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Zinc-ion batteries have demonstrated promising potential for future energy
storage, whereas drawbacks, including dendrite growth, hydrogen evolution
reaction, and localized deposition, heavily hinder their development for
practical applications. Herein, unlike elaborated structural design and elec-
trolyte excogitation, we introduce an effective parts-per-million (ppm)-scale
electrolyte additive, phosphonoglycolic acid (PPGA), to overcome the intrinsic
issues of zinc negative electrode in mild acidic aqueous electrolytes. Profiting

from absorbed PPGA on zinc surface and its beneficial interaction with
hydrogen bonds of adjacent water molecules, stable symmetric stripping/
plating of zinc in aqueous ZnSO, electrolyte at around 25 °C was achieved,
procuring 362 and 350 days of operation at 1 mA cm?, 1 mAh cm? and

10 mA cm?, 1 mAh cm?, respectively. As a proof-of-concept, an Ah-level Zn||
Zno,5V,05nH,0 pouch cell examined the validity of PPGA and sustained 250
cycles at 0.2 Ag™ and around 25 °C without capacity loss. The Zn||Br, redox
flow battery demonstrated an operation of over 800 h at 40 mA cm?,

20 mAh cm with an average coulombic efficiency of 98%, which is attributed
to restrained dendrite growth and side effects. This work is believed to open
up new ways forward for knowledge of electrolyte additive engineering.

Rechargeable aqueous Zinc-ion batteries are attracting increasing
attention with the ever-growing demand for large-scale energy storage
applications, especially given the cost-effectiveness, intrinsic safety,
low redox potential (-0.76 V vs standard hydrogen electrode, SHE), and
competitive specific capacity (820 mAh g™) of metallic zinc'”. Yet the
deposition of zinc metal in mildly acidic aqueous electrolytes is often
accompanied by the nucleation of zinc hydroxyl complex and hydro-
gen evolution reaction (HER) as to the battery failure after undue
consumption of electrolytes and infiltrating growth of zinc
dendrites®™.

Strategies ranging from the geometric conformation of the zinc
negative electrode and separator to electrolyte configuration have
advanced the controlled Zn nucleation/growth with suppressed side
reactions” ", For instance, zinc-titanium alloy was found to restrain
intergranular corrosion and favor the uniform deposition of zinc

negative electrode'®. Miscible molecules with a higher Gutmann donor
number (DN) than water (DN =18), such as dimethyl sulfoxide (DMSO,
DN =29.8) and N, N-dimethylacetamide (DMA, DN = 27.8), were found
to reconstruct the solvation sheath of Zn** and suppress water
reduction and growth of zinc dendrites'*?°. However, adverse effects
arising from those negative electrode treatments have not yet been
considered squarely for the time being. For example, heavy use of
water-miscible polar organic solvent can cause the inevitable dissolu-
tion of classic conversion-type positive electrode materials such as
halogens, chalcogens, and their derivatives?-*?, while the complicated
design of either the negative electrode or the separator is not parti-
cularly economical®**; each solution can undermine the applicability
of zinc negative electrode on a broader perspective.

Unlike a radical change of the electrolyte and zinc surface, addi-
tive engineering toward the aqueous electrolyte is perhaps the most
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promising way to counteract the degradation of zinc negative elec-
trode and ensure its universality for different aqueous zinc-ion
batteries®. Furthermore, the feeding amount of additive in aqueous
electrolytes can go down to less than 1 mM?*, which could present a
cost-effective and general method to regulate zinc deposition without
bothering the positive electrode part. However, the resulting battery
reversibility is far below that of their counterparts treated by con-
ventional methods, highlighting the significance of developing effec-
tive electrolyte additives while sustaining a reasonably low feeding
amount for economic considerations”°. The success of corrosion
and scale inhibitors that take effect at a low dosage (several ppm) to
increase the solubility of solutes and prevent scale formation in water
systems motivates us to reach our goal of manipulating Zn
chemistry**2,

Herein, we proposed a ppm-scale effective inhibitor, phospho-
noglycolic acid (PPGA), as the additive to the ZnSO, electrolyte. Con-
sidering the low dosage and the necessity to understand the
operational mechanism of the threshold scale inhibitor, we exposed
zinc electrodes to a sub-ppm-level PPGA solution (0.1wt%) for various
durations, leading to a progressive evolution of the byproducts in
terms of phase structure, crystallinity, and quantity produced. In line
with theoretical predictions, the findings demonstrated that PPGA was
inclined to adhere to the surface of zinc metal and interact with cir-
cumambient water molecules to regulate zinc deposition and restrain
side effects in both pouch cells and redox flow batteries. In addition to

comprehending the ppm-scale additive, our methodologies for mon-
itoring the formation, growth, and types of byproducts could offer
valuable insights into zinc negative electrode studies.

Results

Working principle of PPGA

The water-soluble PPGA is widely employed in industries as a cathodic
corrosion inhibitor, effectively halting scale formation at sub-
stoichiometric level by intervening in one or more steps of the scale
formation processes, such as aggregation, nucleation, crystal growth,
and agglomeration®~°, It is a chemically stable organophosphorus
compound featured with a carboxyl group, a phosphono group, and a
hydroxyl group covalently bonded to a carbon atom, as depicted in
Fig. 1a. Density functional theory (DFT) calculations revealed that the
outward hydrogen atoms of PPGA were partially charged as the oxygen
atom was more electronegative than either carbon or hydrogen. Such
molecular geometry endowed PPGA with a high tendency to form
hydrogen bonds with adjacent water molecules by donating one
hydrogen proton (-OH...OH,) with a high average bond energy of
-0.76 eV while that for the -O...H,O hydrogen bonds was down to
-0.27 eV, close to the strength of the intermolecular hydrogen bonds in
water (Supplementary Fig. 1). 2 mol L™ ZnSO, electrolyte was referred
to as BZS for the subsequent additive study. Fourier transform infrared
(FTIR) spectra in Fig. 1b and Supplementary Fig. 2 confirmed the strong
interaction between PPGA and H,0, with BZS utilized as the
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Fig. 1| Dynamics of PPGA in ZnSO, electrolyte. a The interaction between PPGA
and H,O. b FTIR spectra of BZS with a varying amount of PPGA (0, 1, 5, or 10 ppm),
where BZS was used to subtract the background. ¢ 'H NMR spectra of BZS elec-
trolyte and that with 5 ppm PPGA. d MD simulation of PPGA (marked by a green
ellipsoid) and e corresponding energy evolution. f XRD patterns of zinc metal

Chemical shift (ppm)

206 (degree)

treated with studied electrolytes. The inset in (a) denotes the electrostatic potential
map of PPGA. In (a and d), the color scheme for the spheres is as follows: red is
oxygen, white is hydrogen, gray is carbon, light gray in (d) is zinc, pink is phosphor,
and yellow represents sulfur atoms.
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Fig. 2 | Working principle of PPGA on the zinc surface. a A method designed to
evaluate the function of PPGA on the zinc surface. b XRD pattern of treated zinc
metals. ¢ derived crystal size of zinc hydroxyl complex. d SEM images of treated

Interaction between HPAA and Zn(OH),

zinc metals. XPS spectra of e O 1s and f Zn 2p5, core levels of fresh zinc metal and
the one treated for 10 min. g Interaction between PPGA and zinc hydroxide.

background to specifically analyze the signals originating from HZS.
Specifically, with the increase of PPGA additive (0-10 ppm), the O-H
stretching vibration experienced a continuous blue-shift of from
3182 cm™ to 3243 cm™ due to reduced mass of water molecule and
decreased O-H bond length, both of which hinted at the destruction of
intermolecular hydrogen bonds of water. Proton nuclear magnetic
resonance (*H NMR) measurement in Fig. 1c demonstrated an upfield
chemical shift with the inclusion of PPGA (5 ppm) due to increased
electron density and reduced number of deshielded protons, convin-
cing the disruption of intermolecular water hydrogen bond network.

Although wandered away from performing as a hydrogen bond
acceptor, the electronegative oxygen atom of PPGA exhibited high
responsibility for the adsorption on the zinc surface, particularly along
the (002) lattice plane of zinc (Supplementary Fig. 3). This resulted in a
considerable binding energy of —0.73eV, surpassing that of H,O
molecules (-0.27 eV). Its strong adsorption ability was further con-
firmed by Molecular dynamics (MD) simulation. As demonstrated in
Fig. 1d, e, PPGA suspended in ZnSO, electrolyte could successfully
reach the zinc electrode at 240 ps and edged along the surface in the
following 3760 ps, contributing to an overall decline in energy for a
more stable system. The formation of zinc hydroxyl complex, which
nucleated with localized pH increase and concomitant HER, reached
minimal as unscaled water clusters and dynamic adsorption of PPGA
on the zinc surface. As shown in Fig. 1f, zinc metal that soaked in BZS

for 10 days gave strong X-ray diffractions (XRD) from
3Zn(0OH),-ZnS04-5H,0, which was simplified as Zn,SO4(OH)e-5H,0.
Remarkably, its crystallization was significantly suppressed by intro-
ducing 1ppm of PPGA into the ZnSO, electrolyte and entirely dis-
appeared as the feeding amount reached 5 ppm.

To understand the working principle of adsorbed PPGA, we
proposed a modified negative electrode treatment strategy to reach
sub-ppm-level adsorption on the zinc surface (Fig. 2a). Specifically,
zinc metal was soaked in a mixed solution of 0.1wt% PPGA and BZS
for a varying time (0, 1, 5, or 10 min), followed by water rinse and
continuous immersion in BZS for 10 days. It is important to highlight
that a high dosage of PPGA could be detrimental to the zinc elec-
trodes and may have limited effectiveness in suppressing side effects
(Supplementary Fig. 4 and Supplementary Note 1)*’. As shown in the
XRD spectra in Fig. 2b and Supplementary Fig. 5, the zinc hydroxyl
complex crystallized with a decreasing hydration number from 5
(3Zn(OH)»ZnSO4-5H,0) to 4 (3Zn(OH)»ZnSO,-4H,0) and 3
(3Zn(0OH),-ZnS0O4-3H,0) with prolonged treatment time. This pro-
cess was accompanied by a reduction in Raman intensity of the O-H
vibration and suppressed crystallization peaks, indicating its ability
to impede the nucleation and growth of the zinc hydroxyl complex
(Supplementary Fig. 6). The crystal size study derived from the
Scherrer formula further verified the above argument™®, Specifically,
as shown in Fig. 2¢, the average crystal size of the complex decreases
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Fig. 3 | Manipulation of zinc deposition by PPGA additive. a HOMO-LUMO

structure with the energy level diagram of PPGA. b linear sweep voltammetry (LSV,
scanned from 1.25V to 0 V), c linear polarization, d CA (measured under a bias of
-1.2V) and e CV curves of Zn|BZS|Ti and Zn|PZS|Ti cells and f the derived evolution

of electric charge during each stripping and plating steps. The blue region (holes)
and green region (electrons) in (a) reflect a positive and negative phase,
respectively.

to the nanoscale (<70 nm) after PPGA exposure. Notably, the average
size of surface zinc was also slightly reduced, which may be attrib-
uted to the improved surface morphology by PPGA, as will be dis-
cussed later. Localized scanning electron microscopy (SEM) images
in Fig. 2d further supported the crystalline evolution of the zinc
hydroxyl complex. Massive bulk crystals clustered on the zinc sur-
face in the control sample, leading to substantial electron accumu-
lation and imaging artifacts. However, these insulating byproducts
greatly decreased after a 10-min treatment in the proposed mixed
solution. The treatment enabled a weaker binding with oxidation and
enhanced Zn metal bonds according to the high-resolution X-ray
photoelectron spectroscopy (XPS) spectra in Fig. 2e, f. Instead, the
sample lacking adsorbed PPGA exhibited a minor O-H bond at
around 526 eV, stemming from the zinc hydroxyl complex presented
on the zinc surface. A slight signal in the P2p region may hint at the
adsorbed PPGA at the zinc surface after 10 min of soaking (Supple-
mentary Fig. 7). Remarkably, the Zn 2p;,, core level spectra of the
control sample possessed a special broad peak subjecting to the
accumulation of valence charge in the Zn vicinity which would favor
the nucleation of the zinc hydroxyl complex®. DFT results in Fig. 2g
supportively demonstrated a remarkable energy drop after the
adsorption of PPGA on the Zn(OH), surface in multiple contact
modes (P-O...H, or C-O...H, or their mixture), which helped restrain
the nucleation and growth of the hydroxyl compound.

Electrochemical effect of PPGA

Considering the role of passivating zinc surface and modulating water
hydrogen bond network, the BZS electrolyte with 5 ppm PPGA addi-
tive, hereafter denoted as PZS, was further brought for electro-
chemical studies. The relatively lower HOMO level of the PPGA
molecule theoretically favored a stronger attraction toward free elec-
trons to raise the energy barrier of HER (Fig. 3a). Experimental
observations shown in the inset of Fig. 3b witnessed the violent HER of
a three-electrode Zn|BZS|Ti cell (swept from —1.25V to O V with a scan

rate of 5 mV/s). Remarkably, with the inclusion of PPGA, HER was sig-
nificantly suppressed according to the dropped current and vanished
H, bubbles in the PZS electrolyte, as well as a much lower corrosion
current, revealing uniform zinc deposition (Fig. 3c). The chron-
oamperometry (CA) measurement in Fig. 3d suggested a low reduction
current and a fast 3D diffusion process in PZS owing to the absence of
the notorious concomitant HER. MD simulations in Supplementary
Fig. 8 and Supplementary Note 2 further exhibited guided zinc flux
(which was mitigated to some extent for uniform deposition) and
favored desolvation of Zn*" cations near the zinc electrode in PZS. As
such, highly reversible cyclic voltammetry (CV) curves of Zn|PZS|Ti
were achieved with alow and consistent deposition current during the
50 scans at 1mVs® (Fig. 3e). The evolution of CV curves was subse-
quently visualized in Fig. 3f where the amount of charged/discharged
electricity of Zn|PZS|Ti and the associated nucleation potential mostly
remained localized arising from the highly reversible Zn stripping/
plating process.

Moreover, PZS facilitated a notably symmetrical and reversible
deposition in the Znl|Zn cell, exhibiting a low f, factor (following the
equation fp = lpooa)/Ipaor) — Is002)/Isaon| % 100%) of 6.3% (after 50
cycles) and 4.4% (after 300 cycles) at 1 mA cm™?, 1mAh cm™2*, sug-
gesting a balanced and progressively improved stripping and
deposition on the two symmetric Zn electrodes (Fig. 4a and Sup-
plementary Fig. 9). Instead, the fp value of Zn|BZS|Zn was nearly
tripled in 50 cycles, subjected to the intensive accumulation of zinc
hydroxyl complex as a marker of HER. The overlayed SEM image in
Fig. 4b exhibits that the plated zinc electrode in PZS was smooth and
neat. In contrast, the control sample was dominated by hydroxyl
byproducts (marked in purple) and deep cracks. SEM and SEM-
mapping images with a broader field of vision further convinced the
uniform deposition/stripping of zinc in Zn|PZS|Zn cell without
byproducts and corrosion spots (Supplementary Figs. 10-12 and
Supplementary Note 3).
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with values reported in the literature (estimated by simplified ex-post calculations).
It is noted that the cycling measurements were conducted at around 25 °C and “-S”
and “-P” in (a) denote a complete stripping and plating process, respectively.

Remarkably, with the inclusion of PZS, the Zn||Zn symmetric cell
sustained a 362- and 350-days’ operation at 1 mA cm?, 1 mAh cm™, and
10 mA cm, 1 mAh cm?, respectively, while Zn|BZS|Zn cell finished in
120 hours (Fig. 4c, d). The attractive performance of PPGA primarily
stemmed from its passivation to the zinc surface and interaction with
water molecules. Notably, during the initial cycling stages, a significant
stripping optimization (an autonomous reduction of stripping over-
potential) of the Zn|PZS|Zn cell occurred without external intervention
despite the initially high stripping overpotential resulting from an
uneven zinc surface or insufficient polishing treatment (Fig. 4c). This
validates the gradual modification of the zinc surface by PPGA, cor-
roborated by the decreased crystallite size of bulk zinc as indicated in
the XRD results presented in Fig. 2c. PPGA ignited successful cycling of
Zn||Zn symmetric cells at a varying current density (from 0.5 mA cm™
to 10 mA cm™) with averted short circuit (Supplementary Fig. 13). The
special line further advanced to long-term cycling at higher current
density and areal capacity. Specifically, unlike in BZS, where cells
ended with either penetration of zinc dendrites (short circuit) or
channel blockage, the Zn|PZS|Zn cell operated stably at 5mAcm?,
2mAhcm™ for 2000h and at 10 mAcm™, 10 mAhcm? for 500 h
(Supplementary Fig. 14, 15). The reduced nucleation overpotential
observed in Supplementary Fig. 15 somewhat indicates an optimized
zinc deposition process, aligning with PPGA’s function in modifying
the zinc surface. The reversibility of zinc deposition was further

examined by the Zn|PZS|Cu configuration which successfully cycled at
1mA cm?, 1mAhcm? for 1000 times (2000 h) with a high average
coulombic efficiency (CE) of 99.2% (Fig. 4e). In contrast, the Zn|BZS|Cu
encountered perforation of the separator in 100 cycles next to battery
short circuit (Supplementary Fig. 16). The ppm scale addition of PPGA
(5 ppm) raises our interest in crosswise comparison with other addi-
tives. As demonstrated in Fig. 4f, PPGA took a notable mark concerning
the additive amount (5 ppm), accumulated capacity (84.19 Ah cm™),
and current density (10 mA cm™), outperforming its counterparts.

PPGA in full batteries

To assess the capability of PPGA for practical use, Zn|PZS|
Znp»5V,05nH,O full batteries were favorably assembled (Supple-
mentary Fig. 17). According to the CV in Fig. 5a, PPGA (5 ppm) was
found to be inert toward the Zng,sV,0snH,O positive electrode
(Supplementary Fig. 18), apart from a slight contribution to the overall
charge quantity. The distribution of relaxation times (DRT) analysis
was derived from the quantitative deconvolution of electrochemical
impedance spectroscopy (EIS) spectra in Fig. 5b based on an open-
source MATLAB script-based software, DRTtools*. The DRT profile of
Zn||Zng 25V,05-nH,0 full batteries, as depicted in Fig. Sc, was provided
with three prominent local maxima, all of which contributed to the
total polarization resistance of the cell*’. Similar to Zn | |Zn symmetric
cells (Supplementary Fig. 19), the charge transfer resistance on the
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representative voltage profile of the pouch cell. All tests were performed at around
25°C. The cutoff voltage was 1.6 V. The positive electrode mass loading is around
1.5 mg cm™ for coin cells and 60 mg cm? for the pouch cell.

negative electrode (R) and the positive electrode (Rc) of the two
cases showed mild differences except for the slightly dropped polar-
ization of Zn|PZS|Zng »5V,05nH,0, supporting no detectable adverse
effect of the ppm-scale additive to this specific storage system****, As
depicted in Fig. 5d and Supplementary Fig. 20, Zn|PZS|
Zng»5V,05nH,0 facilitated a capacity of 371.7 mAh g’ at 0.2 A g with
a capacity retention of 87.6% (retained 325.6 mAh g after the current
reset). In contrast, the capacity retention of the battery operated in
BZS decreased to 70.6%, maintaining 275.5mAhg? out of
389.7 mAhg™. As shown in Fig. 5e, additional ppm-scale PPGA further
benefited to 1000 cycles at 1.2 A g™ with capacity retention of 77.8%,
outperforming the counterpart that was subjected to irreversible
capacity loss and short circuit after 300 cycles®. We further proposed
an ampere-hour-scale Zn|PZS|Zng,5V,05nH,0 pouch cell with a low
N(100 um, 58.8 mAh cm™)/P(16.5 mAh cm™) ratio of 3.5:1 and electro-
lyte/capacity (E/C) ratio of around 8 mL Ah™ by using the designed PZS
(Supplementary Fig. 21). As shown in the long-term cycling perfor-
mance in Fig. 5f and galvanostatic charge-discharge (GCD) curves in
Fig. 5g, the practical cell configuration sustained an Ah-level capacity at
200 mA g™ for 250 cycles with an average CE of 99.9% and negligible
capacity loss, though a trace amount of V,0s was added to the

electrolyte to compensate for the dissolution of positive electrode
materials.

As a promising solution for large-scale storage applications with
cost efficiency, competitive theoretical energy density and safety, zinc-
based flow batteries have attracted widespread attention*®. However,
the system intensively suffers from the asymmetric distribution of
active species and charges, mutually reinforcing by the growth of zinc
dendrites’~*°, To further validate the effectiveness and applicability of
a ppm-scale PPGA additive, we subsequently proposed an investiga-
tion on the aqueous zinc-based redox flow battery in regard to
manipulating zinc flux in a more extensive system. Figure 6a depicts
the general configuration of a Zn||Br, flow battery, which consists of a
current collector, a carbon felt electrode (CF, 2x2cm? in our case),
and a membrane in-between and external anolyte/catholyte tanks that
circulated by pumps to drive the redox reactions®. As expected, the
PPGA additive (10 ppm) furnished the Zn||CF flow battery with 500
reversible cycles (CE closed to 100%) at 40 mAcm™, 20 mAhcm?,
while the control sample barely functioned properly after 50 cycles
(Fig. 6b and Supplementary Fig. 22). The corresponding voltage profile
witnessed an irreversible Zn*'/Zn redox reaction in the control sample
on account of increased deposition voltage on CF over time (Fig. 6¢).
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charge-discharge curves during the cycling process. We note that the battery tests
were conducted at around 25°C with a flow rate of 50 mL/min, a charge cutoff
capacity of 20 mAh cm™, and a discharge cutoff voltage of 0.8 V (for Zn||Br, flow
batteries) or —0.5V (for Zn||CF flow batteries).

The stable long-term cycling performance of Zn|[Br, flow batteries
highlighted the significance of PPGA additive which brought about
800 cycles at 40 mA cm? with an average CE of 98% (Fig. 6d). By
contrast, the same setup with the absence of PPGA fetched out with a
fading capacity and CE after 50 cycles which was subjected to persis-
tent dendrite growth and side effects, giving rise to short-circuit and
polarization, respectively (Supplementary Fig. 23)*. The voltage pro-
file demonstrated in the inset of Fig. 6d stressed the well-retained
discharge capacity and minimized charge/discharge polarization by
applying PPGA additive to the flow battery. The rate performance
summarized in Fig. 6e further embodied that PPGA could promote a
stable CE with insignificant capacity fading even at a high current
density of up to 100 mA cm?.

Discussion

Electrolyte additives offer a cost-efficient and secure option to reg-
ulate zinc deposition and refrain side reactions in mild acidic electro-
lytes of batteries. They are highly competitive to intricate negative
electrode configuration and depth design of electrolytes. Instead of
implementing a large dosage of electrolyte additive, we proposed a
ppm-scale electrolyte additive, hydroxyphosphono-acetic acid, for
durable zinc-ion batteries. The introduced PPGA, with a feeding
amount down to 5ppm, could effectively be adsorbed on the zinc
surface and optimize Zn deposition, sparing the adverse effects of HER
and dendrite growth, thereby enabling long-term cycling of nearly 1
year at 1mA cm™, 1mAh cm™ and 10 mA cm™, 1 mAh cm™ for the Zn|
PZS|Zn symmetric cells. The improvement was demonstrated by an
Ah-level Znl|Zng»5V,05nH,0 pouch cell, which successfully operated
for 250 cycles without capacity fading. A Zn||Br, redox flow system
further verified the effectiveness of PPGA (10 ppm) by which the flow
battery facilitated 800 cycles at 40 mA cm™ with an average CE of 98%,
profiting from controlled zinc chemistry and alleviated dendrite

growth. The introduced strategy may shed light on the development of
electrolyte additive engineering.

Methods

Chemicals and reagents

Zn bromide (99%), zinc sulfate (AR), hydroxyphosphono-acetic acid
(PPGA, 50% in H,0; also named as 2-hydroxy-2-phosphonoacetic acid;
CAS No.: 23783-26-8), Vanadium(V) oxide (V,0s, 99%), Anhydrous zinc
acetate (99.99%), Zinc bromide (ZnBr,, 99%), Znic chloride (ZnCl,,
98%), 1-ethyl-1-methylpyrrolidinium bromide (MEP, 99%), and 1-
Methyl-2-pyrrolidinone (99%) were purchased from Aladdin. Poly-
vinylidene difluoride (PVDF) and Ketjen black EC-300) were purchased
from SOLVAY (Solef 1008) and Nouryon, respectively. All chemicals
were used as received without further treatment. Hydrophilic Daramic
membranes, ~900 um thick, with an average pore size of around 0.1 um
and a porosity of about 58% (Polypore (Shanghai) Membrane Products
Co., Ltd, China), were utilized as received. Glass fibers were purchased
from Whatman, Cytiva (USA) with a lateral size of 12 mm and thickness
of 260 um. All electrolytes were prepared with deionized water.

Material and electrochemical characterizations

Zng»5V,05 was prepared as positive electrode materials. Specifically,
4 mmol V,05 and 2.6 mmol anhydrous zinc acetate were dissolved in a
mixture of H,O and acetate (94:6 % v/v) and subsequently transferred
to a sealed Teflon vessel and heated to 200 °C for 72 h. The obtained
precipitate was washed with water and acetone and dried at 60 °C for
further use. FTIR measurement was carried out using a Perkin Elmer
FT-IR spectrophotometer. Powder XRD patterns were conducted by a
Rigaku Smartlab X-ray diffractometer with Cu Ko radiation
(1=1.5406 A). XPS was performed on a PHI model 5802; the carbon
spectrum (284.8 eV) was used as a reference for calibration. FEI Quanta
250 SEM and energy dispersive spectroscopy were used to study the
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morphology and elemental composition of the samples. CVs and EIS
were collected on an electrochemical workstation (CHI 660E). EIS
measurements were performed after assembling the batteries without
additional treatment. The applied signal for EIS measurement was
potentiostatic (single frequency) with an amplitude of 0.005 with a
frequency range extended from 0.01 to 100,000 Hz until reaching a
total of 74 data points for Zn||Zng »5V,Os full cells and 61 data points for
Zn||Zn symmetric cells. The long-term stability and rate performance
of batteries were obtained by the LAND battery testing system at
around 25 °C. The LSV curves were obtained by sweeping from -1.25V
to OV with a scan rate of 5mV/s and the CA measurement was con-
ducted with an initial bias of —1.2 V. All electrochemical measurements
were conducted in an ambient atmosphere without the use of cham-
bers. The NMR measurement was conducted using the Bruker
300 MHz “AVANCE Il HD” Nuclear Magnetic Resonance System (NMR-
300), which was equipped with an auto-sampler.

Static battery assembly

The Zn||Zn symmetric coin cells were assembled by two Zn foils
(100 um, 1 x 1 cm?) and an intermediate glassy fiber separator (Whatman,
GF/C) with the addition of 60 ul electrolyte. 2 mol L™ ZnSO, electrolyte
(BZS) and the same electrolyte with an additional 5 ppm of PPGA (PZS)
resulted in water-to-solute ratios of 10.76747 and 10.76687, respectively.
Zn||ZnVO coin cells followed a similar procedure while the positive
electrode was ZngsV,0s positive electrode which was prepared by a
mixture of Zng,5V,0s, Ketjen black, and PVDF with a mass ratio of 7:2:1,
following by the doctor blade coating method to reach a mass loading
of around 1.5 mg cm? (single side coating). The used case and spring
were stainless steel. The Zng,5V,0s pouch cell was an amplified version
of the coin cell. Specifically, the Zng,sV,0s positive electrode (-
60mgcm?) and Zn negative electrode were both shaped to 10 cm x
10 cm and assembled with a slightly larger separator (10.4 cm x 10.4 cm)
and a suitable amount of PZS electrolyte (around 15 mL), subjected to Al
packaging bag. An automated vacuum sealing machine (Wuhan Geruisi
New Energy Co. Ltd) was used for capsulation, followed by constant
pressure from two piled plastic plates to remove excess electrolytes and
ensure high sealability. The assembled pouch cell was left to set for 10 h
and cycled 5 times at 1C (200 mA g™) to fully wet the thick electrodes
and release the H, gas caused by corrosion reactions via opening the
packing film, next to re-sealing and the formal test.

Flow battery performance

The zinc-based flow battery was assembled by sandwiching a porous
polyolefin membrane (Daramic) between two carbon felt (CF) elec-
trodes clamped by two graphite plates. The active area of the electrode
is 2x 2 cm? For Zn||Br, flow batteries, the anolyte contains 2 mol L™
ZnBr, and 3 mol L™ KCI. For the batteries with PPGA, an additional 10
ppm of PPGA was added to the anolyte taking into account the varying
surface area of the positive electrodes in flow batteries and coin cells.
The catholyte requires a bromine complexing agent to slow down the
diffusion of corrosive bromine, and 0.4 mol L MEP was added. Those
different electrolytes in the anolyte and catholyte were used to flow-
pass the batteries. The batteries were operated at a constant current
density and the charge process was controlled by the designated
capacity. The discharge process ended with a cut-off voltage of 0.8 V.
The Zn||CF flow battery assembly method is the same as the Zn||Br,
flow battery, except that the positive electrode used a Zn plate
attached to CF. The anolyte and catholyte were identical, containing
2mol L ZnBr, and 3 mol L™ KCI. All the battery performance tests
were conducted by CT3001A, LAND Battery Testing System.

Method of theoretical calculations

The calculation of crystal size was determined using the Scherrer
equation, expressed as 7= /%Aser where 7 is the mean size of the mea-
sured crystals, K is a dimensionless shape factor (typically equals to

0.9), A is the X-ray wavelength (1.5406 A), 8 is the line broadening at
half the maximum intensity (FWHM), 6 is the Bragg angle**. The Dmol3
mode within a numerical atom-centered basis function framework was
adopted for the first-principles calculations based on the density
functional theory (DFT). The electronic exchange-correlation interac-
tions were resolved by the Perdew-Burke-Ernzerhof (PBE) method.
The generalized gradient approximation (GGA) method with PBE for-
mulation was used for the structural optimization. DFT semi-core
pseudopotentials were chosen for the core treatment with relativistic
effects, which replaced the core electrons with a single effective
potential. The adsorption energy E,;, was evaluated through the
equation: Eads = Eensemble - Eabsorbent - Eadsorbate where the SUbSCFipt
denotes either the energy of absorbent, adsorbate, or the whole sys-
tem after adsorption®%. Multiwfn was used for figure demonstration®.

Data availability

All data that support the findings of this study are presented in the
manuscript and Supplementary Information or are available from the
corresponding author upon request. Source data used in this study are
also available in the Science Data Bank database at https://doi.org/10.
57760/sciencedb.18060.
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