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Ming Wah Wong, b Yizhou Zhang*c and Haitao Zhang *d

Electrolyte design provides a fundamental solution to address the irreversibility and instability of metallic Zn

anodes for the fast-developing zinc-ion batteries, considering the increasing issue of their sustainability.

Herein, a cellulose-complexing approach was developed for a ZnCl2-based eutectic electrolyte to

reconstruct Zn2+ coordination, tune water activity and regulate the solid–electrolyte interface (SEI). In

the case of deficient water, the oxygen atoms from the glucose unit were revealed to coordinate directly

with Zn2+, resulting in the participation of cellulose in the solvation shell of Zn2+, with a change in the

hydrogen-bond network, where water transformed into the bulk state. The reshaped Zn2+ coordination

with sluggish water activity led to a widened electrochemical window and promising ion transport in the

complex electrolyte. Endowed with a dissolution–regeneration induced in situ SEI with inorganic–

organic characteristics, dendrite-free Zn stripping/plating were achieved at a high current density of 50

mA cm−2 and 50 mA h cm−2 for 2000 h, with a high depth-of-discharge of 85%. The complex

electrolyte was demonstrated to be beneficial for the long-term cycling stability of the activated carbon/

Zn cell compared to its ZnCl2 eutectic electrolyte counterpart. Further, an artificial SEI was fabricated via

electrochemical deposition using the electrolyte, possessing the merits of organic-dominant

characteristics. The developed approach provides a facile route to prepare novel zinc electrolytes

towards a high utilization rate of Zn.
Introduction

Aqueous rechargeable zinc ion batteries (ZIBs) are fast-
developing post-lithium alternatives with the merits of high
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safety, cost-effectiveness, promising capacity/kinetics, and
environmental friendliness.1–4 Employing aqueous zinc elec-
trolyte facilitates Zn stripping/plating, realizing the use of
metallic Zn anodes. However, the reversibility of Zn stripping/
plating in conventional aqueous electrolyte faces the deep-
rooted issues of dendrite formation, competitive hydrogen
evolution reaction (HER), and formation of a solid–electrolyte
interface (SEI).5–12 Consequently, ZIBs adopting Zn anodes
typically suffer from deteriorated coulombic efficiency (CE) and
limited cycling lifespan. Hence, it is essential to achieve stable
Zn stripping/plating during battery operation, especially under
a high current density or fast charging scheme, towards a high
utilization rate of Zn.

Presently, the strategies employed to prepare stable Zn
anodes include electrolyte regulation, surface protection/
interface engineering, and Zn anode design.5,7,8,10,11,13–18

Through the rational design of the electrolyte, Zn2 coordination
can be reconstructed from hexa-hydrated [Zn(H2O)6]

2+, which
inuences the deposition of Zn, HER and formation of an SEI.
Considering that both the free water and solvated water in the
electrolyte can trigger water-induced side reactions,19,20 signi-
cant efforts have been devoted to regulating the content of water
and its activity in the electrolyte. For example, “water-in-salt”
electrolytes such as 21 m LiTFSI-1m Zn(TFSI)2 with an extremely
high salt concentration possesses water molecules in their
This journal is © The Royal Society of Chemistry 2023

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta02117c&domain=pdf&date_stamp=2023-07-11
http://orcid.org/0000-0003-1180-6627
http://orcid.org/0000-0003-2162-1220
http://orcid.org/0000-0002-3253-9727
https://doi.org/10.1039/d3ta02117c
https://doi.org/10.1039/d3ta02117c
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA011027


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
on

 8
/2

3/
20

25
 5

:3
2:

00
 P

M
. 

View Article Online
solvation shell, where the depressed water activity leads to
a widened electrochemical window (EW) and suppresses the
HER.21 However, the use of a high concentration of TFSI−-based
salts increases the cost and uorine content. Alternatively,
ZnCl2-based deep eutectic solvents (DESs) have the advantage of
easy preparation, low cost and environmental friendliness.
[Zn(H2O)6]

2+ is the predominant coordination in ZnCl2$RH2O
for R = 3.22,23 For R < 3, the deviated solvation structure from
hexa-coordinationmay allow the entry of anions in the solvation
shell of Zn2+, while freeing up water molecules. Hence, simul-
taneous tuning of the water activity and Zn2+ coordination in
ZnCl2$RH2O for R < 3 remains a challenge. To break through the
solution limit of ZnCl2, inorganic salts were applied through bi-
salt/multi-salt approaches.19,24–26 In ZnCl2–Zn(OAc)2-H2O, OAc

−

coordinates with Zn2+ and constructs H-bonds with H2O
molecules, forming a cross-linking H-bond network, which
suppresses the activity and side reactions of water.19 OAc−-
capped water–salt oligomers bridged by Br−/Cl−–H and Br−/
Cl−/O–Zn2+ interactions in ZnCl2–ZnBr2–Zn(OAc)2 led to super-
solubility up to 75 m.25 In ZnCl2–LiCl, H2O and Cl− preferen-
tially coordinate with Li+ and Zn2+, respectively, where Li2-
ZnCl4$9H2O achieved the optimal performance.24 In parallel,
electrolyte additives, especially small organic molecules were
introduced to alter the Zn2+ solvation shell, including ethylene
glycol (EG), acetamide (Ace), and dimethyl sulfoxide
(DMSO),27–30 where the hydrogen bond (H-bond) network was
formed between the solvent/ligand/anion and water. In ZnCl2-
EG DES, the EG molecules participate in the Zn2+ solvation via
coordination and hydrogen-bond interactions to effectively
eliminate the water-induced side reactions.27 Ace in ZnCl2-
acetamide (Ace)-H2O DES can be involved in the cation complex
[ZnCl(Ace)2(H2O)]

+, which depresses the water activity by
replacing the weak H2O–H2O hydrogen bond with the strong
Ace–H2O counterpart.28 Also, DMSO can replace H2O in the Zn2+

solvation sheath.29 However, water molecules could still transit
from the solvated to less-bonded or free states. Hence, it is
essential for the electrolyte component to participate into the H-
bond network and stabilize free water.

Herein, we propose a cellulose-complexing strategy to
develop ZnCl2-based DES, i.e., ZnCl2–cellulose electrolytes
(ZCEs), achieving stable Zn stripping/plating at a high current
density with promising Zn utilization rate (Scheme 1). Inspired
by the dissolution of cellulose in ZnCl2-based DES via the
inuence on the H-bond network by Zn2+, we explored the
scenario for decient water in the Zn2+ coordination. The
underlying complexation interaction by spectroscopy analysis
Scheme 1 Developed cellulose complexing strategy for ZnCl2$RH2O
(R < 3) towards high DOD under a high current density.

This journal is © The Royal Society of Chemistry 2023
and DFT calculation revealed that when R is below 3, the oxygen
atoms from the glucose unit can coordinate directly with Zn2+,
and hence the glucose unit can participate in the solvation shell
of Zn2+, meantime inuencing the H-bond and tuning the water
states. To the best of our knowledge, the incorporation of
biomass macromolecules as green constituents in eutectic
electrolytes has rarely been explored. We demonstrate the great
potential of this approach of changing the H-bond network in
the DES regime via the abundant functional groups. Also, the
ability of an electrolyte to induce an effective SEI on Zn is
highlighted.8,10,31,32 The protrusion of Zn5(OH)8Cl2$H2O akes
formed by the ZnCl2$RH2O DES could not protect the Zn anode,
with a short lifespan of Zn stripping/plating under a high
current density (see our discussion below). This hinders the
application of the ZnCl2$RH2O DES, which makes the
construction of a robust interphase necessary. Employing ZCEs,
an inorganic–organic composite in situ SEI was unveiled,
exhibiting the advantage of possessing an organic component.
A dissolution–regeneration model for the formation of the SEI
was proposed, distinct from either the hydroxide/phosphate
precipitation or reduction/decomposition mechanisms.
Importantly, ZCE-2 can facilitate stable Zn stripping/plating at
a high current density of 50 mA cm−2 and 50 mA h cm−2 for
a long duration of 2000 h, with a high depth-of-discharge (DOD)
of 85%. ZCE-2 endowed the AC/Zn cell with long-term cycling
stability at 5 A g−1 over 2000 cycles compared with only 273
cycles for its ZnCl2 DES counterpart. Based on the study on the
SEI, we further demonstrated the design of an articial organic-
dominant SEI on Zn by ZCEs, leading to enhanced cycling
stability in the V2O5/Zn cell. Hence, the developed approach
presents promising triple-function of minimizing water
content, stabilizing the solvation structure of Zn2+ and inducing
the formation of an SEI to regulate the electrolyte–Zn interface.

Results and discussion
Synthesis of ZCE electrolytes and their physiochemical
properties

To explore the situation of R below 3, a series of ZnCl2–H2O
cellulose electrolytes were prepared based on ZnCl2 : H2O = 1 :
2.2, namely, ZCE-x, where x represents the amount of cellulose
added (x= 0, 0.2, 0.6, and 1.0 g) (Fig. 1a). The obtained clear and
transparent solution state with a cellulose content of up to 1.0 g
indicated that the cellulose was well dissolved in ZCEs, where
the regeneration process to make a cellulose lm from ZCEs
conrmed its dissolution (Fig. S1a, ESI (ESI†)).

Fourier transform infrared (FTIR) spectra were obtained to
characterize the solvation details of ZCEs (Fig. 1b–d). When
cellulose was introduced, all the ZCEs presented distinctive –

OH vibrational features from either the ZnCl2–H2O DES or
cellulose (i.e., intramolecular O(2)H/O(6), O(3)H/O(5) and
intermolecular O(6)H/O(3) stretching vibrations).34–37 This
feature reects the change in the H-bond network in ZCEs. Also,
the intensity of the peak at 1430 cm−1 decreased, which is
assigned to the OCH in-plane bending of the alcohol group,
aromatic skeletal vibration with CH in-plane deformation, and
CH2 scissoring.37 This suggests that the dissolution of cellulose
J. Mater. Chem. A, 2023, 11, 14720–14727 | 14721
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Fig. 1 Synthesis of ZCE electrolytes. (a) Optical images of as-
synthesized ZCE electrolytes. FTIR-ATR spectra of ZCEs for (b) 4000 to
2500 cm−1, (c) 1800 to 1200 cm−1, and (d) 1100 to 800 cm−1.
Deconvolution on FTIR spectra for (e) ZCE-0 and (f) ZCE-2, with (g)
peak shift and relative percentage change in different water states in
ZCEs. Charge density difference maps for coordination of cellulose to
[Zn(OH2)n]

2+ in [Zn(OH2)n]
2+$2 cellulose (h) n= 0, (i) n= 4, (j) n= 5, and

(k) n= 6 clusters. The light turquoise corresponds to charge depletion,
while light yellow shows charge accumulation, where isovalues= 0.01
e Å−3 for n = 0 and 0.005 e Å−3 for n = 4, 5, 6. Atom color scheme: C-
brown, O-red, H-light pink, and Zn-grey. Visualization was done using
VESTA.33

Fig. 2 Fundamental properties of ZCE electrolytes: (a) electro-
chemical windows of ZCEs, (b) nucleation overpotentials of Zn
deposition for ZCE-0 and ZCE-2, (c) coulombic efficiencies of TijZn
cells in ZCEs, (d) Tafel plots of Zn anodes in the electrolytes, (e) ion
conductivities of ZCEs, and (f) transference numbers, where the inset
presents the EIS spectra of the ZnjZn symmetrical cell with ZCE-0 and
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in ZnCl2–H2O occurs when R < 3, accompanied with the loss of
the crystalline structure of cellulose.35,38 In ZCEs, the C–O
valence vibration mainly from C(3)–O(3)H blue-shied (∼1065–
1069 cm−1) with respect to that for cellulose (1052 cm−1), and
the C–O stretching at C(6) red-shied (∼1030–1027 cm−1) with
respect to that for cellulose (1031 cm−1), which can be ascribed
to the possible formation of HO/Zn2+.34,39 This was further
veried by the emerging peak at 870 cm−1, which is assigned to
the ZnCl2–cellulose complex.40 Deconvolution of –OH stretching
was performed to differentiate the three types of water states in
ZCEs (Fig. 1e and f), as follows: (1) ∼3540 cm−1, isolated water
with weakly bonded amorphous state, (2) ∼3400 cm−1, cluster
water with ice-like liquid state, and (3) ∼3240 cm−1, bulk water
with ice-like state.41–45 When the cellulose content increased, the
area percentages of the isolated and cluster water dropped from
6.5% to 5.6% and from 43.9% to 41.8%, respectively (Fig. 1g).
Meanwhile, the peak corresponding to bulk water red-shied
from 3240 cm−1 to 3233 cm−1, and its area percentage
increased from 49.6% to 52.6%. The above-mentioned results
conrm the change in the H-bond network during the forma-
tion of ZCEs, where the isolated and cluster water may trans-
form to the bulk state.

Although the vibrational characteristics of ZCEs strongly
suggest the reconstructed Zn2+ coordination with the involved
glucose unit, the coordination of Zn2+ with cellulose in the
ZnCl2-based DES for R < 3 is still unknown. To provide insight
into the Zn2+ coordination, DFT calculations were performed to
study the correlation among Zn2+, water, and the glucose-unit.
The molecular conguration of [Zn(OH2)n]

2+$2 cellulose was
considered, where the corresponding formation energy was
14722 | J. Mater. Chem. A, 2023, 11, 14720–14727
calculated for each n (Fig. S2†). The evaluation of the convex
hull plot (Fig. S2†) indicates the possible formation of stable
Zn2+-(OH2)n cellulose clusters with n = 4, 5 besides n = 6 (i.e., R
= 3). The selected charge density difference maps imply the
possible bonding between [Zn(OH2)n]

2+ and cellulose. At n = 6,
Zn2+ is primarily coordinated with H2O and only the H of H2O
exhibits hydrogen bonds with the O(H) of cellulose (Fig. 1k),
consistent with the dissolution of cellulose by inuencing the
H-bond network by the ZnCl2 DES.46 Distinctively, bonding can
occur between Zn2+ and the active sites in the glucose unit when
n < 6, i.e., O(3) at n= 5 (Fig. 1j), and O(5), O(6)H at n= 4 (Fig. 1i).
Meanwhile, the remaining oxygen sites in the unit, i.e., those
unbonded with Zn2+, can form H-bonds with the solvated water.
Hence, this clearly reveals that the glucose unit can participate
in the Zn2+ coordination in ZnCl2 : H2O (R < 3), reshaping the
Zn2+ coordination and H-bond network with the altered water
states in ZCEs.
Electrochemical properties of ZCEs

The fundamental properties of ZCEs were investigated to eval-
uate their potential as advanced electrolytes for ZIBs (Fig. 2).
Although the EW of ZCE-1 is close to that of ZCE-0, the EWs of
ZCE-2 and ZCE-3 are largely extended to 3.3 and 3.9 V, respec-
tively (Fig. 2a). Specically, the higher OER onset potential
increased from 1.96 V (ZCE-0) to 3.872 V (ZCE-3) vs. Zn/Zn2+

(also see Table S1†). This indicates the greatly depressed water
activity through ZnCl2–H2O–cellulose coordination, which can
be attributed to the transformation of the water molecules from
the free state into the bulk state (Fig. 1g) and the solvated water
molecules form H-bonds with the unbonded O sites in the
glucose unit (Fig. 1i and j). It should be noted that the close EWs
of ZCE-0 and ZCE-1 can be attributed to either the insufficient
cellulose content in ZCE-1 to effectively tune the water activity
(Fig. 1g) or the formation of zinc chloride hydroxide on Zn in
ZCE-0, which partially inhibits the evolution of oxygen. Alter-
natively, the onset potential of Zn deposition varied slightly
across ZCEs (∼−0.02 to −0.03 V vs. Zn/Zn2+), suggesting that
ZCE-2 before and after polarization.

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta02117c


Fig. 3 Electrochemical performance of Zn plating/stripping in ZnjZn
symmetrical cells at 10 mA cm−2 and 10 mA h cm−2 for (a) ZCE-0, (b)
ZCE-1, (c) ZCE-2, and (d) ZCE-3 and (e) at 50 mA cm−2 and
50 mA h cm−2 for ZCE-2, with a high DOD of 85%. Ex situ charac-
terization of Zn foils after stripping/plating for 1000 cycles with ZCEs:
optical images of the cycled Zn in (f) ZCE-0 and (g) ZCE-2, SEM images
of the cycled Zn in (h) ZCE-0 with (i) the magnified view and in (j) ZCE-
2 with (k) magnified view, and (l) FTIR spectra comparing the cycled Zn
foils. (m–o) Ex situ cross-sectional SEM of stripping/plating of ZnjZn
with ZCE-2 under 50 mA h cm−2 and 50 mA cm−2, after (m) 1st cycle,
(n) 10th cycle, and (o) 500th cycle, respectively.
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ZCEs may favor the deposition process. Also, a lower nucleation
potential of ∼14 mV was achieved with ZCE-2 than that of
∼20 mV for ZCE-0 (Fig. 2b), suggesting the more uniform Zn
deposition via ZCE-2. With the characteristics of Zn stripping/
plating as in the cyclic voltammetry (CV) spectra (Fig. S3†),
asymmetric TijZn cells were tested to verify the advantage of the
ZCE electrolytes on the coulombic efficiency (CE) during Zn
stripping/plating under a constant current density and capacity
density of 1 mA cm−2 and 1 mA h cm−2, respectively (Fig. 2c).
Besides outperforming the reference electrolytes (e.g., 2 M
ZnSO4 with a CE approaching ∼95% and 2 M ZnCl2 with CE
uctuating severely aer 20 cycles) (Fig. S4†), ZCE-2 presented
a stable CE of 100% aer only the second cycle, which is
superior to its counterparts (ZCE-0 stabilized aer ∼20 cycles,
while ZCE-1 and ZCE-3 approached CEs of ∼99% aer 40 cycles
but showed ination during sequential cycles), implying the
ability of quickly stabilizing the interface between electrolyte–
Zn for ZCE-2 during stripping/plating, which can proceed up to
150 h. Further, ZCE-2 could facilitate stable stripping/plating
even at high current densities of 10 mA cm−2, 10 mA h cm−2

and 50 mA cm−2 (Fig. S4†). In addition, a lower charge transfer
resistance (RCT) of 5.3 U was observed in ZCE-2 compared with
8.1 U for ZCE-0 (Fig. 2f), which favors the interface kinetics.
Tafel plots were applied to study the effects of ZCEs on the
corrosion of the Zn surface (Fig. 2d and Table S2†). The corro-
sion voltages of ZCEs (−0.66–65 V vs. Ag/AgCl) showed signi-
cant positive shis compared with that of 2 M ZnCl2 (−0.94 V vs.
Ag/AgCl). Besides, ZCE-2 showed a reduced corrosion current of
∼0.19 mA cm−2 compared to its counterparts, indicating its
effectiveness in hindering Zn corrosion. Furthermore, the ion
transport behavior of ZCEs was studied. With the addition of
cellulose, the ion conductivity followed a gradual decline trend
from 8.7 mS cm−1 for ZCE-0 to 4.4 mS cm−1 for ZCE-3, where 5.4
mS cm−1 was obtained for ZCE-2 (Fig. 2e), which was conrmed
by EIS (Fig. S5†). The decrease in ion conductivity can be
attributed to the interaction between Zn2+ and the glucose unit.
The transference number (tZn2+) was measured to study the
contribution from Zn2+ to the ion transport (Fig. 2f). Compared
with the tZn2+ of 0.51 for ZCE-0, the tZn2+ for ZCE-2 increased
signicantly to 0.70, indicating a higher contribution from Zn2+

to the ion transport. The improved transference number can be
associated with the weaken cation–anion interaction or immo-
bilized anion in ZCE-2, which can effectively reduce the
concentration gradient and promote the interface kinetics.

Subsequently, the lifespan of the Zn metal anode with ZCEs
was assessed by the ZnjZn symmetric cells under a series of
galvanostatic conditions (Fig. 3). Under 10 mA cm−2 and
10 mA h cm−2, although the improvement by ZCE-1 could be
barely sensed (Fig. 3b), the cells with both ZCE-2 and ZCE-3
proceeded with stable Zn stripping/plating for over 2000 h at
10 mA cm−2 and 10 mA h cm−2, corresponding to a DOD of 17%
(Fig. 3c and d, respectively). In addition, the cell with ZCE-2
possessed a much lower overpotential of ∼81 mV at 2000 h
than that of ∼290 mV with ZCE-3 (Fig. S6†). Further, a stringent
deep charging/discharging test was carried out for the cell with
ZCE-2 under 50 mA cm−2 and 50 mA h cm−2. The highly
reversible and stable stripping/plating lasted for over 2000 h,
This journal is © The Royal Society of Chemistry 2023
with a high DOD of 85% (Fig. 3e). This deep stripping/plating
was veried by sequential cross-sectional SEM during cycling
(Fig. 3m–o), where the estimation based on the thicknesses of
the deposited and pristine Zn is consistent with the observed
value. The stable cycling was further conrmed by EIS before
and aer cycling (Fig. S7†). This demonstrates the efficient
utilization of Zn with ZCE-2, which is superior to the reported
ZnCl2-based electrolytes (Table S3†) and among the current
highest records.47,48

To explore the Zn surface aer stripping/plating, ex situ
characterization was conducted. Compared to the relatively
rough and grey appearance with rugged and non-uniform akes
on the surface with ZCE-0 (Fig. 3f, h and i), the Zn surface aer
cycling in ZCE-2 appeared to be evenly covered with a dark layer,
which was uniform, dense, and dendrite free (Fig. 3g, j and k).
J. Mater. Chem. A, 2023, 11, 14720–14727 | 14723
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Fig. 4 Charge/discharge curves of AC/Zn cells at (a) 1 A g−1 and (c)
5 A g−1, with their cycling stabilities at (b) 1 A g−1 and (d) 5 A g−1,
comparing ZCE-0 and ZCE-2. (e) Scheme of constructing an organic-
dominant artificial SEI by ZCEs for Zn anode.

Fig. 5 Investigation of the artificial SEI for Zn. (a) Optical image of the
deposited layer. SEM images showing (b) its uniform morphology and
(c) magnified view. (d) EDX mapping indicating the presence of O, C,
Cl, and Zn. (e) Cross-section view and (f) the magnified view. (g) XRD
spectra and (h) FTIR spectra of the surface layer deposited by different
electrolytes. (i) XPS spectra of C 1s for Zn-ZCE-2-3 h. (j) LSV curves
comparing the surface-protected Zn and bare Zn in 2 M NaCl. (k) Tafel
plots comparing the corrosion resistance behaviors for the surface-
protected Zn and bare Zn in 2 M Zn(OTf)2. (l) Transference number
concerning the surface layer, where the inset shows the EIS spectra
before and after polarization.
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The EDX mapping comparing the cycled foils with ZCEs indi-
cated the presence of a homogeneous distribution of C, O, Cl
and Zn on the cycled Zn with ZCE-2 (Fig. S8†), suggesting the
formation of organic constituents on the surface. According to
FTIR-ATR, the peak at 3504 cm−1 (peak 1) for Zn with ZCE-
0 (Fig. 3l) is assigned to the –OH stretching vibration at Zn5(-
OH)8Cl2$H2O.49 For Zn with ZCE-2, the peaks at 3330 (peak 2),
2908 (peak 3), 1375 (peak 4) and 1030 cm−1 (peak 5) can be
assigned to the O(6)H/O(3) intermolecular stretching vibra-
tion, –CH stretching vibration, –CH deformation vibration and
C(3)–O(3)H liberation vibration, respectively.34,35 Also, the
emerging peak at ∼850 cm−1 (peak 6) can be assigned to the
Zn2+–cellulose complex. These features conrm the presence of
an inorganic–organic composite layer on the cycled Zn by ZCE-2
with the emerging Zn2+–cellulose complex, different from the
inorganic surface by ZCE-0. To verify the surface structure, the
XRD patterns of the samples were compared. The diffraction
peaks of the cycled Zn with ZCE-0 are assigned to Zn5(OH)8-
Cl2$H2O with a strong peak at 11.13°, corresponding to the (003)
diffraction (Fig. S9a†). When cycled in ZCE-2, the diffraction
peak for zinc chloride hydroxide (003) became broader
(Fig. S9a†), with an emerging broad diffraction feature peak at
∼12.8°, which is attributed to the possible formation of cellu-
lose (Fig. S10†), consistent with the uniform distribution of C
and the corresponding vibrational features. Also, the thickness
of this surface layer increased from∼12 to 43 mm during cycling
(Fig. 3m–o). The formation of the Zn2+–cellulose complex can be
further understood by the selected charge density difference
map for Zn2+$2 cellulose (Fig. 1h), where Zn2+ can bond with the
5 O(H) of cellulose. Thus, compared to the loosely grown and
unprotected surface by ZCE-0 (i.e., ZnCl2 DES), a uniform
inorganic–organic composite surface by ZCE-2 was revealed,
functioning as a robust SEI for the Zn anode. Meanwhile, the
increase in the intensity ratio for Zn (002)/(101) by ZCE-2
compared to the ZnCl2-based electrolytes (Fig. S9b†) can be
attributed to the reshaped Zn2+ coordination and preferred
adsorption of glucose on Zn (002).50

Based on the above-mentioned results, the achieved long-
term ultrahigh utilization rate of Zn during stripping/plating
is attributed to the following factors via ZCEs: (1) by reshap-
ing the Zn2+ coordination by cellulose with decient water,
ZCEs can depress the water activity to achieve a widened EW,
with the depressed water-associated side reactions. (2) High
ionic conductivity and the largely improved transference
number can reduce the concentration gradient to hinder
dendrite growth and promote the interface kinetics. (3) An
inorganic–organic in situ SEI can be formed with the Zn2+–

cellulose complex, functioning as a protective layer. (4) Besides,
the Zn (002) texture is promoted, which benets dendrite-free
Zn deposition. To demonstrate the application of ZCEs in
ZIBs, activated carbon (AC)/Zn full cells were assembled (Fig. 4).
At 1 A g−1, stable cycling could proceed for 1500 cycles, with an
initial discharge capacity of∼57.8 mA h g−1 and∼60.6 mA h g−1

in the 1500th cycle (Fig. S11†). In contrast, only ∼166 cycles
were achieved with ZCE-0, where the short circuit is attributed
to Zn dendrite growth. The long-term cycling of the AC/Zn cell
with ZCE-2 was further displayed at 5 A g−1, with a promising
14724 | J. Mater. Chem. A, 2023, 11, 14720–14727
capacity retention rate (47.2 mA h g−1 in the 1st cycle and
54.2 mA h g−1 in the 3000th cycle) and CE of 100% for over 3000
cycles compared with ∼273 cycles with ZCE-0. Thus, ZCE-2
presented a superior high-rate performance and cycling
stability compared to its counterpart. Based on this, a cellulose-
complexing strategy for the preparation of novel electrolytes was
successfully developed. It should be noted that the developed
approach did not lose its generality when using tissue paper
(Fig. S1b†), which may further reduce the processing cost.
Articial SEI by ZCEs

To further perceive the critical role of organic constituents in
the ZCE-indued SEI as revealed by the ex situ study, an articial
layer on Zn foil was fabricated via an electrochemical deposition
method using ZCEs (Fig. 4e). A uniform layer grew on Zn by
ZCE-2 within 3 h (Zn-ZCE-2-3 h) on the scale of∼20 cm2 (Fig. 5a,
This journal is © The Royal Society of Chemistry 2023
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see also Fig. S12† for the samples deposited by different
conditions). The microscale uniformity of this surface was
conrmed by SEM (Fig. 5b and c) compared with the typical
crystalline facets by ZCE-0 (Fig. S13†), with a homogeneous
distribution of O, C, Cl, and Zn (Fig. 5d). Also, the thickness of
this layer was determined to be ∼12.7 mm (Fig. 5e and f). The
surface structure was differentiated by XRD spectra (Fig. 5g). By
tuning the deposition time, the broad diffraction peaks at
∼9.89–14.90° became dominant over the signal of Zn5(OH)8-
Cl2$H2O (11.39°) from either ZCE-0 or 2 M ZnCl2 (see also
Fig. S14† for Zn-ZCE-3-3 h), which can be attributed to the
formation of crystalline cellulose with the Zn2+–cellulose
complex (Fig. S10†). Meanwhile, FTIR spectra conrmed the
growing trends of vibrational peaks for the C–O valence vibra-
tion and Zn2+-complex at 1044 and 828 cm−1 (peaks 1 and 3),
over the –OH vibration at 904 cm−1 (peak 2) for Zn5(OH)8Cl2-
$H2O (Fig. 5h), respectively. The above-mentioned results
conrm the dominance of the organic components over the
inorganic ones in the surface layer. This organic-dominant
feature suggests the presence of a stable electrolyte–Zn inter-
face, given that the formation of zinc chloride hydroxide during
electrodeposition resulted from the corrosion process. Further,
XPS spectra were measured to determine the surface details
(Fig. 5i and S15†). An intensity ratio I(C–O)/I(O–C–O) of 4 was
taken as a measure on the characteristics of cellulose.51 Across
the samples from 1 h to 3 h treatment, the I(C–O)/I(O–C–O) ratio
was well-retained at ∼4, suggesting the presence of glucose
units on the surface. Meanwhile, the peak for C–O red-shied
from 286.2 eV in cellulose to 286.0 eV for ZCE-Zn-1 h and
285.1 eV for ZCE-Zn-3 h. This is accompanied with a blue-shi
in Zn–O during the growth of the surface layer (Fig. S16†). This
can be ascribed to the participation of C–OH in the Zn2+ coor-
dination. A time-dependent study was conducted to conrm the
formation of an SEI during deposition (Fig. S17†). Moreover,
XPS depth proling on the articial SEI conrmed the domi-
nance of organic species on the surface and revealed a gradual
increase in inorganic component towards the interior, sug-
gesting a well-protected surface against corrosion (Fig. S18†).
Therefore, the scheme in Fig. 4e is proposed for the growth of
this organic-dominant SEI. During charging, ZCEs can be
driven towards the electrode surface. When Zn deposition
occurs, less Zn2+ is present in ZCE, where the regeneration of
cellulose with the Zn2+–cellulose complex can be attributed to
the change in the H-bond network and coordination of the
glucose unit at the Zn surface. The organic-dominant surface
feature further endows the gradient of organic (outer)–inor-
ganic (inner) proling in the SEI. This dissolution–regeneration
mechanism driven by the change in H-bond network and
coordination of the glucose unit is distinct from the current
recognized precipitation or reduction/decomposition mecha-
nism for in situ SEI formation on Zn.

This articial SEI can effectively depress hydrogen evolution,
where Zn-ZCE-2-3 h negatively shis the HER onset potential to
−1.55 V (vs. Ag/AgCl) compared with the bare Zn (−1.46 V vs. Ag/
AgCl) in 2 M NaCl (Fig. 5j). Also, the surface presented a positive
shi in corrosion potential to∼0.88 V vs. Ag/AgCl with a lowered
corrosion current of 0.37 mA cm−2 (∼1/2 of that for bare Zn) in
This journal is © The Royal Society of Chemistry 2023
2 M Zn(OTf)2 (Fig. 5k), indicating its better corrosion resistance.
The observed decrease in RCT with the growth of the surface
layer by real-time EIS suggests that favored interface kinetics
can be achieved through the surface layer (Fig. S19†). Moreover,
its advantage may be understood by the improved transference
number of∼0.59 achieved for the cell assembled with Zn-ZCE-2-
3 h in Zn(OTf)2 compared with ∼0.32 for that with bare Zn
(Fig. 5i and S20†). This indicates the restriction of anion
mobility of this organic-dominant surface, where electrostatic
repulsion and steric hindrance may operate. With these merits,
the protected Zn anode was applied in the V2O5/Zn full cell. The
cell with Zn-ZCE-2-3 h showed a better retention of capacity of
97.0% compared to 90.6% with that of bare Zn (Fig. S21†). Also,
at 0.1 A g−1, the V2O5/Zn-ZCE-2-3 h cell presented a promising
capacity retention of 72.8% (279 mA h g− 1) compared with that
of only ∼16.6% using bare Zn (Fig. S22†). The improved cycling
stability can be attributed to the inuenced balance of cathode
dissolution by the retarded Zn corrosion.52 Therefore, the
designed complexing electrolyte regulates the chemistry on the
electrolyte–Zn interface, facilitating the development of ZIBs.

Conclusions

In summary, we demonstrated the synthesis of a series of ZnCl2–
H2O-cellulose electrolytes concerning a scenario of R below 3.
Spectroscopy analysis and DFT calculation revealed that glucose
unit can participate in the solvation shell of Zn2+, where Zn2+ can
be coordinated with either O(3) at n= 5, or O(5), O(6)H at n= 4 in
the glucose unit. This underlying complexation interaction for
decient water is different from the case for R = 3 or above,
where only the H-bond surrounding [Zn(H2O)6]

2+ is inuenced.
Meanwhile, tuning of the water states was achieved in ZCEs, with
a reduced free water content and enhanced bulk water content.
ZCEs possessed a widened EW, fast ion transport and highly
improved transference number. Stable and reversible Zn
stripping/plating could be achieved even at a high current
density of 50 mA cm−2 and 50 mA h cm−2 with a high utilization
rate of 85%. In situ formation of an inorganic–organic composite
SEI was unveiled with the Zn2+–cellulose complex, where
a dissolution–regeneration mechanism was proposed. The
enhanced long-term cycling stability of the AC/Zn cell with ZCE
over that with ZnCl2 DES was demonstrated. Further, an articial
surface layer on Zn was prepared based on ZCEs with organic-
dominant characteristics, favoring the interface kinetics and
showing an advantage for the cycling stability of the V2O5/Zn cell.
The developed approach provides a new and sustainable route
towards the regulation of the solvation structure of electrolytes
and building an effective SEI for aqueous rechargeable batteries.
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