrolytes on Zn deposition 
behavior, the real-time morphological evolution of Zn elec-
trodes at 10 mA cm−2 was scrutinized by an optical microscope. 
Figure  3a (upper) shows that small protrusions emerge on 
Zn foil in LE after plating for 30  min, and massive dendrite-
like aggregates are formed after 120 min due to the tip effect. 
Such a dendritic appearance can increase the surface area of 
the electrode to aggravate the surface-dependent side reactions, 
thereby reducing CE and shortening the cycle life of energy 
storage devices.[49] After the use of PHE and PPHE, the scale of 
randomly distributed protrusions on Zn foil decreases to some 
extent (Figure S5, Supporting Information). In stark contrast, 

Small Methods 2022, 2201398

Figure 2.  Mechanical properties and ion-transport ability of CGPPHE. a) Tensile stress–strain curves of PHE, PPHE, and CGPPHE (insets: digital 
photographs of CGPPHE during stretching). b) Compressive stress–strain curves of PHE, PPHE, and CGPPHE (inset: the corresponding compressive 
strength). c) Cyclic tensile curves of CGPPHE under different strains. d) Cyclic compressive curves of CGPPHE at 60% strain (insets: digital photo-
graphs of CGPPHE during compressing and enlarged curves near the zero point). e) Digital photographs showing good interface adhesion between 
CGPPHE and different substrates. f) Diagram of the adhesive test. g) Adhesive strength of CGPPHE on different substrates. h) Nyquist plots of PHE, 
PPHE, and CGPPHE (inset: the corresponding ionic conductivity). i) I–t curve of the symmetric cell with Zn electrodes and CGPPHE at an applied 
voltage of 10 mV (inset: Nyquist plots before and after polarization).
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a relatively smooth surface without discernible dendrites can 
be observed on Zn during the whole plating in CGPPHE 
(Figure 3a). The contrastive results manifest the synergism of 
CCS and PAM in inhibiting dendrite growth, in which CCS has 
a more positive effect due to good regulation of its negatively 
charged groups on deposition behavior.[50] As mentioned above, 
some hydrophilic groups in polymer chains can interact with 
water molecules through hydrogen bonds to efficiently subdue 
the water activity.[15,25,38,39] It is thereby predicted that CGPPHE 
possessing abundant hydrophilic species may alleviate the cor-
rosion and HER. To verify these predictions, the linear polariza-
tion tests of Zn electrodes in different electrolytes were first car-
ried out. As shown in Figure 3b, the Zn electrode in CGPPHE 

has a higher corrosion potential of −0.972  V than that in LE 
(−0.985  V). We conclude that the smaller corrosion tendency 
occur in CGPPHE, meaning good corrosion resistance of Zn 
in this electrolyte.[7,51] From linear scanning voltammetry (LSV) 
curves (Figure 3c), it is found that the Zn electrode in CGPPHE 
compared to LE has a smaller current density, and the onset 
potential of HER increases by ≈70  mV, indicative of the sup-
pressed HER in CGPPHE.[11,27]

Profiting from the promotion effect of CGPPHE on con-
fining dendrite growth and parasitic reactions, Zn anodes may 
possess good electrochemical durability, which is verified by 
galvanostatic cycling of the symmetric Zn|CGPPHE|Zn cell. As 
expected, the Zn|CGPPHE|Zn cell can be stably circulated for 

Small Methods 2022, 2201398

Figure 3.  a) In situ optical microscopic images for Zn deposition in LE and CGPPHE. b) Linear polarization plots and c) LSV curves of Zn electrodes in 
LE and CGPPHE. d) Galvanostatic cycling stability of Zn|LE|Zn and Zn|CGPPHE|Zn cells at 1 mA cm−2 and 1 mAh cm−2. SEM images of Zn electrodes 
after cycling in e) CGPPHE and f) LE. g) Galvanostatic cycling stability of Zn|CGPPHE|Zn cell at 20 mA cm−2 and 1 mAh cm−2. h) Rate performance of 
the Zn|CGPPHE|Zn cell at different current densities. i) CE of Zn|LE|Cu and Zn|CGPPHE|Cu cells.
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more than 350  h at a current density of 1  mA cm−2 with an 
area capacity of 1 mAh cm−2 (Figure  3d). As a contrast, after 
stable cycling of ≈115  h, the Zn|LE|Zn cell exhibits a marked 
voltage fluctuation due to the dynamicity of the soft short-
circuit,[29] and subsequent rapid voltage decline with irrecov-
erability due to the device failure, manifesting poor cycling 
of Zn anode in LE.[52] As for Zn|PHE|Zn and Zn|PPHE|Zn 
cells, their cycling performances are also inferior and remain 
at 165 and 193  h, respectively (Figure S6, Supporting Infor-
mation). Comparatively, the distinctly prolonged life  of the 
cell with CGPPHE is greatly associated with the introduced 
CCS with polar carboxyl groups. Figure  3e,f shows the sur-
face morphology of Zn foils from the above cycled cells with 
CGPPHE and LE, respectively. Obviously, the large sheets are 
almost horizontally arranged on the Zn surface with specific 
orientation after cycling in CGPPHE for 350  h (Figure  3e). 
Whereas the surface of the cycled Zn foil in LE is quite rough, 
with vertically stacked dendrites (Figure 3f). The experimental 
results support that the designed CGPPHE can preferen-
tially guide homogeneous deposition of Zn to mitigate the 
dendrite-induced life decline. Additionally, the X-ray diffrac-
tion analysis was conducted for identifying the composition 
of Zn foils cycled in LE and CGPPHE. The diffraction peaks 
representing Zn12(CF3SO3)9(OH)15·xH2O byproduct at 6.5°, 
13°, and 19.6° are discernible on the Zn foil cycled in LE,[53] 
but these peaks are not detected in CGPPHE (Figure S7, Sup-
porting Information). It convincingly confirms that CGPPHE 
can reduce harmful corrosion and thus prolong the life of Zn 
anodes. The cycling performance of the Zn|CGPPHE|Zn cell 
even under 20 mA cm−2 was probed as well. The excellent sta-
bility of 160  h with an ultrahigh cumulative capacity of 1600 
mAh cm−2 can be gained (Figure 3g). The cumulative capacity 
of the Zn|CGPPHE|Zn cell exceeds that of many recently 
reported cells with electrolyte regulation and other strategies 
(Table S1, Supporting Information). More encouragingly, the 
Zn|CGPPHE|Zn cell can work normally without erratic voltage 
response in a current range of 0.1 to 2  mA cm−2 (Figure  3h), 
while the Zn|LE|Zn cell appears fluctuant voltage hysteresis 
as the current density increases (Figure S8, Supporting Infor-
mation). In addition, the electrochemical reversibility of asym-
metric cells with different electrolytes was studied. The average 
CE of the Zn|CGPPHE|Cu cell is recorded with a high value 
of 98.2% that stably maintains 700 cycles at 4 mA cm−2 with a 
cut-off voltage of 0.7 V (Figure 3i). Besides, the significant con-
tribution of CCS on the plating–striping reversibility is clearly 
verified by the short-lived Zn|PPHE|Cu cell with 271 cycles at 
the same current density (Figure S9, Supporting Information). 
Regrettably, the CE of the Zn|LE|Cu cell dominantly decreases 
accompanied by serious fluctuation after 180 cycles due to 
dendrite growth and severe parasitic reactions (Figure  3i).[54] 
Detailed galvanostatic charge–discharge (GCD) profiles of the 
Zn|CGPPHE|Cu cell show relatively stable voltage gaps from 
the beginning to the end, while the Zn|LE|Cu cell undergoes a 
consecutive voltage fluctuation (Figure S10, Supporting Infor-
mation). Electrochemical results strongly verify the advantages 
of CGPPHE in the suppression of dendrites and side reactions, 
which favors a stable and reversible plating–stripping process 
to guarantee gratifying cyclability and energy output for the 
ZHCs with this hydrogel electrolyte.

In order to elucidate the desolvation kinetics in different 
electrolytes, the temperature-dependent EIS tests were carried 
out on symmetric Zn cells. During the plating process, the 
desolvation of hydrated Zn2+ ([Zn(H2O)6]2+) precedes the redox 
reaction between Zn2+ and Zn0 at the Zn electrode–electrolyte 
interface, and is usually considered as the rate-limiting step 
for Zn deposition, owing to the strong interaction between the 
solvated Zn2+ and the surrounding H2O shell.[55] Generally, the 
low desolvation energy barrier facilitates the desolvation, which 
can be described by the activation energy (Ea) from the Arrhe-
nius equation

1
exp

ct

a

R
A

E

RT
= −





� (1)

where Rct, A, R, and T are the charge-transfer resistance, 
frequency factor, gas constant, and temperature, respec-
tively.[22,23] Figure 4a and Figure S11 (Supporting Information) 
are Nyquist profiles of various cells at a temperature range 
of 10–60 °C. Obviously, the Rct values of the Zn|CGPPHE|Zn 
cell at various temperatures are less than those of its counter-
parts, confirming the improved charge transfer capability in 
CGPPHE (Figure S12, Supporting Information).[28] The Ea of 
the Zn|CGPPHE|Zn cell is estimated to be 32.8 kJ mol−1, which 
is only 78.8% and 70.4% of the values for the Zn|PPHE|Zn cell 
(41.6 kJ mol−1) and Zn|LE|Zn cell (46.6 kJ mol−1) (Figure 4b). It 
means that compared with LE and amide-containing PPHE, 
hydrated Zn2+ in CGPPHE with carboxyl and amide groups has 
an easier desolvation process.[24,56] Based on the above results, 
the improvement of desolvation kinetics in CGPPHE can be 
ascribed to the regulation of the solvation structure of Zn2+ by 
polar carboxyl and amide groups, where the former plays the 
prior role.[27]

The effect of CGPPHE on the initial nucleation stage was 
further revealed by the nucleation overpotential (NOP) from 
the cyclic voltammetry (CV) test. As shown in CV profiles of 
Figure 4c, the potential difference between the crossover point 
(A) and the initial deposition point (B for CGPPHE and B′ for 
LE) corresponds to the NOP, which is a key parameter to eval-
uate the nuclei radius from the following relationship[5,57,58]

2
| |

crit
mr

V

F

γ
η

= � (2)

where rcrit, γ, Vm, F, and η refer to the nuclei radius, surface 
energy of the Zn–electrolyte interface, molar volume of Zn, 
Faraday’s constant, and NOP, respectively. Larger NOPs lead to 
smaller nuclei based on this relation. The NOP increases evi-
dently from 65 mV in LE to 160 mV in CGPPHE, which indi-
cates more fine-grained Zn deposits in CGPPHE.

Insights into the electrolyte ions’ diffusion mode benefit 
the understanding of Zn nucleation/growth behavior, which 
is determined by chronoamperometric (CA) tests on symmet-
rical cells (Figure 4d). In LE, the current density progressively 
decreases within the duration of 200 s at a constant overpoten-
tial of −150  mV, which reflects the long and rampant 2D dif-
fusion process of adsorbed Zn2+ along the electrode surface. 
The consecutive 2D diffusion gives rise to the accumulation 
of Zn2+ on the protuberances and results in rough deposition 

Small Methods 2022, 2201398
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propagation based on the principle of minimizing the surface 
energy.[59,60] By contrast, after the transient 2D diffusion with 
a decreased current density occurs in the early stage of deposi-
tion in CGPPHE (≈30 s), the stable 3D diffusion with a con-
stant current density continues until the end. It means that the 
adsorbed Zn2+ on the electrode is locally reduced to Zn° for uni-
form Zn deposition, which stems from the constrained 2D dif-
fusion due to the strong affinity between the polar carboxyl and 
amide groups in CGPPHE and the Zn electrode.[19] DFT calcu-
lations were conducted to theoretically analyze the CGPPHE–
Zn electrode interaction. Figure  4e presents that the adsorp-
tion energy (−2.89  eV) of CCS on the Zn (002) plane is more 
negatively  than that of PAM (−1.07 eV) and H2O (−0.41 eV). It 
confirms that CGPPHE has a strong affinity with Zn atoms, 
and the carboxyl groups in CGPPHE are more easily associated 
with Zn electrode than amide groups. The adsorbed groups on 
metallic Zn may generate the electrostatic shielding to simulta-
neously restrict 2D diffusion of Zn2+ and prevent water mole-
cules from contacting the Zn electrode, thus guiding dendrite-
free deposition and reducing side reactions.[27]

Finite element simulations were provided to elaborate the 
influence of different electrolytes in harmonizing Zn2+ flux 
and electric field distributions (Figure  4f–i). In virtue of the 
sustained 2D Zn2+ diffusion at the Zn–LE interface, large and 
sporadic protuberances emerge on the Zn electrode, resulting 
in the exaggerated electric field heterogeneity near protuberant 
tips (Figure  4f).[61] The tip-aggregated electric field intensifies 
the Zn2+ aggregation near protuberances, making the worse 
homogeneity of the Zn2+ flux distribution and causing fur-
ther growth of dendrites (Figure  4h).[62] Compared with LE, 
CGPPHE ensures the fine-grained Zn nucleation and limited 
2D Zn2+ diffusion, which contributes to the well-distributed 
electric field (Figure 4g). Such an electric field can homogenize 
Zn2+ flux to realize satisfactory Zn deposition (Figure 4i). Dif-
ferent Zn deposition behaviors in LE and CGPPHE are sche-
matically illustrated in Figure 4j,k. The tip effect is the culprit 
for the dendritic Zn growth in traditional aqueous electrolytes. 
Sparse protuberances in LE induced by rampant 2D Zn2+ diffu-
sion trigger the tip-aggregated electric field, causing the accu-
mulation of Zn2+ around the tips to form dendrites. Worse, 

Small Methods 2022, 2201398

Figure 4.  a) Nyquist plots of the Zn|CGPPHE|Zn cell at different temperatures. b) Arrhenius plots and derived desolvation activation energies for 
Zn|CGPPHE|Zn, Zn|PPHE|Zn, and Zn|LE|Zn cells. c) CV profiles for Zn nucleation in LE and CGPPHE. d) Chronoamperograms of Zn|LE|Zn and 
Zn|CGPPHE|Zn cells. e) DFT-calculated adsorption energies of CCS, PAM, and H2O on Zn substrates. Electrical field distributions in f) LE and 
g) CGPPHE. Zn2+ flux distributions in h) LE and i) CGPPHE. Illustration of the Zn deposition process in j) LE and k) CGPPHE.
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parasitic corrosion and HER intensify the above-mentioned tip 
effect, leading to flagrant dendrite growth (Figure  4j). Yet, the 
tip effect in CGPPHE is efficiently repressed due to the mul-
tiple merits, including strong affinity, adjustment of Zn2+ diffu-
sion mode, homogenization of Zn2+ flux and electric field, and 
reduction of adverse reactions (Figure 4k).

To evaluate the utility of CGPPHE, a flexible quasi-solid-
state ZHC with the K2FeO4 template-guided porous carbon 
(TPC) as the cathode material was assembled (expressed as 
Zn|CGPPHE|TPC ZHC), as schematized in Figure  5a. Here, 
the TPC starting from coal tar pitch shows a porous shape with 
a long/short-range ordered structure and high surface area of 
1992.1 cm2 g−1, which is beneficial for promoting Zn2+-storage 
properties (Figures S13 and S14, Supporting Information). 
Figure  5b indicates that the Zn|CGPPHE|TPC ZHC can work 
stably for 10 000 cycles at 10 A g−1, with 97.7% capacity retention 
and ≈100% CE, which undoubtedly justifies the long-term revers-
ible cycle performance of the device. The embedded GCD curves 
with excellent overlap for the first and last cycles further reveal 
the outstanding cyclability of the constructed quasi-solid-state 
ZHC device (inset in Figure 5b). From Figure 5c,d, the Zn anode 
in the cycled Zn|CGPPHE|TPC device shows a relatively rough 
surface without obvious dendrites as compared to that before 
cycling, further confirming considerable stability of Zn anode in 
CGPPHE, similar to the result of the symmetric cell (Figure 3e).

Figure 5e presents the rate behavior of the Zn|CGPPHE|TPC 
ZHC. It offers a stable specific capacity of 113.7 mAh g−1 
at 0.25 A g−1, and obtains 103, 93.1, 85.3, 73, 62.7, 55.1, and 
49 mAh g−1 at 0.5, 1, 2, 5, 10, 15, and 20 A g−1, respectively, cor-
responding to a high retention rate of 43.1% in a wide range 
of 0.25–20 A g−1. It is also found that the high capacity reten-
tion of 98.2% can be still achieved with the current density 
re-decreasing to 0.25 A g−1. Moreover, the CE at each current 
density is stabilized at ≈100%. These results affirm that the as-
built ZHC can tolerate large current rates and has high revers-
ible storage ability benefiting from the multiple functions of 
CGPPHE. From Ragone plots in Figure 5f, the maximum energy 
density of the device reaches 91.8 Wh kg−1 at a power density of 
201.7 W kg−1, and the power density as high as 15 685.7 W kg−1 
is delivered at an energy density of 34.9  Wh kg−1. The energy 
density of the quasi-solid-state Zn|CGPPHE|TPC ZHC is 
higher than that of many related energy-storage devices like 
Zn-HSC (52.7 Wh kg−1 at 1725 W kg−1),[63] S-HIC-K (51 Wh kg−1 
at 1260 W kg−1),[64] ZIHC with POP-TAPP-NTCA and EG/PANI 
(48 Wh kg−1 at 85 W kg−1),[65] WC-6ZnN-12U@CC//Zn@CC ZHS 
(27.7 Wh kg−1 at 35.7 W kg−1),[66] PDIC with CFMS (39 Wh kg−1 at 
7800 W kg−1),[67] symmetric supercapacitor with the SPI-PAAm 
hydrogel electrolyte (21.4 Wh kg−1 at 130 W kg−1),[68] ZIC based 
on OPC (38.6  Wh kg−1 at 3760  W kg−1),[69] NMCS electrodes 
based SSCs (23.4 Wh kg−1 at 700.6 W kg−1),[70] and MXene-PTCDI 

Figure 5.  Electrochemical performance of flexible quasi-solid-state Zn|CGPPHE|TPC ZHC and its application. a) Structural diagram of the flexible 
quasi-solid-state Zn|CGPPHE|TPC device. b) Cyclic stability and CE at 10 A g−1 after 10 000 cycles (inset: the first and last GCD curves). SEM images 
of Zn anode c) before and d) after cycling. e) Rate performance and CE. f) Ragone plots of the fabricated ZHC compared with other reported devices. 
g) Specific capacities at 5 A g−1 at different bending states. h) Self-discharge curve. i) Digital photographs showing the application of the fabricated 
ZHC in the electronic timer, wearable electronic watch, and mobile phone.
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hybrid K-ion capacitor (24.6  Wh kg−1 at 22.5  W kg−1).[71] Addi-
tionally, this quasi-solid-state ZHC shows a negligible capacity 
change under different deformation states (initial, 45°, 90°, and 
renewed), indicating good flexibility of the device (Figure 5g).

The anti-self-discharge capability holds a pivotal role in high-
efficiency energy storage. In order to gain this information, the 
Zn|CGPPHE|TPC ZHC was fully charged to 1.8  V and then 
rested for 72  h at room temperature to investigate the open 
circuit voltage change. The device maintains a high voltage 
of 1.24  V after 72  h with a low decline rate of 7.78  mV h−1, 
reflecting the superior anti-self-discharge property (Figure 5h). 
Finally, the Zn|CGPPHE|TPC ZHC was applied in various 
portable electronics for evaluating its practicability. It shows 
that one ZHC can stably power the electronic timer over eight 
hours, two ZHCs in series can make the wearable electronic 
watch operate normally, and such three devices in series are 
able to charge the mobile phone, corroborating the potentiality 
of the flexible Zn|CGPPHE|TPC ZHC in the field of portable 
and wearable electronics (Figure 5i).

3. Conclusion

Summarily, we develop a CCS-enhanced CGPPHE that can 
greatly overcome Zn anode issues, thereby endowing the effi-
cient storage ability of flexible ZHCs. The optimized multiple 
networks impart CGPPHE with the improved conductivity and 
mechanical properties compared with its counterparts (PHE 
and PPHE). It is also found that CGPPHE can reduce the desol-
vation penalty with low Ea (32.8 kJ mol−1) and guide Zn2+ for 3D 
diffusion by introducing CCS with carboxyl groups assisted by 
PAM with amide groups, favoring fast kinetics and uniform Zn 
deposition. Besides, parasitic HER and corrosion are restrained 
by the reduced water activity contributed by hydrophilic groups 
in CGPPHE. These advantages enable the  stable cycling 
over 350  h (1  mA cm−2, 1 mAh cm−2) and a high cumulative 
capacity of 1600 mAh cm−2 (20 mA cm−2, 1 mAh cm−2) for the 
Zn|CGPPHE|Zn cell as well as a high average CE of 98.2% for 
the Zn|CGPPHE|Cu cell. The assembled flexible quasi-solid-
state Zn|CGPPHE|TPC device makes considerable energy and 
power densities (91.8 Wh kg−1 and 15 685.7 W kg−1), and works 
stably over 10 000 cycles with only 2.3% capacity loss. Findings 
will be of immediate benefit in designing and understanding 
multifunctional hydrogel electrolytes for more efficient ZHCs.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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