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Abstract

Rechargeable aqueous zinc-ion batteries (RAZIBs), which use non-flammable aqueous
electrolytes and low-cost electrode materials, show great potential to boost the
development of safe, cost-effective, and highly efficient energy storage for whatever the
mass adoption of electric vehicles or the large-scale energy storage of solar photovoltaic
systems. The adoption of lightweight and inexpensive aluminum (Al) as current
collectors seems to be a good vision, but Al exhibits an easily-corroded nature and a
high impedance in aqueous electrolytes, making it a challenge to realize the utilization
of Al current collector in RAZIBs. In this study, through the direct current magnetron
sputtering, niobium (Nb) coated Al (Al-Nb) foils were prepared, which showed superior
corrosion-resistance in aqueous solution, while maintaining a satisfying electronic
conductivity. Moreover, the Al-Nb foils could be adopted to both anode and cathode
current collectors while exhibiting high coulombic efficiency and good cycling stability
even when they were tested under a condition that can meet the real-world application
demands, e.g., the Zn||Al-Nb half cell showed an average coulombic efficiency of
99.17% in 320 cycles under a current density of 25 mA cm™ and a galvanizing capacity
of 6.25 mAh cm™. The superior performance of the modified Al current collectors may

mark a significant step towards the development of high-energy-density aqueous
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batteries.

Introduction

Aqueous zinc-based batteries (AZBs), known as reliable portable power, have served
mankind for hundreds of years.[1, 2] Adequate reasons for utilizing zinc (Zn) metal in
battery chemistry not only come from its low-cost and abundance, e.g., Li~USD$19.2
kg™! vs. Zn~USDS$2.4 kg™!, but also for its high capacity and low potential, i.e., 5854
mA h cm™ and -0.76 V vs standard hydrogen electrode (SHE).[3-5] Up to now, the
family of AZIBs includes Zn-vanadium pentoxide (V20s) batteries, Zn-manganese
dioxide (MnO2) batteries, Zn- nickel oxide hydroxide (NiOOH) batteries, Zn- iodine (I2)
batteries, Zn-oxygen (O2) batteries, etc.[6-13] Most of them have satisfactory energy
densities and are much safer than current lithium-ion batteries (LIBs) or lead-acid
batteries because the AZBs are virtually non-flammable with aqueous electrolytes.
However, the AZBs currently occupying the market are still primary batteries based on
alkaline electrolytes. In many cases, using rechargeable aqueous zinc-ion batteries
(RAZIBs) to replace primary batteries will effectively reduce environmental damage.
Unfortunately, RAZIBs are still facing many challenges, including the growth of Zn

dendrites during repeated electroplating and striping, side reactions between Zn metal
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and electrolyte, gas evolution reactions, and unsatisfying capacity retention. [14-19]

Many efforts have been made toward developing cathode materials with superior

performance or finding solutions to achieve stable Zn anodes.[20-23] However, one

inconspicuous but very important issue that has not been paid much attention to is the

current collectors used in RAZIBs. Due to the corrosiveness of protic solvents to metals

and the sensitivity of water splitting reaction, only highly conductive materials, which

have excellent corrosion resistance and a lack of catalytic activity for water electrolysis,

are suitable as current collectors in aqueous batteries. Therefore, only a few materials,

including stainless steel,[24] copper (only for the anode),[25] nickel,[26] titanium [27],

and carbon sheets[28], have been successfully employed as current collectors in AZBs

so far.[29] Aluminum (Al) current collectors are widely used in LIBs, and the light-

weight, low-cost, and highly-conductive nature makes Al the best candidate for current

collectors. Unfortunately, because Al is inevitably corroded in aqueous solutions, it is

difficult to directly use Al as the current collector for AZBs. Niobium (Nb) is known for

its excellent corrosion resistance because of the formation of a thin and stable protective

passive film in aqueous solutions with a wide pH range.[30, 31] Recently, some studies

also pointed out that Nb2Os is a good material for inducing uniform Zn deposition. [32]

Moreover, Nb is able to form a dense and well-adhered coating on the surface of Al2O3
5



without damaging the substrate or the coating itself, even when the Al2O3 has a unique

3D structure, which allows Nb to form a superior anti-corrosion coating on the Al foil

surface that is difficult to achieve with other coating methods.[33]

Here, through a physical vapor deposition (PVD) method, thin Nb layers are

magnetron sputtered to Al foils to make the Nb coated Al foils (Al-Nb foils), which are

successfully used as the dual-purpose current collectors for both anode and cathode in

RAZIBs (Figure S1). The magnetron sputtered Nb coating layer eliminates the

influence of the insulating oxide layer on Al surface; the extremely thin oxide layer on

the surface of the Nb layer can resist the corrosion of the current collector during the

charging and discharging process while ensuring an excellent electronic conductivity of

the current collector. PVD is a well-established technology suitable for industrial

production. Since the RAZIBs supported by Al-Nb show excellent electrochemical

cyclic performance and improved energy density in this study, the use of Nb coating

may provide a new opportunity for realizing real-world applicable RAZIBs by

providing light-weight current collectors.

2. Results and discussion

As shown in Figure 1a, the AI-Nb foil was prepared by depositing Nb metal onto the
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surface of Al foil. Considering that adjusting the time of magnetron sputtering would

result in different thicknesses of Nb coating, we chose the sample with a moderate

thickness to characterize the structure information of the Al-Nb foil. The as-prepared

AI-Nb foil has a flat and clean surface, as shown in Figure S2. The AI-Nb foil sample,

which was obtained by sputtering Nb metal to Al foil for 15 min at the voltage of 250 V,

was firstly treated by a rotary microtome to possess a sample for scanning transmission

electron microscopy (STEM) observation. As shown in Figure 1b, a dense layer

consisting of Nb and O is tightly adhered to the surface of the Al substrate. The

thickness of Nb coating is around 310 nm, while the composition analysis shows that

the atom ratios of Nb and O in the Nb coating layer are 86.8% and 12%, respectively

(Figure S3). The electrron diffraction pattern of the Nb coating revealed a bcc pattern;

thus, the coating was metallic Nb supersaturated with oxygen. The oxygen may be

originated mainly from the moisture impurity in the sputtering chamber. High-resolution

transmission electron microscopy (HRTEM) observation was employed to detect the

surface and interface information of the AI-Nb foil. As shown in Figure 1c, the top

surface of the Nb coating is covered by a thin but dense oxide layer, which is naturally

formed in the air with a thickness of several nanometers. Amorphous interphase with a

thickness of about 5 nm was observed between the Al substrate and the Nb coating in
7



Figure 1d. The amorphous interphase, possibly sourced from the naturally formed
oxide layer on Al foil, tightly bonds the Al substrate and the Nb coating.[34, 35] The
structure model of the Al-Nb foil is depicted in Figure le. To further understand the
structure, we used Auger electron spectroscopy (AES) and electron energy loss
spectroscopy (EELS). The AES depth profile of the Nb coating is shown in Figure 1f; a
30 s argon-ion (Ar") etching was processed before every cycle except the first one. The
etching rate is 0.44 nm min™' (calculated by etching SiOz). Two peaks belonging to Nb
(MNN electronic transition,195.5 e¢V) and O (KLL electronic transition, 506.8 eV),
respectively, are marked in the figure. The intensity of the Nb MNN peak shows a trend
of increasing with the etching, whereas the intensity of the O KLL peak shows an exact
opposite trend, indicating that the passivation layer is a thin oxides film with a thickness
of several nanometers. Line profile EELS spectra, recorded from the top of the orange
line to the bottom of the orange line in Figure 1(b1), are presented in Figure 1g and
Figure 1h. Total 100 points were recorded during the scanning. The first and the second
points recorded at position A as marked in Figure 1(b{) are shown in Figure 1g. As
depicted in Figure 1g, the peak at roughly 245 eV is regarded as the recorded Nb-Ma s
edge, caused by the transition of 3d electrons to the unoccupied 4f and 5p states. The

peak shows a typical shape of Nb>*, indicating that the main composition of the thin
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oxides layer is Nb20s.[36] Moreover, only the first and the second points recorded a

similar curve during the EELS measurement, demonstrating that the thickness of the

oxide layer is about several nanometers (Figure S4). Three points recorded at position

B, as marked in Figure 1(bl), are shown in Figure 1h, which reveals the interphase

composition. At the first point, the two peaks for the Al-L23 edge can be clearly

observed, indicating that the simultaneous presence of Al2O3 and metallic Al in the

interphase layer. The second and third points only show a less-obvious Al peak,

demonstrating that the interphase thickness agrees with the results obtained from

HRTEM observation. The composite form of both metal and oxide at the interface

ensures a reliable electronic path between the Nb coating and the Al substrate.

Furthermore, the extremely thin upper surface oxide layer will not unduly damage the

electronic conductivity of the Al-Nb foil, which gives AI-Nb the basic possibility of

being employed as a current collector.

As for the electrochemical measurement, we first studied the electrochemical

characteristics of AI-Nb foil when it was used as the anode current collector.

Electrochemical impedance spectroscopy (EIS) was employed to understand the

difference between three kinds of metallic substrates. Here, two-electrode cells were

assembled using Zn foil as a counter electrode and Cu foil or AI-Nb foil or Al foil as a
9



working electrode. 2 M ZnSO4 aqueous solution (aq.) was used as the electrolyte. As
shown in Figure 2a, the Al foil exhibits large interfacial impedance, the Al-Nb foil
shows a moderate value, and the Cu foil shows the lowest resistance. The highest
resistance implies that the surface of Al foil is passivated by forming a thicker passive
film in the aqueous solution, and this insulating passivation layer may be the culprit of
the markedly reduced conductance. The conductive atomic force microscopy (c-AFM)
observation also demonstrates the surface conductivity of different metal surfaces. As
shown in Figure SS, the surfaces of both AI-Nb foil and Cu foil show a high number of
high conductivity sites that are suitable for electrochemical reactions, while the
conductivity on Al surface looks bad. We further conducted linear sweep voltammetry
(LSV) tests for Zn plating on different substrates to discuss the difficulty of Zn
deposition on different metals. As shown in Figure S6, in order to avoid the possible
influence from the HER, the onsetpotential of the galvanizing is specified as the voltage
at which the current density is -0.25 mA cm™. The onset potential of the growth of Zn
on Cu foil, AI-Nb foil, and Al foil are -1.01 V, -1.02 V, and -1.07 V (vs. Ag/AgCl),
respectively. The results indicate that the Cu foil seeds the deposition of Zn well, and
the nucleation of Zn on the AI-Nb is slightly influenced due to the relatively high

impedance. The significant lagging of the deposition onset potential and the low
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galvanizing current demonstrates that both the nucleation and the growth of Zn are
greatly hindered by the passive film on the Al foil. Hence, we arrange the growing
difficulty of Zn on three different substrates as Al > Al-Nb = Cu, among which the
slightly higher overpotential of Al-Nb than Cu confirms our point of view that the
passive film on Al-Nb will not seriously hinder the galvanizing on Al-Nb foil. The other
LSV test for Zn plating/stripping procedure on different metals was also employed to
discussing whether the Nb coating can optimize the galvanizing reversibility on Al foil.
As shown in Figure 2b, the sweep started from -0.5 V (vs. Zn/Zn*") and ended at 0.5 V.
The anodic peak that appears in the positive potential region represents the stripping
capability of Zn on different substrates. The ratio of the capacity generated by the
negative current to the positive current reflects the reversibility of the Zn deposition.
The ratio of negative/positive capacity for the Cu foil, the AI-Nb foil, and the Al foil are
calculated to 99.4%, 98.1%, and 8%, respectively. An apparent conclusion is drawn
after comparing the capacity ratio; that is, the Zn deposited on the Al foil is difficult to
be dissolved due to the blocked electron pathway, while the stripping of Zn from Al-Nb
foil shows a Zn plating/stripping reversibility that is close to Cu foil. The above
discussion shows that introducing Nb coating will eliminate the conductivity

degradation caused by the surface passivation of Al. Another serious problem is the
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formation and accumulation of zinc hydroxide sulfate (Zns(OH)sSO4 xH20, (ZHS)) in
the electrolytes, which will damage the performance of the Zn anode.[37] Here, by
carrying out an LSV test in a K2SO4 aqueous solution, we first examine the hydrogen
evolution reaction (HER) activity of different substrates. H2SO4 was added to the K2SO4
aqueous solution to obtain a faintly acidic solution whose pH is consistent with that of
the ZnSO4 aqueous solution (pH=4.1). As shown in Figure 2¢, the potentials required
for the Cu foil, the Al-Nb, and the Al foil to achieve a current density of 1 mA cm™ are -
1.03V, -1.54 V, and -1.59 V (vs. Ag/AgCl), respectively. In the range of Zn deposition
potentials (i.e. -0.97 V to -1.1 V vs. Ag/AgCl), the HER can hardly takes place on the
surface of Al-Nb foil because no significant current can be observed in this range. This
indicates that the Al-Nb foil is far superior to Cu foil in inhibiting the hydrogen
evolution in such an acidic condition. Then, we employed a simple potentiostatic test to
examine the formation of ZHS on different substrates in a 2 M ZnSOs aqueous
electrolyte when the electrodeposition of Zn is absent. Zn||substrate two-electrode cells,
which employed the Zn foil as counter electrode and the metal substrate as working
electrode, were used in the test. The potential was controlled to 0 V (vs. Zn/Zn*") during
the test. As shown in Figure 2d, tens of micro-ampere current were monitored on the

Cu foil during the 50 hours test, whereas only 2 uA were observed on the AI-Nb foil. On
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the AI-Nb foil, the current recorded is considered mainly caused by the slight HER, but
for the Cu foil, the underpotential deposition of Zn can be also regarded as a source of
the current.[38] Hence, the HER on the Cu can be also partially influenced by the
deposited Zn atom layer. The progress of the HER will increase the OH™ concentration at
the electrode-electrolyte interface and promote the formation of ZHS: [39, 40]

2H,0 + 2e™ - H, + 20H™ (Equation 1)

47Zn** + 60H™ + 50, %~ + xH,0 — Zn,(0H)¢S0, - xH,0 (Equation 2)
The increase in OH- concentration leads to severe corrosion to the Cu foil, and causes a
large amount of ZHS to accumulate on its surface, which results in the significant
corrosion current. We examined the surface condition of the metal substrates by
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS),
and the results are presented in Figure 2e and Figure S7. Numerous flaky ZHS covers
the upper surface of the Cu foil, and the surface of Al foil is also full of ZHS residues.
This shows that when used as anode current collectors, a large amount of ZHS will
generate on both Al foil and Cu foil, and the accumulation of ZHS will inevitably
damage the electrochemical performance of the Zn metal anode.[41] By contrast, ZHS
is barely observed on the surface of AI-Nb foil, which is consistent with the extremely

low current in the potentiostatic tests. The difference between the Al foil and the AI-Nb
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foil can be explained by the difference in the point of zero charge (PZC) of Al2O3 and
Nb20s. In aqueous solution, the PZC of AlOs generally appears in an alkaline
environment, for example, the PZC of a-Al2O3 is commonly recorded when pH =
9.1.[42, 43] This PZC value causes the surface of Al foil is charged thus the ion in the
electrolyte can be easily attracted and precipitated onto the surface to form the ZHS. In
reverse, the PZC of Nb20s was considered to appear when pH = 4.1, which is quite
close to the pH recorded in the ZnSOs4 electrolyte. [44] The surface charge density of the
AI-Nb is close to 0, which makes the sedimentation of ZHS difficult, allowing Al-Nb to
maintain a clean surface. These results show that when being used as anode current
collectors, a large amount of ZHS will generate on both Al foil and Cu foil, and the
accumulation of ZHS will damage the electrochemical performance of the Zn metal
anode. By contrast, ZHS is barely observed on the surface of AI-Nb foil, which is also
consistent with the extremely low current in the potentiostatic tests.

Repeated Zn plating/stripping tests on the substrates will intuitively reflect the cycling
performance of the anode side when different substrates are used as anode current
collectors. As shown in Figure 3a, Al||Zn, Al-Nb||Zn, Cul||Zn half-cells were assembled
and tested under a current density of 25 mA cm; here, the areal capacity of Zn

deposition was controlled to 6.25 mA h cm™ in each cycle. The Al||Zn cell only has an
14



initial coulombic efficiency (I.C.E.) of 28.99 %, and 49.68 %, 75.41 % for the next two

cycles. The badly low I.C.E. indicates that the high-resistance passivation layer on the

Al metal significantly affects the electrochemical dissolution of the as-deposited Zn

metal. The Cul|Zn cell and the Al-Nb||Zn cell show high I.C.E. of 96.60 % and 93.91 %,

respectively. The higher I.C.E. on Cu foil is due to the unobstructed electronic pathways

between Cu and Zn during the initial cycle.

Regarding the whole test, the AI-Nb||Zn cell provides a stable average coulombic

efficiency (A.C.E.) of 99.17 %, while the Cul||Zn cell offers an A.C.E. of 99.34%. The

high A.C.E. values show that Al-Nb owns the ability to guarantee the deposition

reversibility of Zn comparable to that of Cu foil. It is also worth noting that the Al-

Nb||Zn cell has a life span of 320 cycles, while the Al||Zn cell and the Cu||Zn cell

survive for 49 cycles and 161 cycles before short-circuiting, respectively. Voltage

profiles of the three cells are shown in Figure 3b and 3c¢c. As presented in Figure 2b,

extremely high overpotential can be observed when Zn coating is stripped from Al foil,

indicating that the electrochemical dissolution of Zn is severely hindered by the

insulating passivation layer. Comparing the performance of Al-Nb foil and Cu foil, it

can be found that the overpotential of Zn deposition on Al-Nb is slightly higher than

that of Cu, which can be ascribed to the relatively higher electrochemical impedance of
15



AI-Nb. Due to the similar reason, the Zn stripping overpotential of AI-Nb is also slightly
higher than that of Cu, but as we pointed out in Figure 2b and 2c that the stripping
overpotential (134 mV and 132 mV) at the capacity of 3.125 mAh cm™ does not change
during the 300 cycles, demonstrating that the AI-Nb foil can maintain a good surface
condition to support the electrochemical cycling of Zn metal anode. Then, we took the
optical photos and SEM images for different substrates after one cycle of Zn plating-
stripping to confirm the surface condition change during the half-cell tests. As shown in
Figure 3d and Figure S8, the Cu surface is covered by messy ZHS, which is the
primary reason for the damaged cycling performance. As a comparison, a clean surface
with a metallic luster, which belongs to the Al-Nb foil after a one-time galvanizing-
stripping cycle, is shown in Figure 3e. In addition, optical photos of three different
substrates after Zn deposition or Zn stripping are shown in Figure S9. It can be seen
that AI-Nb exhibits the best corrosion resistance and the resistance to ZHS generation
among the three substrates. It is also worth mentioning that the plating of Zn on the Al-
Nb foil is also flat and smooth (Figure S10), but the good deposition performance is not
only due to its anti-corrosion properties but also due to the high current densities, by
which the growth of dendritic crystals can be greatly suppressed.[45, 46]

X-ray photoelectron spectroscopy (XPS) depth profile was employed to detect the
16



surface composition of the substrates after Zn stripping. As shown in Figure 3f and 3g,
the ZHS residues on Cu foil are present even at a depth of 140 nm, while the thickness
of ZHS on Al foil is around 50 nm. No information from Cu 2p orbital was monitored
within 80 nm depth of the Cu surface (Figure S11), indicating that the ZHS layer
formed on the Cu surface is very dense; thus, the current distribution and the migration
of Zn atoms on the Cu surface would be undoubtedly influenced. The AI-Nb foil keeps
clean after electrochemically stripping the as-deposited Zn coating, and the
continuously visible peak from the Nb 2p orbital also confirms this conclusion (Figure
S11), by which the galvanizing and stripping can be carried out in a highly uniform way,
as we depicted in Figure 3i. Reversibility tests for Zn deposition under different current
densities are shown in Figure S12 and Figure S13. It can be found that the coulombic
efficiency of AI-Nb foil is slightly lower than that of Cu foil at low current densities, but
a high value can be still maintained. Under the high current density and large deposition
capacity, the AI-Nb can effectively reduce the proportion of side reactions presented on
the collector surface, which makes Al-Nb exhibit excellent reversibility and lifetime
under high current. Moreover, electrodepositing Zn under a current density of 0.1 mA
cm will not break the Nb coating layer, indicating that the Nb coating can withstand

the possible alloying reaction, thus guaranteeing the performance of Zn anode in long-
17



term cycling (Figure S14). To further demonstrate the excellent performance of Nb

coating in reducing ZHS formation, ex-situ XRD was applied to observe the

accumulation of ZHS on different substrates during repeated Zn plating/stripping. As

shown in Figure 4a, Figure S15 and Figure S16, peaks that belong to ZHS appeared on

the Al-Nb after the first and the second Zn deposition, but after Zn stripping, there was

almost no residual by-product on the surface of AI-Nb foil. After a certain number of Zn

plating/stripping cycles, the Al-Nb foil remained its highly clean surface. This is

attributed to the relatively low HER activity of Nb2Os and the PZC close to the pH,

which together make it difficult for ZHS to accumulate on the Al-Nb surface. In contrast,

ZHS is always appear on the surface of Cu (Figure 4b). And as the cycle proceeds, ZHS

will continue to accumulate on the Cu surface, resulting in great risk of Zn dendrite

formation on Cu, which is the reason why Cu foil shows a much lower lifetime than Al-

Nb in the half-cell test. DFT simulation was also employed to confirm the conclusion.

As shown in Figure 4c¢ and Figure 4d, for the three different substrates discussed, Cu

exhibited the best catalytic performance for HER because it shows the lowest free

energy barrier (0.14 eV) for the HER. The HER activity of Nb metal is also lower than

Cu, while the HER activity of Nb20s and Al2O3 was much lower than that of the two

metals. This suggests that Nb coating does reduce the accumulation of ZHS in terms of
18



reduced HER activity thus improves the coulombic efficiency. Even though Al.O3 has
low HER catalytic activity, the extremely high impedance of the Al2O3 passivation layer
prevents the reversible deposition of Zn on its surface, making Al foil unsuitable as a
current collector for Zn anode.

Compared with anode current collectors, the selection of cathode current collectors in
RAZIBs is more severely restricted due to more drastic pH changes and more severe
corrosion at high cathode potentials. Here, we also demonstrate that Al-Nb foil is
compatible when used as cathode current collectors. We assembled Zn|MnO:2 cells by
using different metal substrates as cathode current collectors. Al-Nb foil, Ti mesh, and
Al foil are used to support MnO: cathode, which are coded as Al-Nb@MnOz2,
Ti@MnOz, and Al@MnOz, respectively. As shown in Figure Sa, cyclic voltammetry
(CV) tests for different Zn|MnO: cells were scanned under a sweep rate of 0.5 mV s™'.
Electrochemical reactions are barely observed on the Al foil-supported MnO:z cathode
because electrons can hardly conduct through the passivated Al surface. Al-Nb foil-
supported MnO2 shows two reduction peaks at 1.20 V and 1.32 V, while Ti foil-
supported MnO: cathode peaks at 1.23 V and 1.35 V, respectively. The difference in the
peak position manifests that the electrical conductivity between the active materials and

AI-Nb foil is slightly lower when compared to the Ti mesh current collector.
19



However, the higher peak current of the Al-Nb@MnO: implies that the cathodes,

which use AIl-Nb foil as a current collector, may have a better mass-transfer

performance than the conventional Ti mesh supported MnO: cathode. Then we

monitored the CV curves for cells that have a configuration of metal foil||Zn, and the

results are shown in Figure Sb. The current observed in this test can represent the

corrosion rate at different potentials. It is apparent that the Al foil will be strongly

corroded at high potential, which can be partly ascribed to the boosted dissolution of Al

metal under applied voltage and partly due to the oxygen evolution reaction (OER). The

Ti mesh-related cell exhibits a rapid increase in current that starts from 1.62 V, while the

current rise in the AI-Nb||Zn cell starts from 1.88 V, indicating that the Al-Nb foil has a

better performance in anti-corrosion and anti-OER at high potential even when

comparing it with Ti metal. Based on this result, a constant potential test was used to

evaluate the damage of the three current collectors under high voltage. As shown in

Figure S17, three different substrates were placed in Zn|jmetal foil cells. The Al showed

a very high current and an increasing trend of dissolution during the 2V constant

potential test, while the Al-Nb foil and Ti foil only shows a low and stable current. The

corrosion of the three substrates after the potentiostatic test are shown in Figure S18,

Figure S19 and Figure S20. It can be seen that many holes of different sizes appear on
20



the surface of Al (Figure S19), while the surfaces of Al-Nb foil and Ti foil remain

almost unchanged. This indicates that the corrosion rate of Al at high voltage is much

faster than the other two, only Al-Nb and Ti have the potential to be used as the current

collector for RAZIBs. In addition, considering the larger surface area of Ti mesh

compared to other samples, the electrochemical performance of Ti foil was also tested,

and it exhibited impedance characteristics and corrosion resistance properties that are

very similar to those of Al-Nb (Figure S21). As shown in Figure 5¢ and 5d, EIS results

and the corresponding distribution of relaxation times (DRT) analysis also help prove

our conclusion. Here, relaxation time t1, T2, and 13 are considered as contact resistance

(including the solution resistance), film impedance, and charge transfer resistance,

respectively. The film impedance of Ti foil is almost the same as the value of Al-Nb foil,

while the charge transfer resistance of Al-Nb is slightly higher than that of Ti, which

collaterally confirms the phenomenon observed in CV tests. Moreover, the influence of

thickness of the Nb coating is shown in Figure S22 and S23, from which we believe

that the magnetron sputtering step should last for at least 5 minutes, and a longer

magnetron sputtering time will bring more reliable performance. Nonetheless, the

choice of the magnetron sputtering time should be adjusted according to the real-world

production requirements.
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In order to further investigate the possibility of using AI-Nb as cathode current
collector for RAZIBs, Zn||[MnO:2 cells with Al-Nb foil as cathode current collectors were
tested. As shown in Figure 6a, the MnO2 cathode supported by Al-Nb foil provides an
initial capacity of 203.7 mAh g, gradually increasing to 287.4 mAh g!' with cycling
due to the activation of electrode materials. The capacity value owned by the Al-
Nb@MnO: cathode is close to the theoretical capacity of MnO», i.e., 308 mAh g! based
on Mn(IV) — Mn(Ill), indicating that the electrochemical performance of MnO:
cathode will not be damaged when AI-Nb is used as the current collector. As a
comparison, Al@MnO> shows a low capacity of only 50.8 mAh g at the first cycle.
After reaching the highest capacity of around 100 mAh g”!, the cathode capacity of
Zn||[Al@MnO: cell rapidly attenuates to a value lower than 10 mAh g'!, indicating that
not only the discharge capacity of the active material is impaired but also the cycling
performance is seriously affected when Al metal is used as the cathode current collector.
Voltage profiles of the Zn||AI-Nb@MnO: cell as shown in Figure 6b confirm that the
overpotential shows almost no change during the 100 cycles, proving that the Al-Nb
current collector does not influence the performance of the MnO: cathode. By
comparing Figure 6b and 6c¢, it can be found that the MnO: cell with Al current

collector has a lower plateau voltage, which can no longer provide a normal discharge
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curve at the 101st cycle. Direct observation of the as-tested current collectors can

answer the problem of why the Al current collector shows a deteriorated performance

after several cycles. As exhibited in Figure 6d, the Al current collector is severely

corroded after cycling; in addition to the appearance that is no longer complete, lots of

pits, which are generated by the dissolution of Al, are left on the surface. The boosted

dissolution of Al may be ascribed to the dramatic changes in pH near the electrode, by

which the oxide layers are repeatedly generated/dissolved due to the continuous

variation between acidic and basic in interfacial pH. [40, 47] In contrast to the broken

Al current collector, the Al-Nb foil can keep its intact appearance and metallic luster,

and SEM observation of Al-Nb shows that it does not suffer any damage after the full-

cell cycling (Figure 6e). The superior corrosion resistance of Al-Nb foil is attributed to

the stable oxides layer on the Nb coating, which can be confirmed by the STEM

observation of the tested sample (Figure S24), indicating that the oxides layer can help

Al-Nb resist the attack from aggressive species in the water. Moreover, as the

circumstantial evidence, Al-Nb foil can be immersed in a 0.1 M KOH aqueous solution

for 24 h without obvious change in appearance, whereas the surface of Al foil is rapidly

corroded under the same conditions (Figure S25).

Different types of cells are also investigated, as shown in Figure 6f, in which the
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activated carbon (AC) based cathodes were prepared with different current collectors.
The performance of the Zn|Al@AC cell is not surprisingly unstable, whereas the
Zn||AlI-Nb@AC cell shows a superior cyclic life span longer than 50000 cycles. In
addition, the Al-Nb current collector can also successfully support vanadium dioxide
(VO2) based cathode (Figure S26), demonstrating that the Al-Nb foil is compatible with
various active materials and is suitable for serving as cathode current collectors in
RAZIBs. Moreover, Zn||AI-Nb@MnO: cells with different thicknesses of Nb coating
were also investigated, and the results also agree with our conclusions drawn before
(Figure S27).

Encouraged by the impressive corrosion resistance and superior electrochemical
performance of Al-Nb current collector both in anode and cathode, we tried to use the
Al-Nb as both anode and cathode current collectors to assemble Zn-MnO: full cells,
intending to develop RAZIBs with good cycling stability and high energy density
through using this anode/cathode dual-purpose current collector. As shown in Figure 6g,
a Zn-MnO: full cell whose cathode current collector and anode current collector are
both AI-Nb foil is prepared. The load of MnO2 on the cathode is 12.4 mg cm, which
means the areal capacity of the cathode is approximately 2.5 mAh cm™. The optical

photos and the SEM images of the prepared AI-Nb@MnO: electrode are shown in
24



Figure S28. Metallic Zn is pre-plated to the Al-Nb foil to prepare the Al-Nb@Zn
composite anode, and the capacity of the anode is controlled 3-times to the cathode;
namely, the negative/positive ratio (NP ratio, N:P) is 3:1. The Al-Nb@Zn|Al-
Nb@MnO: cell provides an initial capacity of 199.7 mAh g'!, and the capacity retention
up to 120 cycles is 95.8%, which is an excellent value under this harsh measurement
condition. The uniform deposition/dissolution of Zn metal protects the cell from short
circuit and guarantees a high coulombic efficiency under high capacity, while the less-
blocked mass transfer and charge transfer on the cathode current collector assure the
highly stable cycling performance. Therefore, we believe that AI-Nb foil has the
potential as a current collector for RAZIBs, and it is suitable for serving as a current
collector to replace the conventional Ti mesh, Cu foil or some other materials.

To further understand the advantages of using Al-Nb as current collectors for
RAZIBs, Zn|[MnO:2 pouch cell was assembled by using Al-Nb foils as current collectors.
The area of the pouch cell was 35 cm?, and a high-load MnO> cathode (30 mg cm?,
1050 mg MnO: in total) was used, in which the NP ratio was also controlled to 3:1, and
the SEM images of the prepared thick AI-Nb@MnO: electrode are shown in Figure S29.
The open circuit voltage (OCV) of the assembled cell is 1.355 V (Figure S30), and the

pouch cell can light up a string of small LED lights (Figure 7a and Video S1). The
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detailed parameters of the pouch cell can be found in Table S1 and Table S2. As shown
in Figure 7b, the pouch cell provides stable cyclic performance with an initial capacity
of 258.0 mAh g' at 0.2 C (1 C = 308 mA g™'). The cell shows a gradually decreased
capacity during 1 C cycling, possibly due to the thick cathode that impedes the transport
of ions in the cathode framework and the relatively high discharge rate (1 C, about 9.2
mA cm) aggravates the problem. Voltage profiles that are shown in Figure 7c¢ also
confirm this possibility. In comparison with the healthy voltage curve of the first 20
cycles, the 80th cycle, which shows obvious pseudo capacitor characteristics, is one of
the attestations that the electrode reactions only occur in the shallow layer of the
electrode.[48] Nonetheless, the Zn|[MnO2 pouch cell could successfully work under
such a harsh condition, notifying us that the Al-Nb foil is applicable in developing real-
world RAZIBs. To show the advantages of using AI-Nb as current collectors in RAZIBs,
we calculate energy densities for Zn||MnO2 pouch cells with different current collectors
based on the parameters in Table S1, Table S2, and Table S3, and the results are shown
in Figure 7d. It is apparent that the use of Al-Nb brings the highest energy density to
batteries even when compared with carbon paper current collector. Besides, with the
increase in the mass of the active material (MnQOz), the simultaneous use of Al-Nb as the

current collector for both anode and cathode can offer more than 12% gain in energy
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density in comparison with the conventional Ti mesh and Cu foil current collectors

(based on one-layer pouch cell). We list the details of the difference in energy densities

in Figure S30. Considering that this technology is low-cost, easy to commercial-scale-

production, and compatible with most battery optimization strategies, the use of Al-Nb

is expected to facilitate the development of practical RAZIBs with high-energy-density.

3. Conclusion

In summary, by magnetron sputtering Nb coating onto Al foils, we developed a

corrosion-resistant AI-Nb foil with superior electrochemical performance when

employed as current collectors for RAZIBs. Nb coating acts as a barrier to prevent Al

from being attacked by aggressive species in aqueous electrolytes, by which the AI-Nb

foil can resist the formation of ZHS and regulate the deposition of Zn when used as an

anode current collector. Additionally, it can also prevent corrosion at high potential

when used as a cathode current collector. Furthermore, the cell that uses Al-Nb foil as

both anode and cathode current collectors simultaneously shows superior cycling

performance and improved energy density. It is worth mentioning that the preparation of

AI-Nb foil is environmentally friendly and suitable for commercial-scale production.

We believe this technology can be extended to various aqueous batteries in the future to

promote the development of high-energy density aqueous batteries.
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Experimental Section

Preparation of AI-Nb foils: First, Al foil (Hohsen, Japan) was cut to a disk whose diameter was 108

mm to fit the PVD carrier tray. The disk-shaped Al foil was then washed with surfactant and DI-

water and dried in a vacuum box for 24 h. Before DC magnetron sputtering, the Al foil was sent to

the chamber, which was first evacuated to less than 5 x 107 Pa and filled with Ar gas. During

sputtering, the Ar pressure was maintained at 0.2-0.3 Pa at a constant current of 0.5 A, while the

applied voltage was 250V. The deposition times were 60 s, 300 s, 900 s, and 1500 s for preparing the

AI-Nb with different Nb-layer thicknesses.

Electrochemical measurements: For the Zn|jmetal foil cells, the metal foils, i.e., Al foils, Al-Nb foils,

Cu foils, and Zn foils, were cut into disk electrodes (diameter: 10 mm). The disk electrodes were

placed in a Swagelok cell, in which Al foil (or Al-Nb foil, Cu foil) was used as the working electrode,

while the Zn foil was used as the counter electrode. A piece of glass fiber filter (Advantec, GA-100)

was used as a separator, and 200 pL electrolyte (2 M ZnSOy, i.e., 2 mol L™! ZnSO4 aqueous solution)

of pH 4.13 was added to the cell. The cells were operated under constant current, and the cut-off

voltage for Zn stripping was set to 0.5 V.

For the Zn||AI-Nb@MnO cells, two-electrode Swagelok cells were prepared through putting the

Zn foil, AI-Nb@MnO, cathode, and a piece of glass fiber separator in the cell. 200 pL electrolyte,
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which consists of 2 M ZnSO4 and 0.2 M MnSOy additive, was added to each cell. Constant current

(CC) mode was employed for the tests, and the cut-off voltage was set at 0.8 V for discharge and

1.85 V for charge.

For the Zn||AlI-Nb@AC cells, two-electrode Swagelok cells were prepared through putting the Zn

foil, AI-Nb@AC cathode, and a piece of glass fiber in the cell. 200 pL electrolyte, which only

contained 2 M ZnSO4, was added to each cell. CC mode was employed for the tests, and the cut-off

voltage was set at 0.8 V for discharging and 1.8 V for charging.

For the Zn||Al-Nb@VO, cells, two-electrode Swagelok cells were prepared through putting the Zn

foil, AI-Nb@VO, cathode, and a piece of glass fiber in the cell. 200 pL 2 M ZnSOs electrolyte was

used in each cell. CC mode was employed for the tests, and the cut-off voltage was set at 0.2 V for

discharge and 1.4 V for charge.

For the AI-Nb@Zn||Al-Nb@MnO; cells, 7.5 mAh cm™ Zn metal was pre-deposited onto an Al-Nb

foil to prepare the AI-Nb@Zn anode. The two-electrode Swagelok cell was prepared through putting

AI-Nb@Zn anode, AI-Nb@MnO; cathode and a piece of glass fiber in the cell. 200 pL electrolyte,

which consists of 2 M ZnSO4 and 0.2 M MnSO;4 additive, was added to the cell. CC mode was

employed for the tests, and the cut-off voltage was set at 0.8 V for discharge and 1.85 V for charge.

Air-assembled Zn-MnO» pouch cells were constructed with the same electrodes, electrolyte, and

configuration. The electrode area was set at 7 cmx5 cm. The AI-Nb@Zn anode was paired with the
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Al-Nb@MnO?2 cathode (active MnO; loading: 30.0 mg cm). Detailed parameters are presented in

Table S1, Table S2 and Table S3. Constant current-constant voltage (CC-CV) mode was employed

for the tests. The cut-off voltage was set at 0.8 V for discharge and 1.8 V for charge during the CC

step, while the cut-off current was set at 0.1 C for the CV step.

Other experiments, including the preparation of active materials, the preparation of cathodes, and

some other electrochemical measurements, can be found in the supplemental information.

Characterization: High-resolution transmission electron microscopy (HRTEM) observation, electron

energy loss spectroscopy (EELS) measurements, and elemental analysis were conducted on a Cs-

corrected scanning transmission electron microscope (STEM, Titan3 G2 60-300, FEI Company).

Auger electron spectra were obtained by an Auger electron spectroscopy system (JAMP-9500F). X-

ray photoelectron spectra depth profiles were obtained by X-ray photoelectron spectroscopy (XPS,

JEOL, JPS-9200) system, and the Mg-Ka X-ray source (hv = 1253.6 ¢V) was chosen. X-ray

diffraction (XRD) patterns were obtained by using an X-ray diffractometer (Rigaku MiniFlex600)

using Cu Ka radiation. Atomic force microscopy (AFM) tests were conducted on an AFM (Hitachi,

NanonaviSII). The scanning electron microscope (SEM, ZEISS Sigma 500) was used for

morphology observation, combined with the energy dispersive spectroscopy (EDS) measurements.

Distribution of relaxation times (DRT) simulation was conducted by using the DRT tools. For the

SEM observation of cathode current collectors, the cathodes which were used in the full-cell tests
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were washed after being taken out from the cells. After drying in a vacuum oven, the portion of
current collector was used for subsequent SEM observation. For the STEM observation, all the

samples were prepared using an ultramicrotome (RMC Boeckeler Instruments, PowerTomeXL).
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Figure 1. (a) Schematic illustration for the preparation of Al-Nb. (b1) Cross-sectional
STEM image and (b2, b3) the corresponding EDS mapping of the Al-Nb foil. HRTEM
micrograph of (c) the Nb coating at its top surface and (d) the interface between Al

substrate and Nb coating. (e¢) Schematic illustration for the structure of Al-Nb. (f) AES
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depth profile of the AI-Nb. The EELS spectra of the Al-Nb taken from (g) the outer

surface (position A, Figure 1bi), and (h) the interface (position B, Figure 1bl). The

orange line shown in Figure 1bl is where to capture the EELS spectra through a linear

scanning method, the distance between two sampling points is about 4 nm.
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Figure 2. (a1, a2) Nyquist plots of different cells, Figure 2a> is the enlarged Figure 2ai.

(b) LSV curves of different Zn|[Substrate cells. (c) LSV curves of different substrates

during HER in the three-electrode cell. (d) Current-Time curves of the different metal

substrates corroded under constant potential. SEM images of (e1) Cu foil, (e2) Al foil,
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(e3) AI-Nb foil after the potentiostatic corrosion test.

(a) :\;1001# (b) (C) 200
[ H [ Al-Nb 300t cycle
2 s 4007 Atstcycle s
c 80 £ £ 100
(] °® ® Al AC.E<99% = £ Al 46t cycle
‘c T ) — 2001 Al-Nb 2" cycle -
E 60' ¢ Al-Nb A.C.E.=99.17% 'g 'g, 0' Short circui(;b
WL ecu ACE=934% g 3
% 40 ° 0 Cu 2" cycle © -100- EIrGS Eycle
E | 25 mA cm?2 & a
% 201, ___6.3mAhcm? 20040 —— 2004
8 o 100 200 300 01234556 0123 45 6
Cycle Number Capacity (mAh cm ) Capacity (mAh cm )
(d) ' Cu éfter Zn (g) Cu top surface Etching Depth  Intensity

stripping

N zno

Zn,(OH):SQ,

Intensity (a.u.)

0nm

20 nm !

40 nm

60 nm

Decreasing

80 nm
100 nm
120 nm

L 140 nm

1030 1025 1020 1015 540 535 530 525
Binding Energy (eV) Binding Energy (eV)
Al-Nb after Zn Al top surface Ei:l:li:‘g Depth Intensity
stripping _ 20mm
s i 2
g &
= 100 nm
120 nm
140 nm
1030 1025 1020 540 535 530
Binding Energy (eV) Binding Energy (eV)
H Al-Nb top surface Etching Depth
Zn,(OH)sSO, (i)
s 0 nm
F] 1o :
> 120 nm §
.g 160 nm §
K]
Nb coating Zn E zoonm
2 . 240 nm
Stripping
. " 80 nm

1625 10‘20 '
Binding Energy (eV)

535

530

Binding Energy (eV)

Figure 3. (a) Coulombic efficiency of Zn plating/stripping in Al||Zn (green), AI-Nb||Zn

(orange) and Cul|Zn (blue) cells. Voltage profile of the half-cells at (b) early stage and (c)

late stage. SEM images of (d) Cu foil after Zn stripping and (e) Al-Nb foil after Zn
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stripping, the inset optical photos are the Cu foil and the Al-Nb foil after Zn stripping. (f)
Schematic demonstration for the difference between Cu foil and AI-Nb foil during Zn

stripping. XPS depth profile of (g) the Cu foil, (h) the Al foil and (i) the Al-Nb foil after

Zn stripping.
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Figure 4. Ex-situ XRD patterns of different substrates after Zn plating/stripping. XRD
patterns at different stage for (a) AI-Nb foil and (b) Cu foil. The plating/stripping current
density is 10 mA cm™ and the capacity is 5 mAh cm™. (¢) The used models for DFT

simulation. (d) Free-energy barriers for HER on different substrates.
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the Nyquist plots (Figure 5¢).
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