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HIGHLIGHTS

o An “adsorption-sieving-catalysis” strategy has been achieved by TiN on porous RGO.
eThe abundant TiN sites catalytically enhance Zn?* desolvation for fast diffusion.
eOptimized Zn electrode displays long lifespan under 0 °C.

ARTICLE INFO ABSTRACT
Keywords: Aqueous zinc metal batteries (AZMBs) are promising for large-scale energy storage due to their intrinsic safety
Low-temperature environment and cost effectiveness. However, the cycling stability of metallic Zn anode under low temperature surroundings is
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severely hindered by harmful hydrogen evolution reaction (HER) and uncontrollable dendrite growth, which is
ascribed to sluggish desolvation kinetics of hydrated [Zn(H20) ] 2+ and blocked Zn®* diffusion kinetics. Herein,
the strategy of “adsorption-sieving-catalysis” is initially proposed and the titanium nitride anchored on self-
assembly porous reduced graphene oxide (TIN@RGO) as functional modulator is constructed on the surface of
Zn anode. The abundant electrocatalytic sites on sieving pores significantly enhance interfacial desolvation,
thereby accelerating Zn?* diffusion kinetics for dendrite-free plating. Consequently, TIN@RGO modified Zn
delivers a long-term stripping/plating lifespan above 2600 h at 0.5 mA cm™2 and maintains reversible stability of
500 h at 2 mA cm 2 even under low temperature of 0 °C. Decreasing to as low as —8 °C, stable overpotential
around 130 mV without any short-circuit is achieved. The coupled full cell with MnO, presents a high capacity
retention of 72 % after 1000 cycles at 1.0 A g~! at low temperature of 0 °C, providing new insights for the
rational design of efficient LT-AZMBs.

1. Introduction competitive candidate to conventional lithium-ion batteries because of
their non-toxic electrolytes, improved safety with sustainable nature,
Aqueous zinc metal batteries (AZMBs) have emerged as a and costeffectiveness [1-4]. Metallic Zn is optional in AZMBs owing to
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its ultrahigh theoretical capacity (820 mA h g~! and 5855 mA h cm ™)
and suitable redox potential (—0.76 V vs standard hydrogen electrode)
[5-9]. However, the further advancement in energy-storage systems of
AZMBs has greatly been hindered by parasitic side reactions of hydrogen
evolution reaction (HER), anode corrosion and dendrite growth under
high current density [10-13]. As the operating temperature drops to
below 0 °C, the aqueous electrolyte with water solvents inevitably en-
counters increased viscosity with cross-linked hydrogen bond or even
solidification of solvents causes viscous solvation shell with higher force,
leading to sluggish desolvation and transport barriers at the electrode
interface [14-19]. Owning to the sluggish evolution kinetics of large and
robust [Zn(H20),]>" shell, the formation of dendrites becomes
increasingly formidable to persistently damage battery performances,
such as degraded capacity and declined Coulombic efficiency or even
battery failure [20-23].

To mitigate these challenges, many efforts have been made to
modulate the key steps in deal with the dissociation of [Zn(H30),] 2+
clusters to release free Zn?*, including electrolyte optimization engi-
neering, interfacial protection layers and porous sieving layers [24-36].
The typical electrolyte engineering evolving from high concentration
salt electrolytes (water-in-salt) to organic additive electrolytes and
hydrogel electrolytes are commonly help the dissociation of [Zn(H20)
1% at the expense of abandoning partial conductivity [28,37,38]. At
the same time, numerous protective layers have emerged to block the
direct contact of Zn metal with active water to attenuate worrisome HER
and corrosion reactions [24,39-42]. To offer better desolvation effect,

A
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porous sieving morphology has been developed encompassing a spec-
trum of metal-organic frameworks (MOFs) and other porous materials
[43-47]. By virtue of the physical sieving effect, large outer solvent
clusters are screened out, whilst a small number of active water mole-
cules fitting the pore size can pass through the pores to arrive at the Zn
metal surface. Owing to the increased strength of Zn?"-H,0 bond under
low temperature, retarding interfacial Zn*"* desolvation and diffusion
kinetics would impede Zn?" plating/stripping processes and exacerbate
undesired side reactions and dendritic growth [20,43].

Alternatively, despite porous structure allowed physical sieving of
partial solvent, electrochemically catalyzing the [Zn(HZO)X]2+ clusters
would be more beneficial choice to chemically regulate the inner
Helmholtz plane (IHP) layer to decrease desolvation barriers through
fast electron/ion transfer [48-51]. Motivated by the electrochemical
sieving strategy, proper structures of the catalytic materials should
enable strong modulation capability to interfacial desolvation. In this
regard, the Zn?" transfer across the electrolyte/electrode interface
would be more smoothly. As known, nano-catalysts are potentially
designed to provide sufficient active sites for separating water molecules
upon an energy-efficient method, which would enhance the dissociation
of [Zn(HZO)X]2+ into free Zn?" to facilitate the diffusion kinetics [15,
52]. Titanium nitride (TiN), born with desirable properties of high
electron/ion conductivity and excellent chemical stability [53], has
broad application prospects in the field of anode protection [54,55]. Due
to the high electron/ion conductivity enabled catalytic property [56], it
is still lack the attempt of “adsorption-sieving-catalysis” effect on

” RY -
'3 - b +@5. = ° 6 9‘0‘5, +@5
o R 2 Q9. L) . C o
o i@ ilca o °
o & Solvated Zn?* o —~
N 3 é' o 65 Nle o wle X5
A A ) o 9 2 @s.
58 o ) Catalysis layer = SN 5 -‘)
o .o . o 5 0 .
= ) . 5 (@ 2 -
o s o)l ATl vos . o = vl ooy
Qs 5 s@s. i «o  Bulkelectrolyte Fastdesolvation |Q e i® ge.i %@ | “a
© /e e |l %a : ® 5
. 6 ® e -
28 (o, @5, s 95|
8 AR K e ) o Ao
VAVAY: VAV VIR LR 44 PN -
IHP  OHP Diffusion layer IHP OHP  Diffusion layer

Cc

TiIN@RGO

U TiN

Intensity (a.u.)

Fig. 1. (A-B) Graphical evolution of the inner Helmholtz plane in double electric layer on the Zn anode induced by TIN@RGO catalyzed layer. (C) XRD patterns of
TiN, RGO and TiN@RGO nanocomposites; SEM images of (D) RGO and (E) TIN@RGO nanocomposites; (F) EDS elemental mapping on TIN@RGO nanocomposites;

(G) TEM image and (H) HRTEM image of the TIN@RGO nanocomposites.



J. Zhang et al.

dissociating the [Zn(HZO)X]ZJr groups against formation of uneven Zn*
flux in low-temperature surroundings.

Herein, to achieve the “adsorption-sieving-catalysis”, the nanosized
titanium nitride anchored on self-assembly porous reduced graphene
oxide (TIN@RGO) is designed to realize fast kinetics of Zn2" desolvation
and diffusion against dendrite growth, which is rarely reported before.
With the electrocatalysis by TiN on RGO, the TIN@RGO catalytic layer
coated on Zn metal provides a large number of electrocatalytic sites and
sieving pores for synergistically accelerating the desolvation of [Zn
(H0),1%" groups to release free Zn>* through “adsorption-sieving-
catalysis”, eliminating the uneven Zn?* flux on the zinc anode to guide
the following uniform Zn plating nearby the IHP layer of electric double
layer (EDL), as disclosed in Fig. 1A and B. As verified by the combination
investigation of optical images, wettability observation and electro-
chemical tests, the assembled TIN@RGO catalyst endowed with fast
desolvation are beneficial to weaken the Zn?>*—H,0 interaction against
HER occurrence, electrode erosion and dendrite growth simultaneously.
Thanks to enhanced capability, the TIN@RGO modulator catalyzed Zn
electrode (TIN@RGO-Zn) harvests long-term stripping/plating lifespan
(2600 h) with low overpotential of 50 mV at 0.5 mA c¢cm~2 Even
reducing the temperature to 0 °C, the TIN@RGO-Zn electrode still
maintains reversible stability of 500 h at high current density of 2 mA
em ™2 in deposition depth of 2 mA h em™2. Further decreasing to low
temperature of —8 °C, stable overpotential around 130 mV without any
short-circuit is achieved. Matching with MnO,, the as-prepared
TiIN@RGO-Zn||MnO;, full cell discloses a high capacity retention of 72
% after 1000 cycles at 1.0 A g~! at low temperature of 0 °C, providing a
new idea for zinc anode modification with catalytic modulation layer in
achieving practical LT-AZMBs.

2. Experimental sections
2.1. Synthesis of TIN@RGO nanocomposite

TiN@RGO nanocomposite was prepared by ultrasonic peeling and
following self-assembly process to anchor TiN nanoparticles on the
surface of porous reduced graphene oxide (RGO). Firstly, graphene
oxide powder of 234 mg (Aladdin) with 50 mg polyvinylpyrrolidone
(PVP) were added to 180 mL deionized water deoxygenated before
starting. The mixture was then completely dispersed in a cell wall
breaking ultrasonic dispersion for 2 h. Thereafter, 59 mg of nanoscale
TiN powder (Aladdin) was added to the solution and continue to ul-
trasonically dispersed until yielding a homogeneous blend. After stirring
for 2 h, the obtained mixture was transferred into Teflon liner of
stainless-steel autoclave. The sealed liner was placed in a pre-heated
oven at 180 °C for 12 h. The resultant product of TIN@RGO nano-
composite was collected by filtration and later freeze-drying for 24 h.
The RGO was synthesized by the same method without adding TiN
nanoparticles.

2.2. Preparation of TIN@RGO-Zn anode and manganese dioxide cathode
material

The as-prepared TiIN@RGO powder was mixed with Super P
(CANRD, China), and PVDF (HSV900, France) in NMP solution
(Aladdin) in a ratio of 7:2:1 to form a homogeneous slurry. The obtained
slurry was coated on a commercial zinc foil using a film blade. Then, the
coated zinc foil was vacuum dried at 40 °C for 24 h to form TiIN@RGO-
Zn electrode, which was punched into a circular working electrode in a
diameter of 16 mm for battery assembly. For preparation of MnO,
cathode, MnSO4-H0 (Aladdin) of 1.014 g and KMnO4 (Aladdin) of
5.688 g were put into 25 mL and 100 mL deionized water and stirred at
room temperature to form homogenous solution, respectively. The
MnSO;4 solution was added dropwise into the KMnOj4 solution slowly
under continuously magnetic stirring. The obtained mixture was then
transferred to a Teflon-lined autoclave and heated at 180 °C for 12 h.
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The formed precipitation was vacuum filtrated and washed with
deionized water repeatedly to remove soluble impurities. The resultant
solid product was dried at 110 °C for 24 h and annealed under air at
450 °C for 2 h with a heating rate of 2 °C min*. Subsequently, the as-
synthesized MnO, powder, was mixed with Super P, and PVDF in
NMP solution at a ratio of 7:2:1 to form a uniform slurry and then coated
uniformly onto graphite sheet. The coated cathode was placed in a
vacuum oven at 120 °C drying for 24 h, which was punched into discs of
12 mm in diameter.

2.3. Assembly of coin cells

The electrochemical performances of the cells were all evaluated on
CR2025-type coin cells assembled in air atmosphere. The Zn||Zn sym-
metrical cell was assembled using zinc foil (TIN@RGO-Zn, RGO-Zn or
bare Zn) as cathode and anode separated by commercial glass fiber
(Whatman) with electrolyte containing 2 mol Lt v ZnSO4 (Aladdin).
In the Zn||Cu cell, the anode was replaced by TIN@RGO modified Cu foil
using the same electrolyte as the Zn||Zn symmetrical cell. The
TiN@RGO-Zn||MnO,, full battery was assembled with modified zinc foil
as anode and MnO; discs as cathode, separated by commercial glass
fiber, adding 2 M ZnSO4+0.1 M MnSO4 mixed solution as the
electrolyte.

2.4. Materials and devices characterizations

The X-ray diffraction (XRD) patterns for collecting the crystalline
structure of the samples were performed on a Smart Lab X-ray diffrac-
tometer using Cu Ko radiation in a 20 range from 10° to 80°. The
morphology of the synthesized materials and electrodes were examined
using scanning electron microscopy (SEM, Zeiss Sigma HD, MERLIN,
Germany) and transmission electron microscopy (TEM, JEM-ARM200CF
NEOARM), respectively. Confocal microscopic images were detected on
a Laser Scanning Confocal Microscope (LEXT OLS4000).

Galvanostatic charge-discharge performance of Zn||Zn symmetric
cells, Zn||Cu cells and Zn||MnO; full cells under various current rates
were all conducted on a multichannel battery test system (BTS-5 V 20
mA, Neware, China). The Tafel plots, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) curves were obtained on
a comprehensive electrochemical workstation (CHI660E, Shanghai).
Tafel curves were performed in a three-electrode system at room tem-
perature using a Zn plate (1 cm~2) as working electrode, Pt plate as
auxiliary anode and calomel electrodes (Saturated KCl) as reference
electrode, respectively, at a scan rate of 1 mV s~'in a 2 M ZnSOy4 so-
lution. The EIS plots were performed within the frequency range from
1072 to 10° Hz and the CV curves at constant or shifting scanning speeds
were collected within a voltage range from 0.8 to 1.9 V.

3. Results and discussion

3.1. Morphology and structural characterizations on TIN@QRGO
nanocomposite

The TIN@RGO nanocomposite was synthesized via hydrothermal
self-assembly, generating porous ion screening channel structure with
abundant ion transfer promoters. As shown in the (X-Ray Diffraction)
XRD pattern (Fig. 1A), the sharp peaks centered at 36.6°, 42.5° and
61.8° are definitely assigned to the planes of (111), (200) and (220) of
TiN (JCPDS 87-0632) phase, whilst the apparent peaks centered at
26.6° and 54.8° can be attributed to the RGO within the TIN@RGO,
indicating no phase transformation and oxidation during the synthesis.
In the SEM images in Fig. 1B and C, the as-synthesized TIN@RGO
nanocomposite displays the same porous morphology as the RGO, whilst
the TiN nanoparticles are uniformly dispersed on the RGO substrate
(Figs. 1C and S1). The EDS elemental mapping verifies the even
dispersion of TiN nanoparticles in the RGO without obvious
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agglomerations (Fig. 1D), due to the similar distribution of elemental Ti
and N on C. The TEM images (Figs. 1E and S2) of the TIN@RGO nano-
composite further reveals the tightly anchored TiN nanoparticles
without damage the self-assemble porous structure of the RGO, in which
these TiN nanoparticles show a domain size of around 20 nm (Fig. S3). In
the high-resolution TEM (HRTEM) image of Fig. 1F, the lattice spacing
of 0.212 nm is well corresponded to the (200) crystal plane of TiN,
suggesting good consistency with the XRD analysis.

3.2. Functions of TIN@RGO layer on inhibiting by product reactions

It is well known that the improved interfacial wettability is beneficial
to reduce interfacial impedance formed in the contaction of active water
molecules with Zn metal, stimulating the Zn?" diffusion kinetics. In this
way, the proportion of active water molecules within the solvation shell
are pushed out, which significantly facilitate the desolvation of hydrated
Zn?" and undoubtedly minimize the diffusion steric hindrance of Zn*as
well as mitigate the occurrence of HER. Fig. 2A and B and S4 illustrate
the contact angles of the electrolyte on various electrodes, revealing that
bare Zn (88°) exhibits inferior hydrophilicity in comparison to
TiN@RGO (48°) and RGO (80°). Such enhanced wettability underscores
the zincophilic characteristics of the TiN catalytic sites anchored on RGO
(Fig. 2A). Following a natural immersion period of three weeks (Fig. 2C),
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the Zn electrode after removal of the TIN@RGO modification layer re-
tains a notably smooth surface devoid of apparent corrosion (Fig. 2D and
E). On the contrary, the bare Zn electrode displays a notably rougher
surface indicative of severe corrosion morphology (Fig. 2D and F),
characterizing by the occurrence of potential side reactions. A signifi-
cant reduction in corrosion current using the TIN@RGO modification
layer from 4.07 x 10~ to 3.09 x 107> mA cm ™2 is revealed in the Tafel
curves of Figs. 2G and S5, which further confirms the improved corro-
sion resistance of the TIN@RGO-Zn electrode. According to Arrhenius

equation (Logi = — % + A) ), the notably reduced desolvation activa-

tion energy Ea (7.5 kJ vs 8.3 vs 10.8 kJ mol 1) for the TIN@RGO-Zn
electrode calculated from temperature dependent exchange current
density (Figs. 2H and S6) underscores a significant reduce in the barrier
for Zn>* desolvation and an enhancement in Zn?" diffusion kinetics
facilitated by TiN@RGO catalytic layer. Moreover, the roughly esti-
mated thickness of the coin cell with TIN@RGO modification layer in-
creases the least (0.4 mm with TIN@RGO vs. 1.3 mm of bare Zn) without
any electrolyte leakage after several repeated Zn stripping/plating be-
haviors (Figs. S7-58), corresponding to the beneficial inhibition of the
HER on the electrode surface. These findings signify the substantially
enhanced desolvation capability with the TIN@RGO catalytic layer, the
improved anti-corrosion effect for the Zn electrode towards the
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. 6’ beé‘
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s

Fig. 2. (A) Comparing the contact angles of electrolyte on the surface of (A) TIN@RGO-Zn and (B) Bare Zn electrods; (C) Optical images of (C) TIN@RGO-Zn and
exposed bare Zn after electrolyte immersion for three weeks, and (D) after removing the upper modified layer; Confocal microscopic 3D morphology of the immersed
Zn (E) with (F) without upper TIN@RGO layer; (G) Tafel plots of TIN@RGO-Zn, RGO-Zn and Bare Zn tested on a three-electrode system; (H) Comparison of des-
olvation activation energy (Ea) calculated by Arrhenius equation on the TIN@RGO-Zn, RGO-Zn and Bare Zn interfaces; Schematic illustrations of (I) HER and

dendrite growth on bare Zn electrode and (J) synergistic desolvation mechanism of

side reactions and dendrite growth.

‘adsorption-sieving-catalysis” effect upon the TIN@RGO nano catalysts against
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electrolyte and the effectively suppression of hydrogen evolution reac-
tion. Like the literatures reported before [15,21,48], the catalytic sites in
TiN are verified as effective means in reducing energy barriers to
improve the [Zn(H20)6]2+ desolvation efficiency. In detail, the disso-
ciation of hydrate [Zn(H,0),]*" is significantly accelerated to avoid the
formation of active water for generating HER due to the enhanced
desolvation-diffusion kinetics upon the synergistic TIN@RGO artificial
layer (Fig. 2I and J). Moreover, the abundant zincophilic and catalytic
sites (TiN) with transport channels (RGO) are beneficial to synergisti-
cally decrease the energy barriers to provide superfast Zn>" desolvation
and diffusion, averaging the Zn?* flux for smooth deposition against
dendrite growth (Fig. 2J).

3.3. Dendrite-free performance of the catalytic TIN@RGO-Zn anodes

To assess the reversibility and sustainability of the TIN@RGO-Zn
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electrode, the Coulombic efficiency (CE) value was assessed on a
TiN@RGO-Zn||Cu asymmetric cell. At a current density of 1 mA cm™2
with a cut-off potential of 1.0 V, the CE of TIN@RGO-Zn electrode
reached as high as 99.72 % after 100 cycles in comparison to a short
circuit after 20 cycles of the bare Zn electrode (Fig. 3A). Besides, the
stable voltage polarization of the TIN@RGO-Zn electrode (60 mV)
within 100 cycles showcases the TIN@RGO efficacy in suppressing side
reactions due to the decreased active water moleculesafter dissociating
by TIN@RGO catalytic layer (Fig. S9). Symmetric cells were then
fabricated to assess the striping/plating stability of the TIN@RGO-Zn
electrode. Initially, the TIN@RGO-Zn electrode with TiN loading of
20 wt% (named as 20-TIN@RGO-Zn) in Fig. S10 delivers the best cycling
stability with quite smaller overpotential among others (with 5~15 wt%
and 25 wt% loading). Thereafter, the optimal TIN@RGO-Zn electrode
with 20 wt% TiN was selected and characterized throughout this work
unless otherwise specified. With 20 wt% TiN loading, the Zn electrode
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Fig. 3. (A) Coulombic efficiency (CE) measurements of the TIN@RGO-Zn||Cu and Zn||Cu asymmetric cells at 1 mA cm~2 with 1 mA h em 2 at a cut-off potential of
1.0 V; (B) Comparison of EIS spectra of symmetrical cells based on different electrodes; (C) Initial nucleation potential of the TIN@RGO-Zn and bare Zn electrodes;
(D) Rate performance of the TIN@RGO-Zn and bare Zn electrodes at a current range of 0.2-10 mA cm 2 under 0 °C; (E) Overpotential comparison on the TIN@RGO-
Zn and bare Zn electrodes at a current range of 0.2-10 mA cm~2; (F) Plating/striping performance of the two electrodes under 1 mA cm 2 with 1 mA hcm ™2 at a
shifting temperature from 0 to —8 °C; Cycling performances of the electrodes (G) under 0.5 mA cm™2 with 0.5 mA h cm 2 at room temperature and (H) under 2 A
cm 2 with 2 mA h em 2 at 0 °C; SEM images of Zn deposited on the surface of (I) TIN@RGO-Zn and (J) bare Zn.
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coating 30 pm of TIN@RGO layer in Fig. S11 offers stable cycling with
lower overpotential of 109 mV than those of 10 pm (124 mV) and 60 pm
(176 mV). And the super P in the coating within the content of 10~20 wt
% reflect negligible impact on the coating integrity and electrochemical
performance (Fig. S12). Then, the electrochemical reaction kinetics
were evaluated by electrochemical impedance spectroscopy (Fig. 3B and
Fig. S13). The TIN@RGO-Zn electrode exhibited significantly reduced
charge transfer resistance (Rct) relative to RGO-Zn and bare Zn (40 vs 90
vs 173 Q), indicating enhanced Zn%* conductivity and transport kinetics
by TiN@RGO modulation. The Zn?* desolvation and diffusion kinetics
are also reflected in the nucleation barrier of symmetric cells. The both
nucleation barriers in the TIN@RGO-Zn electrodes at room temperature
and low temperature are remarkably decreased (Fig. 3C). For example,
under harsh condition of 0 °C, the TIN@RGO-Zn electrode still obtains
the lower initial nucleation barrier (15 vs. 45 mV). Varying the current
density, the TIN@RGO-Zn symmetric cell displays high current toler-
ance even to 10 mA cm ™2 due to the stable increase of overpotentials
with the increase of current density (Fig. S14). Lowering operation
temperature to 0 °C, the TIN@RGO-Zn electrode also demonstrates
stable plating/stripping process, due to the consistently lower and stable
overpotentials compared to those of the bare Zn electrode with shifting
current density from 0.2-10 mA cm 2 (Fig. 3D and E and S15). Even at a
high current density of 10 mA cm 2, the TIN@RGO-Zn electrode still
delivers quite lower overpotential (223 mV vs 395 vs 800 mV), con-
firming its high-rate application prospects under low temperature
(Figs. 3E and S15). More impressively, the TIN@RGO-Zn electrode de-
livers ultra strong temperature robustness due to the steady growing
overpotential to no more than 130 mV even shifting temperature to
ultra-low —8 °C without any dendrite growth (Fig. 3F). No matter at
room temperature or low temperature, the TIN@RGO-Zn electrodes
present enduring plating/striping performance. At room temperature,
low overpotential of 50 mV with negligible voltage fluctuations after
2600 h under 0.5 mA cm 2 and 0.5 mA h em 2 is exhibited, whereas the
bare Zn only works normally for less than 200 h (Fig. 3G). Increasing the
current density or deposition depth (1 mA em ?@1 mA h em ™2 or 3 mA
em 2@2 mA h ecm2), the TIN@RGO-Zn electrode can stabilize for 600
or 500 h with low overpotentials (81 mV or 202 mV) without any short-
circuit, respectively (Fig. S16). The XRD pattern for the cycled
TiN@RGO-Zn mainly presents the characteristic peaks of Zn located at
36.3°, 39.0° and 43.2°, attributing to the (002), (100) and (101) planes
of standard metallic Zn (JCPDS 04-0831) phase instead of any other
corrosion substance (Fig. S17). Decreasing to low temperature of 0 °C,
the TIN@RGO-Zn electrode still demonstrates a stable and small over-
potential of 160 mV during more than 1250 h cycling with the current
density of 0.5 mA cm™2 and areal specific capacity of 0.5 mA h cm™2
(Fig. S18). As a contrast, the RGO-Zn and bare Zn electrodes displayed
erratic voltage fluctuations and rapid cell failures after 900 and 590 h
due to short circuit or excessive polarization coming from dendrite
growth and “dead” Zn during deposition. Even increasing the current
densities/depth of discharge (DOD) to 2 mA cm~2/2 mA h cm*2, the
symmetrical cell based on TIN@RGO-Zn electrode could cycle stably for
500 h despite the rapid failure of the bare Zn electrode with sharply
raised overpotential within no more than 150 h (Fig. 3H). Overall, the
TiN@RGO-Zn electrodes showcase a steady voltage curve over a long
cycling life with a temperature robustness, indicating stable and smooth
Zn deposition at the electrode interface owning to the fast Zn?* des-
olvation and diffusion catalyzed by TIN@RGO layer. As a confirmation,
SEM image of the cycled TIN@RGO-Zn electrode maintains a dense and
compact surface devoid of zinc dendrite formation (Fig. 3I), owing to
that the generated metal atoms are capable of penetrating through the
catalytic layer and reaching the bottom Zn metal for lateral deposition.
In contrast, the rugged surface of the RGO-Zn surface as well as a plenty
of Zn dendrites on the bare Zn surface are observed (Figs. 3J and S19). In
spite of the weakened sieving process of RGO under low temperature,
the TiN with intrinsic high electron/ion conductivity enables robust
catalytic property to break the Zn?*-H,O bonds and take off H,O
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molecules and other unwanted anion for liberating affluent free Zn?* for
uniform electrodeposition.

3.4. Electrochemical performance of the TIN@RGO-Zn||MnO full cells

Then, the practical application potential of the TIN@RGO catalysis
layer in a TIN@RGO-Zn||MnOx, full cell was evaluated. Initially, the EIS
curves (Figs. 4A and S20) disclose a significantly lower Rct of 15 Q for
the TIN@RGO-Zn||MnO,, full cell compared to 105 and 180 Q for the
RGO-Zn||MnO; and bare Zn|| MnO, full cells, signifying a faster charge
and ion transfer kinetics catalyzed by TIN@RGO. The CV curves in
Figs. 4B and S21 show two pairs of redox peaks which corresponds to the
two-step reverse oxidation/reduction between MnO, and MnOOH. The
lower distance between the redox reaction peaks and higher intensity of
the current peaks in the TIN@RGO-Zn||MnO, full cell, indicating a
smaller polarization (0.33 vs 0.4 vs 0.45 V) and faster reaction kinetics
than the RGO-Zn||MnO; and bare Zn||MnO, full cells, owing to faster
interfacial Zn?* desolvation and diffusion kinetics catalyzed by the
TiN@RGO layer during the plating/stripping process. In the following
scanning, the TIN@RGO-Zn||MnOj, cell still shows good overlap within
4 cycles (Fig. S22), which indicates the effectively improvement to the
reversibility of the redox reaction facilitated by the enhanced interfacial
Zn" desolvation and diffusion. Shifting scanning rate from 0.1 to 1 mV
s! (Figs. 4C and S23), the TIN@RGO modulated cell exhibits higher Zn
ion diffusion kinetics with larger linear slop obtained on the oxidation
peaks (3.0 vs 2.7), benefiting the cell with remarkably improved rate
performance. As depicted in Fig. 4D, the TIN@RGO-Zn||MnO; cell
maintains 99 % of its initial capacity after 24 h resting compared to 89 %
of untreated Zn||MnO, cell. Thereafter, the TIN@RGO-Zn||MnO; cell
delivers the discharge capacities of 380, 305, 262, 215, 169, and 140
mAhg'at0.1,0.3,0.5,1,2and 3 A g}, respectively, which is much
higher than that of the bare Zn||MnO, cell under the same conditions
(Fig. S24). Stabilizing a high current density of 1 A g%, the TIN@RGO-
Zn|[MnOs, full cell displays a high initial capacity of 271 mA h g~! and
following a remarkable capacity retention of nearly 100 % after 300
cycles, while the bare Zn||MnOx cell has an inferior initial capacity of
149 mA h g~ ! with poor capacity retention of merely 34 % (Fig. 4E and
$25-526). Decreasing to harsh condition of 0 °C, the TIN@RGO-Zn||
MnOs, cell still manifests a superior rate performance than the bare Zn||
MnOj, cell, delivering a specific capacity of 203mAh g™}, 127mAh g™?
and 98 mA h g_1 at 0.5, 1.5, and even 2 A g_1 (Fig. 4F). Upon reverting
to a current density of 0.5 A g~!, the discharge capacity restored to 223
mA h g™, highlighting the high reversibility and fast interfacial Zn?*
desolvation and diffusion for TIN@RGO-Zn anode. The long-term cycle
stability of the TIN@RGO-Zn||MnOx cell under low temperature is also
impressive, rendering an initial capacity of 1775 mAh g ' at 1.0 A g7}
with a high capacity retention of nearly 72 % with a low capacity decay
rate of merely 0.028 % per cycle after 1000 cycles (Fig. 4G). The above
results well corroborate that constructing TIN@RGO catalytic layer can
effectively enhance the interfacial Zn®" desolvation and diffusion to
promote the stability and rate capability of low temperature Zn ion
batteries.

4. Conclusion

In summary, the strategy of “adsorption-sieving-catalysis” is suc-
cessfully achieved in protecting Zn surface, of which the titanium nitride
anchored on self-assembly porous reduced graphene oxide (TIN@RGO)
as electrocatalyst modulator provides reversible capability in plating
and stripping of Zn against dendrite growth. The TIN@RGO -catalytic
layer can guide the uniform growth of zinc and effectively block the
formation of zinc dendrites and intricate side reactions of HER and
electrode corrosion simultaneously. Consequently, the TIN@RGO-Zn
electrode discloses a significantly accelerated Zn?* deposition kinetics
and lower nucleation potential (15 mV vs 45 mV) with a dendrite-free
surface, extending the lifespan above 2600 h at 0.5 mA e¢m 2 and
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Fig. 4. Comparison of (A) EIS spectra and (B) CV curves at 0.1 mV s~ ! for full cells based on TiN@RGO-Zn and bare Zn anodes; (C) Plot of the peak current density
recorded at the anodic current peak versus the square root of the scan rates; (D) Self-discharge behavior of full cells under resting for 24 h; (E) Comparison of cycle
performance of full cells based on TIN@RGO-Zn and bare Zn anodes at room temperature; (F) Comparison of rate performance and (G) long-term cycle stability of the

TiN@RGO-Zn||MnO, full cell under low temperature of 0 °C.

maintaining reversible stability of 500 h at 2 mA cm~2 under low tem-
perature of 0 °C. The coupled TIN@RGO-Zn full cell presents a high
capacity retention of nearly 72 % after 1000 cycles at 1.0 A g~ ! at 0 °C,
underlining the potential application of AZMBs.
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