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ARTICLE INFO ABSTRACT
Keywords: Sustainability, environmental and safety concerns raised by the increasing demand of batteries are driving
Z‘f an‘)de' ) research towards post-lithium technologies. Rechargeable Zn batteries are strong candidates, but still not
Mildly acidic practically viable, owing to the extensively studied, but poorly understood unstable behavior of Zn metal upon
Zincate . . PO . s

. discharge-charge cycling. This limiting factor warrants more fundamental investigations and the present report

X-ray absorption spectroscopy . . . . :
STXM provides the lacking molecular-level information on the Zn-based compounds forming at the electrode/elec-

trolyte interface as a result of electrochemical cyclic in weakly acidic aqueous electrolyte. The results are ob-
tained using ex situ X-ray absorption spectromicroscopy maps, modelled mathematically and complemented with
cyclic voltammetry, symmetric-cell tests and electron microscopy. We have identified the role of the zincate
precipitation resulting from local alkalinization during recharge, combined with additional zincate formation
and decomposition to zinc oxide during discharge. The mathematical model allowed a transparent interpretation
of morphochemical changes observed. The synergy of these processes leads to electrochemical localization ef-
fects, resulting in the formation of a complexly structured and low conductive ZnO-based template, that might
play a role in driving shape changes.
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M. Kazemian et al.
1. Introduction

On September 2020, the European Commission proposed to reduce
by 2030 the net greenhouse gas emissions to at least 55% of the 1990
level [1]. In order to achieve this goal, a large proportion of activities
contributing to CO, emissions must be converted into clean and sus-
tainable analogues. Concerning energy production, the scientific and
industrial communities are struggling for the development of large scale,
safe and low-cost systems that could efficiently store and regulate the
intermittent energy of the renewable resources [2,3]. Due to their ability
to convert chemical into electrical energy and vice-versa, rechargeable
batteries are the best candidates. Lithium-ion batteries (LIBs) have been
extensively used in the field of portable electronics and electric vehicles
in the last two decades. However, LIBs do not appear the best choice for
renewable energy storage, owing to: (i) their low power density, which
prevents to be highly responsive to the perturbations affecting the power
grid [4], and (ii) their limited lifetime [5]. In addition, safety and
high-cost issues impede the large scale implementation of LIBs [6]. One
of the viable alternatives can be the next-generation Zn-based batteries
with Zn-air, Zn-bromine, Zn-cerium and Zn-MnO, systems in the fore-
ground. In fact, Zn is abundant (about 1.9 billion tons worldwide) [71,
inexpensive (~US$2.4 kg’1 vs US$19.2 kg’1 of Li) [6], stable in aqueous
solutions and exhibits high gravimetric (820 mAhg™!) and volumetric
(5855 mAhL™") theoretical capacities [7]. However, rechargeable bat-
teries with Zn anodes are still far from large-scale commercialization due
to their low cyclability. Specifically, the performance of the Zn anode in
alkaline devices is affected by the following drawbacks: (i) corrosion,
due to parasitic hydrogen evolution; (ii) passivation during the
discharge process, due to the formation of zincates in solution; (iii)
shape changes and (iv) dendrite growth during recharge, owing to still
poorly understood localization and electro-crystallization issues [8-11].
Among the vast investigations of secondary Zn-based battery chemis-
tries in the last decade, the re-emerged results on a mildly acidic
Zn-MnO; cell, reported by Yamamoto et al. [12], have led to renewed
interest. The observed exceptional cyclability of the Zn anode in a mild
acidic aqueous electrolyte has attracted the interest of the energy
community in the rechargeable aqueous zinc ion batteries (AZIBs). In
fact, as demonstrated by the Pourbaix diagram, under mildly acidic
conditions (pH = 4-6), the stripping/plating reactions follow a direct
path, favouring the charging process and hindering the anode passiv-
ation and the shape alterations of the active material [4,13]. Never-
theless, self-discharge and dendrite growth still remain an open issue,
leading to practical limitations of the plating/stripping current effi-
ciency. Notwithstanding the growing number of publications on cathode
chemistry and laboratory battery tests [4], still the electrochemical and
morphological behaviour of the zinc anode in mildly acidic ambient is
not well understood. It is commonly agreed that, considering the
performance-cost ratio, the aqueous ZnSO4 solutions are among the best
candidates [14,15]. In fact, using this electrolyte, the galvanostatic
charge/discharge cycles (GCD) in Zn symmetrical cells show an increase
of the cell lifetime of the order of ~100 h, compared to the alkaline
systems for a given DOD [16]. Furthermore, the electrodeposition of
metallic Zn in weakly acidic solution, proceeds via the formation of
stacked hexagonal-like crystalline structures rather than the sharp
tree-like structures typical of the alkaline systems [17]. Nevertheless,
the formation of dead Zn due to the breakage of these stacked structures
and the formation of basic salts, often described as Zns(OH)SO4 [13],
limit the utilization of the Zn ion in this electrolyte. Triflate-based
electrolytes are reported to show better performance, due to the bulky
anions limiting the Zn ion solvation, thus increasing the plating/strip-
ping efficiency, but they are expensive, difficult to source and also
promote the formation of stacked structures that can produce dead
material [15,18]. Other salts, such as Zn(ClO4), and Zn(NOs),, are not
suitable for battery applications, owing to their low electrochemical
stability in the potential range of interest, due to the strong oxidizing
properties of ClO4~ and NO3~, as demonstrated by Zhang et al. [15].
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Beyond the choice of a suitable electrolyte, several strategies can be
implemented in order to enhance the stripping/plating efficiency and to
minimize the formation of outgrowth morphologies. Specifically,
instead of classical glass fibre separator, polymeric ion-exchange mem-
branes can be exploited to improve the ion mass transport [19], cationic
organic additives can be added in the electrolyte to regulate the initial
nuclei formation and inhibit the following dendrite growth [20] and the
anodes can be functionalized either by sputtering the Zn surface with
some noble metals (i.e. gold nanoparticles [21]) or by the fabrication of
tailor-made host structures [21]. The success of the proposed mitigation
strategies, summarised above, is still limited by the scanty insight into
the electrochemistry and interfacial chemistry of the Zn anodes in mildly
acidic aqueous ambient, and their evolution during cycling. This paper is
a step forward to shed more light on these aspects, through a systematic
investigation of Zn anodes in sulphate electrolytes, combining electro-
chemical measurements with ex situ X-ray imaging and absorption
micro-spectroscopy, accompanied by mathematical modelling of the
electrochemical phase-formation processes. The access to elemental and
chemical-state distribution of Zn and O with sub-micrometric spatial
resolution has provided very important information about the surface
chemistry and space organization resultant from the electrochemical
conditions. Mathematical modelling allowed to interpret the formation
of spatial inhomogeneity within a clear physico-chemical framework. It
should be noted some studies of Zn battery anode materials have
appeared, that use X-ray absorption spectroscopy (XAS), though without
spatial resolution [22-25], mainly focussing on properties such as
crystalline structures, density of states etc. Adding spatial resolution to
XAS notably increases its power, enabling the exploration of the nature
and lateral collocation of reaction products that can correlated with
shape changes. This study is focused on the role of basic salt precipita-
tion and nature in cathodic and anodic processes during anodic/catho-
dic cycling for providing firm background to further rational studies of
anode surface modifications or electrolyte engineering.

2. Experimental
2.1. Materials

In the electrochemical measurements and treatments, the electrolyte
consisted of supporting electrolyte - an aqueous solution of 0.5 M
NaySO4 (Sigma-Aldrich) -, to which 10 mM ZnSO4 (Sigma-Aldrich) was
added, according to the experimental requirements (see Section 2.2).
For galvanostatic charge/discharge cycles in symmetrical Zn/Zn cells,
the electrolyte was an aqueous solution of 2 M ZnSO4 (Sigma-Aldrich).
Milli-Q water was employed as the solvent.

Thin films of Zn (thickness150 nm) and ZnO (thickness 300 nm) were
sputter-deposited on 75 nm SigN4 windows of 500 pm? (Silson Ltd. UK)
in the Nanofabrication Facility at the University of Bath. The pristine
samples were homogeneous in-plane down to the scale of a few tents of
nanometres. Zincate-rich standard samples (henceforward denominated
“zincate standards”, for simplicity) were obtained by filtration of the
precipitate obtained by dissolving electrochemically Zn in 6 M KOH
solutions.

2.2. Electrochemical measurements

2.2.1. Cyclic voltammetry (CV)

CVs were performed in a standard three-electrode cell (AMEL 497
Universal Cell), with an Ag/AgCl 3 M KCl reference electrode (AMEL
373/85G/12), two identical platinum counter electrodes (AMEL 805/
SPG/12), placed symmetrically with respect to the working electrode
(WE) and reference electrode (RE) to improve the uniformity of the
current distribution and reduce ohmic losses. All potentials in this work
are referenced to the Ag/AgCl 3 M KCl electrode. A glassy carbon (GC)
electrode (AMEL 492/GC/3) with a surface area of 0.07 cm? was
employed as WE. The cell contained 30 ml of electrolyte (see Section 2.1
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for the composition), which was degassed by Ny bubbling (0.5 nlt/min)
before running the experiment and kept under a blanket of flowing Ny
during the electrochemical measurements. CVs were performed with a
3F VersaSTAT potentiostat/galvanostat at 25 mV s1, in relevant po-
tential ranges that will be specified. All CV measurements were repeated
three times, in order to assess the reproducibility of the system. Spe-
cifically, before each experiment, the electrode was immersed in 70%
nitric acid for a few seconds, rinsed with DI water, gently polished with
2500 grinding paper and finally sonicated for 5 min in DI water. To
ensure complete removal of zinc compounds, the Pt CEs were washed
with 10% nitric acid and accurately rinsed with DI water. The RE and all
the cell components were thoroughly washed with DI water. All com-
ponents and electrodes were finally rinsed with Milli-Q water. The CVs
were performed with the following protocol: (i) The cleaned GC elec-
trode was subjected to CV cycling (5 cycles in range 0.5 ~ —1.8V,
starting from the open-circuit potential (OCP)) in the pure supporting
electrolyte (see Section 2.1) to positively assess the WE condition. (ii)
ZnS04 was added to the electrolyte, then a second CV was performed: 10
cycles from —0.5 to —1.6V, starting from anodic terminal potential. In
special cases other terminal potentials have been selected, as specified in
the relevant section of the paper. The cathodic current efficiency was
evaluated gravimetrically by galvanostatic electrodeposition of Zn films,
in a current density (CD) range of interest for battery applications [26],
onto carbon-steel foils for a nominal weight gain of 2.5 mg/cm?. Three
samples were electrodeposited at each CD, using a fresh aliquot of
electrolyte. Care was taken to avoid loss of electrodeposit from samples
grown in the low-CD range, leading to mossy deposits. After electrode-
position and gentle, but thorough rinsing with Milli-Q water, before
weighting, the samples were vacuum-dried overnight at 40 °C with a VT
6060 M oven and cooled in vacuo to room temperature.

2.2.2. Galvanostatic charge/discharge cycles (GCD) -

Symmetrical Zn/Zn cells were assembled using an EL-CELL ECC-AIR-
NI split cell, reproducing the geometry of a 2032 coin cell, in which the
electrodes are mounted in horizontal position. The electrodes consisted
of two Zn discs (99.98% Alfa Aesar, 0.25 mm thick and 18 mm diameter)
as-rolled, that were degreased with acetone, rinsed with Milli-Q water
and put in contact with two austenitic stainless steel (AISI 304) current
collectors (18 mm diameter, 0.6 mm thick). The electrodes were kept
separated by an O-ring and the cell was filled with 300 pl of electrolyte.
GCD cycles were performed at 1 mA cm ™2 with 60 min periods (30 min
positive and 30 min negative current). Each GCD cycle was run until the
cell potential reached a cut-off of £1 V, corresponding to experiment
termination by passivation.

2.2.3. Preparation of samples for ex situ X-ray absorption
microspectroscopy

Zn and ZnO membranes were subjected to galvanostatic polarization
sequences at 1 mA cm ™2, specified in Section 3.3, in 0.5 M NaySO4
electrolyte using a standard two-electrode electrochemical cell with a Pt
CE. The WE was immersed in the electrolyte, and electrical contact was
placed in the middle of one of the square WE sides, at 1 mm from the
optical window, with a Ni clamp. The electrode arrangement in the cell
(see Refs. [27-30] for computational details referring to electrodes of
similar geometry) and the resistivity of the layers [31,32] ensure a ho-
mogeneous secondary current density distribution at the analysed
positions.

2.3. Scanning X-ray absorption micro-spectroscopy (u-XAS)

2.3.1. pu-XAS instrumentation

The XAS spectra and images reported in this work were acquired in
transmission, using the I08-SXM beamline at Diamond Light Source Ltd.,
Didcot, UK. This beamline hosts two endstations: 108 - Scanning X-ray
Microscope (SXM) with multimodal detection capabilities [33] and
108-1 - X-ray Ptychography. The 108-SXM uses as photon source an
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Apple II type undulator covering the 250-4400 eV energy range. The
nanoprobe is formed by a Fresnel zoneplate and the sample is
raster-scanned in the focal plane for obtaining images. SXM is quite
versatile and, by using appropriate detectors, allows simultaneous
recording of transmitted X-rays, emitted photons and electrons. In the
present experiment, a photodiode was used for data acquisition in
transmission mode. The p-XAS spectra are extracted from the stack of
images recorded with 0.1 eV energy steps in the energy windows across
Zn L-edge (1020-1040eV) and O K-edge (525-555eV), respectively. The
spatial resolution down to ~50 nm was achieved with proper optics
setting.

2.3.2. u-XAS data processing

p-XAS results were elaborated in view of: (i) assessing the spectral
components revealing the Zn and O chemical-state under different
electrochemical conditions of the Zn-based electrodes and (ii) assigning
the corresponding space distributions. Appropriate fitting procedures
were defined and implemented in the elaboration of the hyperspectral
images, in order to extract chemical-state distribution maps. For getting
chemical-state maps, we employed background-subtracted and
normalized spectra and plotted the relative intensities corresponding to
the diagnostic energies discussed in the following two subsections, using
the MANTIS software program [34].

Finally, XAS maps have been modelled mathematically, carrying out
parameter identification by comparing their morphologies with the so-
lutions of the DIB reaction-diffusion PDE model for electrochemical
phase formation, the physico-chemical foundations of which are
expounded in detail in Ref. [35]. In Ref. [36], the authors have shown
that, in different regions of the parameter space, this model entails a rich
spatio-temporal distribution of pattern solutions, that can be classified
into two main types: (i) structured stationary Turing patterns and (ii)
unstructured Turing-Hopf dynamic patterns [37]. Parameter identifi-
cation for the DIB model for experimental hyperspectral maps, has been
recently carried out by the authors for XRF [38], XPS [39] and XAS [40]
data. The XAS maps of this work can be modelled with parameters in the
Turing-Hopf region, specifically in the neighbourhood of a
codimension-two Turing-Hopf (TH) bifurcation point in the (C,B) vari-
ety of the parameter space. Parameters C and B account for electro-
chemical adsorption and inhibition of electrodeposition by adsorbates,
respectively: extensive details are provided in Refs. [35,39]. Here, we
have solved the DIB model by the ADI-ECDF numerical method based on
a finite difference spatial discretization, described in detail in Refs. [37,
38], on a square domain Q = [0,Ly] x [0,L], Ly = 200, with timestep h;
=5 x 10~* The spatial discretization is given by the pixel size of the
image Z to be fitted, then Z is treated as a N x N matrix (in grayscale). If
O is the numerical solution for the chemistry variable of the DIB model,
standing oscillations of the spatial mean <@(t)> are used as an indicator
that the limit cycle has been attained at the final time T. Then we choose
for numerical integration the time interval [0,T], T = 4. Hence, the fitted
maps reported are the patterns at the final time T, identified among a set
of several simulations obtained by varying the parameters p=(C,B) in
the Turing-Hopf zone. The optimal simulated maps and the corre-
sponding optimal parameter couples p*=(C*,B*) are those yielding the
minimum values of the relative error in Frobenius norm given by Er(p)
= ||Z - o) ||/||Z]|, where Z is the original experimental image
normalized and ®’ the normalization of the numerical solution ®. More
details on the optimization procedure are provided in Ref. [38]. Confi-
dence intervals for the parameter estimates are evaluated by computing
the range in which the Frobenius error changes by less than 5% with
respect to the minimum identified.

3. Results and discussion
In this work we have endeavoured to reveal the impact of electro-

chemical polarization on the interfacial chemistry of Zn and, in partic-
ular, on the coupled irreversible changes in morphology and chemical-
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Fig. 1. A) Cyclic voltammograms (CVs) recorded with a glassy carbon electrode in contact with a 0.5 M NaSO4 + 10 mM ZnSO4 aqueous solution. Number of cycles:
10. Scan rate 25 mV s~ . Insets (i) and (ii): expanded cathodic and anodic ranges, respectively. Inset (iii): ratio of anodic and cathodic charges computed from the CVs
of Fig. 1A, as a function of the cycle number. Inset (iv): cathodic current efficiency. B) Linear sweep voltammogram with potential inversion, recorded with a Zn rod
electrode in contact with a 0.5 M NaSO4 + 10 mM ZnSO,4 aqueous solution. Experiment started at OCP, then potential ramped to the cathodic terminal potential
(CTP), after which the potential was scanned to the anodic terminal potential. Scan rate 25 mV s 1. Inset: same voltammogram on linear scale. G) Cyclic voltam-
mograms recorded with a glassy carbon electrode in contact with a 0.5 M NaSO4 + 10 mM ZnSO,4 aqueous solution, with different cathodic terminal voltages (black
and red plots). Total number of cycles: 500, of which we show one every 50. Scan rate 25 mV s *. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

state distribution. These changes correlate with the buildup of isoluble
species, resulting from the alternation of anodic and cathodic condition.
To this aim, we performed several types of experiments: (i) electroan-
alytical measurements spanning the cathodic and anodic ranges (Section
3.1); (ii) imaging post mortem the electrodes after cycling symmetric
coin-cell type devices (Section 3.2) and (iii) ex situ p-XAS of electrodes
subjected to characteristic battery conditions. Moreover, we have
mathematically modelled XAS maps, with the approach described in
Section 2.3.2. We decided to operate ex situ in order to have better
control on prolonged cycling conditions. This is an important starting
point for the future ageing studies with microfluidic cells we are
developing based on our experience for in situ spectromicroscopy with a
sealed cell [41,42].

3.1. Cyclic voltammetry

Fig. 1A reports one typical instance of the 18 replicated CVs (10
cycles) measured in the additive-free electrolyte in order to achieve a
thorough grasp on instrumental and reproducibility issues. The results
from these measurements are in excellent quantitative matching, with a
well-defined and controlled deviation of the current values, which was
always below 15%. The cathodic deposition of Zn (Inset (i) of Fig. 1A.)
starts at ca. —1.15 V in the first cycle, in which Zn nucleation occurs at
the bare glassy-carbon surface, and at ca. —1.10 V in the following ones,
in which Zn nucleates in the presence of a film or residual corrosion
products. After an initial current-density growth that follows the I-V
dependence described by the Butler-Volmer equation, a mass-transport
controlled peak forms, with a maximum at ca. —1.17 V. The limiting
CD under stagnant conditions is attained during the anodic-going scan,
as one can appreciate from the plateau extending in the range ca. —1.5+-
1.3 V. At high cathodic potentials, close to —1.5 V, an additional peak
can be observed, that can be explained with the reduction of zinc oxides/
hydroxides, forming in the catholyte owing to local alkalinization
brought about by HER concomitant with Zn electrodeposition. This
process in well-known in electroplating (e.g. [43]), and it can be so
extensive that it also affects the performance of acidic metal-plating
baths, but it has received limited attention in the case of Zn anode
recharge in mildly acidic aqueous battery electrolytes. HER during Zn
electrodeposition is also witnessed by a cathodic current efficiency that
is slightly, but measurably lower than 100% (Fig. 1A, Inset (iv)). It can
be noticed that the current densities in the whole cathodic loop tend to

decrease with the number of CV cycles, owing to the accumulation of
oxidation products that can neither be fully solubilized in the anodic
interval, nor completely reduced in the cathodic period.

The anodic range of the CVs (Inset (ii) of Fig. 1A) is dominated by the
stripping of Zn deposited in the cathodic range, and exhibits a prominent
peak, followed by a sharp decrease and terminating with a low CD tail
extending for some tens of mV. Since in mildly acidic electrolytes the
tendency to passivation is weak, the potential range of the peak in which
the slope of the I-V curve is negative is dominated by Zn consumption
rather than by oxide formation, as in alkaline solution. Evaluation of the
anodic-cathodic charge ratios (Inset (iii) of Fig. 1A.) over all cycles of all
replicated runs confirms this view. To confirm experimentally the
negligible propensity of Zn to passivate under these conditions of elec-
trolyte and cell geometry, we repeated the measurement with a Zn rod as
WE: the results are shown in Fig. 1B and evidently confirm active
corrosion (in fact, under ohmic control) over the whole investigated
potential range.

Notwithstanding dominating active corrosion, the residual CD tail
observed in the CVs measured with a glassy-carbon electrode, can be
justified with the formation of Zn(II)-containing species, imparting some
degree of pseudo-passivation, impeding the completion of Zn stripping,
and forming a compact and hard-to solubilize layer of corrosion prod-
ucts, favoured by the presence of an inert electrode material. The pro-
gressive decrease of the CD values, already noted in the cathodic loop
and confirmed in the anodic one, is fully compatible with the buildup of
an anodic film over cycling.

To further investigate the alkalinization of the catholyte resulting
from the application of cathodic potential, and anodic pseudo-
passivation processes occurring during the operation of Zn anodes in a
near-neutral aqueous electrolyte, we carried out prolonged voltam-
metric cycling (500 scans, Fig. 1C) and assessed the effect of shifting the
CTP from —1.6 (black plot) to —1.4 V (red plot). It is worth nothing that
after 500 cycles with both CTPs, the WE was covered with an evident
white layer — that we did not investigate further —, that was clearly
thicker after the experiment with CTP of —1.6 V. The results in Fig. 1C
indicate that, coherently with the CVs of Fig. 1A and irrespective of the
CTP, there is a progressive decrease of CD in both the cathodic and
anodic ranges. A closer look at the CVs in the cathodic range (Inset of
Fig. 1C) reveals that, while with a CTP of —1.4 V the limiting CD is not
affected by cycling, the rising portion of the cathodic CD before the
mass-transport control peak is systematically lowered, though not as
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Fig. 2. A) GCD cell potential profile at Zn/Zn symmetrical split cell run at 1 mA cm 2. The cell contains a free electrolyte 2 M ZnSO4. B) and C) SEM images of the Zn
electrodes cycled in a Zn/Zn symmetrical cell at 1 mA cm ™2 in 2 M ZnSO, for ca. 98000 s.

much as with the CTP set at —1.6 V. The relative variations of consumed
charge reveal that the cathodic charge is systematically higher (in the
range ca. 10 + 40%) than the anodic one: in principle a difference be-
tween the anodic and cathodic consumed charges can be due to HER and
to the formation of Zn-containing species, that cannot be solubilized
anodically and impede the complete stripping of the deposited zinc. The
cathodic current efficiency data reported in Inset (iv) of Fig. 1A confirm
this view. HER thus leads to the fact that the trend of Fig. 1C is domi-
nated by the build-up of an insoluble film, which impedes the comple-
tion of Zn dissolution. Mechanistically, this scenario is compatible with
the anodic formation of type II oxides, as well as with the cathodic
precipitation of zinc basic salts, resulting from the alkalinization of the
catholyte and favoured by a CTP of —1.6 V: the presence of both species
has been demonstrated in neutral environment by quasi-in situ XAFS,
recently performed in our group and in a 1 M ZnSO4 electrolyte by
Cachet [44]. Indeed, both processes tend to reduce the active area of the
electrode and, in addition, can also give rise to a porous layer of type-I
oxide [45], that also hinders mass transfer. Another piece of evidence
hinting at the occurrence of the cathodic precipitation process is that,
with the CTP set at —1.6 V, after ca. 100 cycles, random c.d. spikes can
be observed both in the cathodic and anodic ranges, that are charac-
teristic of pseudo-passivation conditions.

3.2. Galvanostatic charge-discharge cycling of Zn/Zn symmetrical cell

Fig. 2A shows the potential profile of the experiment run at 1 mA
cm~2 in 2 M ZnSO4. The shapes of the potential transients can be
qualitatively illustrated in terms of cathodic and anodic metal
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electrochemistry: a full discussion of this topic can be found in Ref. [46].
In particular, the first half-cycle in Fig. 2A shows an initial high value of
the cell potential, followed by a fast decrease which immediately rea-
ches a constant value: this behaviour is indicative of the presence of a
nucleation process, followed by the growth of a Zn film of increasing
surface area, combined with ohmic contributions. The remaining
portion of the potential profile is characterized by half-cycles exhibiting
a continuous increase of the cell overpotential, which indicates the
occurrence of gradual passivation that causes the failure of the cell at ca.
98000 s.

Fig. 2B and C represent the morphological analysis of the Zn elec-
trodes cycled in the experiment illustrated in Section 3.1.2, where uni-
form dispersion of Zn agglomerates is evident all over the Zn surface (see
Fig. 2B). In particular, each agglomerate is composed by a mixture of
hexagonal-like crystallites, typical of Zn electrodeposits obtained in
mildly acidic baths (features (a) in Fig. 2C) [47,48] and ZnO platelets
(features (b)) [49].

3.3. u-XAS and imaging

The XAS maps of the electrodes subjected to representative electro-
chemical conditions (detailed below, and coded A, B and C) evidenced
clearly the induced inhomogeneity accompanying the changes of Zn
chemical states. The obtained information is based on the corresponding
Zn L-edge and O K-edge p-XAS, encoding the chemical speciation vari-
ations of the initially homogeneous Zn anode as a result of the discharge-
charge cycles. Specifically, we selected the following cases, that are
exemplary of battery operation and provide reasonable coverage of the
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—— Background
— Fit 0.6

ZnO resonances

0.5

0.4

Intensity / a.u.
o
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Fig. 3. A) Zn L-edge XAS spectra of the Zn (black line), ZnO (red line) and zincate (green line) standards. O K-edge XAS spectra of: B) ZnO standard sample, C) zincate
standard sample. See text for details on fitting. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Table 1
Electronic transitions occurring at the Zn L-edge and the O K-edge.

Zn L-edge energy Transition

position (eV)

A -1023.5 Dipole-forbidden transitions [55]
2p — 4s [52]
2p — 4p4d [51,53,54]
B-1027.5 2p — 4d, d-d interactions of the 4d orbitals, O 2p-hy-
C-1031 bridized band [51-55]
D -1033
O K-edge energy ranges Transition
(eV)
530-540 1s — O 2p hybridized Zn 4s [23,25,51-53,58]
540-550 1s — O 2p hybridized Zn 4p and 4d [23,25,51-53,58]
550-570 1s — O 2p - Zn 4d mixed states [23,25,51-53,58]

range of practically relevant conditions [50]: (A) oxidation at +1 mA
em 2 of a pure Zn layer (Al: weak oxidation, 1 min corresponding to
DOD of ca. 12% and A2: deep oxidation, 5 min corresponding to DOD ca.
60%), characteristic of almost discharged anode, (B) reduction of a pure
ZnO layer at —1 mA cm™2 for 4 min (charge leading to a nominal DOD
ca. 44%), characteristic of a fully oxidized anode or of the initial state of
a fabricated discharged battery and (C) reduction-oxidation cycling of

1.0

(A)

0.8

0.6

Intensity / a.u.

0.2

1030
Energy / eV

1035

0.0Eses"
1020 1025 1040

1.0

(C)

0.8

0.6

<
B

Intensity / a.u.

0.2

1030 1040

Energy / eV

. (s
1020 1025 1035

Journal of Power Sources 524 (2022) 231063

an initially pure ZnO layer (10 cycles +1 mA cm 2 for 4 min, DOD ca.
44%, terminated cathodically).

3.3.1. Zn L-edge and O K-edge u-XAS

Due to lack of previous Zn L-edge XAS measurements for the zincate
and metallic Zn standard samples, we first performed Zn L-edge and O K-
edge XAS measurements of standard Zn, ZnO and zincate-rich samples,
shown in Fig. 3. It should be noted that the presence of small fractions of
ZnO, in the zincate standard, is expected owing both to the poorly
known dehydration equilibria in solution and the electrochemical for-
mation of ZnO nanoparticles [51]. This was taken into account by
appropriate numerical correction, derived from the elaboration of pre-
cipitate samples from different batches; more details on the chemistry of
precipitates from electrochemical dissolution of Zn will be provided in a
dedicated paper. Since the Zn ion in ZnO is in 3 d'° state, the Zn L-edge
XAS spectra provide information about the electronic transitions from
2p to 4s, 4p and 4d lowest unoccupied states, obeying the
dipole-transition selection rule. All authors [52-56] agree on the
assignment of the features present in the 1020-1040 eV energy range to
the transitions involving the 4p and 4d orbitals, with the exception of
[53,56] that associate the lowest energy feature A with the 2p—4s
transition and with dipole-forbidden transitions.

O K-edge XAS, probes the O 2p unoccupied states in the conduction

o
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Fig. 4. Zn L-edge XAS spectra (circles: experimental data, red plot: fit) of: A) Zn electrode after discharge (condition A2, region of spheroidal features in Fig. 5B). B)
and C) ZnO electrode after application of single charge electrochemical polarization (condition B, regions with different Zn metal content in Fig. 6. D) ZnO electrode,
after electrochemical cycling, terminated in charged state (condition C). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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band and their hybridization with Zn orbitals. Representative O K-edge
XAS spectra of the oxide and zincate standards are shown in Fig. 3B and
C. Due to the high sensitivity of the O K-edge spectra to the details of O
chemistry, it was not possible to achieve accurate fitting with a linear
combination using the spectra of the standards, as done for Zn L-edge
spectra. Thus, we analysed the spectra by using a multi-gaussian fitting
approach, along the lines described in Refs. [57,58]. The edge region of
the standard ZnO spectrum in Fig. 3B was fitted as the sum of three
components peaking at 533.8 eV, 536.1 eV and 538.2 eV. In particular,
we considered, according to the literature [23,25,59], the peak at 538.2
eV as the principal component of the ZnO species, thus we kept this
position fixed in each spectrum where ZnO is present. In the zincate
standard spectrum in Fig. 3C, the characteristic zincate component is at
534.3 eV [54], together with the components associated with ZnO
(535.5 eV, 536.7 eV and 538.2 €V) and defective ZnO (531.3 eV and
531.7 eV). Table 1 reports a summary of the Zn L-edge and O K-edge
electronic transitions with the associated literature. The Zn XAS spectra
of the standard samples were further used as a basis for linear combi-
nation fitting of the p-XAS measured after electrode cycling steps.

Fig. 4 reports a selection of Zn L-edge pu-XAS, representative of
dominant regions in the Zn L-edge maps of the electrode, measured in
correspondence of the selected electrochemical conditions. We should
point out that after the applied treatments, all Zn maps reveal

inhomogeneity in the developed chemical state, as reported in detail in
the next subsection. In the case of an initially metallic Zn electrode,
subjected to deep discharge (condition A2, Fig. 4A), zincate-rich struc-
tures predominate with some presence of ZnO - estimated fractions: Zn-
0; Zn0-0.1472; zincate-0.8528. In the case when the initially ZnO
electrode is subjected to a single charge cycle (condition B, Fig. 4B and
C) metallic Zn is formed, together with some zincate, resulting from the
cathodic precipitation mentioned in Section 3.1, and residual ZnO. The
varying local current densities in different locations, result in different
quantities of reduced Zn, confirmed comparing the spectra in Fig. 4B
(Zn-0.2638; Zn0-0.5764; zincate-0.2148) and Fig. 4C: (Zn-0.4181; ZnO-
0.5965; zincate-0.1087). After a series of charge-discharge cycles,
terminated in the charged state (condition C, Fig. 4D), zincate-enriched
(Zn-0; Zn0-0.7042; zincate-0.2958) structures were found, with ZnO
being the dominant species in the more heavily oxidized regions. Mixed
ZnO/zincate states have been conjectured on the basis of indirect mea-
surements [60] and in our direct spectroscopic observation we confirm
their presence.

Fig. 5 shows the O K-edge p-XAS extracted from dominant areas in
the O K-edge maps, measured for samples subjected to the electro-
chemical treatments A, B and C, that are in general accordance with the
Zn L-edge spectra: the features associated with ZnO, zincate and
defective ZnO species can be identified. Specifically, the relative
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Fig. 6. Images and p-XAS spectra of Zn
electrode, subjected to incipient discharge
(DOD ca. 12%, condition Al) and deep

discharge (DOD ca. 60%, condition A2) at 1
mA cm 2 (A) absorption and (4 D) trans-
mission images taken at 1080 eV (above the
Zn L-edge). (B) Zn L-edge XAS and (C) O K-
edge XAS, measured in the microspot indi-
cated of image (A). (E) Fit of the indicated
region of map (D) with the DIB model:
identified parameters, B = 103.35 + 0.06, C
= 2.8095 + 0.0075. (F) Chemical-state map
(differential map), based on a stack of ab-
sorption images at the Zn L-edge: the domi-
nating species are indicated in the image.
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incipient discharge

intensities associated with the ZnO and zincate main peaks in Fig. 5D
confirm the zincate enrichment due to the electrochemical treatment A2
(see Fig. 4A) and the ZnO predominance highlighted in Fig. 4D. Also the
analysis of the O K-edge confirms the non-uniform distribution of oxides
and zincates as a result of condition B, as discussed above. In fact, by
inspection of the relative intensities of the ZnO and zincate main peaks
in Fig. 5B, the coexistence of ZnO and zincate species in that area is
confirmed, while the analysis of the spectrum in Fig. 5C confirms the
predominance of ZnO species in another area of the same sample.

3.3.2. X-ray absorption u-XAS mapping

In this Section, we report a selection of absorption and Zn L-edge
maps, measured ex situ after the electrodes were subjected to electro-
chemical conditions A, B and C. All maps clearly reveal the developed
heterogeneity in morphology and Zn chemical states.

The absorption, chemical maps and p-XAS in Fig. 6 represent Zn
electrodes subjected to incipient discharge (condition A1) and deep
discharge (condition A2). The absorption image in Fig. 6A shows that
under incipient discharge conditions the morphology is somewhat still
preserved: the formation of submicron nodules of oxidized zinc, pre-
dominantly in the form of zincate, can be noticed, growing onto the
metallic Zn film. Fig. 6D shows how deeper discharge leads to appar-
ently new morphology, characterized by the growth of micrometric
nodular structures, tending to coalesce, with ZnO cores surrounded by

0.5

deep discharge

zincate shells. Zn oxidation under these conditions is compatible with a
nucleation-and-growth phase formation mechanism, whereby precipi-
tated zincate is the dominating species at the electrode-electrolyte
interface, which tends to dehydrate to ZnO in the bulk. This scenario
is consistent with the one suggested in Ref. [61], based on different
vibrational and visible (linear and SHG) in situ spectro-electrochemical
methods, but the novelty in the present study is that we jointly evi-
dence the valence state and the spatial complexity.

The combination of submicrometer chemical and morphology
mapping and micro-spectroscopy has allows us to associate the different
types of Zn(II) with the morphology of the Zn passivation layers. Local
differences in electronic (due to the formation of ZnO) and ionic (owing
to zincate precipitation) conductivity at the electrode-electrolyte inter-
face control the CD distribution at micrometric scale and determine the
corrosion morphology that can be described quantitatively through the
DIB model (Panel E). Remarkably accurate map fitting can be obtained
with parameter values: B = 103.35 + 0.06, C = 2.8095 + 0.0075
(Frobenius error: 23%).

The images and p-XAS spectra in Fig. 7 illustrate how the electro-
chemical reduction of a thin ZnO film results in the formation of a
network of micro-sized Zn metal filaments (Panels (B-D, J, K)) on a
background of residual, pristine ZnO (Panels (A, I)). The p-XAS spectra
(J) and (K) and chemical images (E-G) confirm that the presence of
zincate correlates spatially with Zn metal. This seems to be a
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Fig. 7. Absorption images at O K-edge energy (B-D), O K-edge (I, J) and Zn L-edge (K) p-XAS and chemical images (E-G) of ZnO electrode subjected to electro-
chemical reduction at —1 mA cm ™2 to DOD ca. 44% (condition B). The absorption images (B-D) are measured above the O K-edge; (I) shows a typical O K-edge p-XAS
spectrum of a region where pristine ZnO dominates, indicated in image (1). (J, K) u-XAS spectra are taken in the colour-coded locations indicated in image (C). (E-G)
Chemical maps corresponding to the absorption image (D), taken at photon energies outlining the spectral feature with the predominant presence of zincates (E, red
map) and zinc (F, green map). The RG (red-green) map (G) is an overlap illustrating the relative lateral distribution of these phases. (H) Demonstration of the gain in
lateral resolution using ptychography, compared to SXM absorption imaging. The ptychographic images are obtained from diffraction images recorded using un-
focused beam at the Zn L-edge with 10,000 iterations of the difference Map algorithm. (A) Fit of the map (B) with the DIB model: identified parameters, B = 96,444
+ 0.204, C = 2.7686 + 0.0255. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

characteristic feature of Zn electrodeposition in a weakly acidic aqueous
solution. It is also worth noting that ZnO is scarcely present in the region
where Zn has formed. Again, good map fitting (Panel (A)) can be ach-
ieved with the DIB model with optimal parameters: B = 96,444 + 0.204,
C = 2.7686 4 0.0255 (Frobenius error: 16%). Quantitative details of the
relative contribution of catholyte alcalinization in high-CD locations and
re-oxidation (self-discharge) in low-CD ones calls for future in operando
studies, e.g. using cells like the ones we developed in Refs. [41,42]. In
operando dynamic p-XAS will also confirm that most likely the observed
filamentary growth is controlled by the details of ZnO film granularity
and defectivety. Further on, for increasing the space-resolution far
below one micron, ptychography is an excellent choice [62-65]. The
images reported in Panel (H) of Fig. 7, obtained at the 108-1 endstation,
clearly confirm the notable gain in space resolution from 150 nm pixel
size in the STXM micrograph to 10 nm in the reconstructed

ptychography images, in addition to the availability of complementary
modulus and phase contrast modes.

Fig. 8 reports absorption and chemical-state maps of a ZnO electrode,
subjected to 10 charge-discharge cycles at +1 mA cm ™2 and terminated
cathodically (condition C). The spectral information was handled in the
same way as in Fig. 7. The morpho-chemistry of the cycled electrode is
characterized by a Zn metal background with scattered, relatively thick
crystallites, generally exhibiting protruding needle-shaped structures.
Zn present in these crystallites is predominantly ZnO (Panel (G) of
Fig. 8), while zincate seems to outline the surface of these features, in
analogy with the core-shell structures observed in the oxidation exper-
iment (condition A2, Fig. 6D-F).

The colocation of Zn and zincate, noted in the ZnO reduction
experiment (condition B, Fig. 7), seem confirmed, even though less
spatially defined as a result of accumulating redox cycles. Moreover, the
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Fig. 8. Absorption and chemical maps of ZnO electrode subjected to 10 charge-discharge cycles at —1 mA cm™2 to DOD ca. 44% (condition B), terminated
cathodically. (B, C) Absorption images taken above the O K-edge, (E-H) Chemical maps, indicating the location of predominating: zincates (E, red map), Zn (F, green
map) and ZnO (G, blue map). The RGB (H, red-green-blue) map is an overlap illustrating the relative lateral distribution of these phases. (A, D) Fits of the indicated
regions of maps (B) and (C) with the DIB model: identified parameters, respectively, B = 98.865 =+ 0.028 (map (A), 98.890 + 0.04 (map(D)); C = 2.796 + 0.034 (map
(A), 2.799 + 0.049 (map (D))). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

ZnO spatial distribution clearly reveals that this is a secondary forma-
tion, resulting from electrochemical oxidation, and probably consoli-
dated by incomplete reduction. Thus, the main characteristic of the
chemical-state distribution developed from cycling, is its control by
the formation of micrometric grains, chiefly consisting of ZnO. The
grains tend to localize the electrochemical processes, increasing the CD
at the edge of these structures, as witnessed by the needle shaped pro-
trusion, that might play the role of dendrite precursors. The XAS maps
are successfully fitted with the DIB model: noticeably, the low- and high-
magnification maps (Panels (B, C) of Fig. 8) can be independently fitted
with essentially the same set of parameters (Panels (A, D) of Fig. 8): B =
98.865 =+ 0.028 (map (A), 98.890 =+ 0.04 (map(D)); C = 2.796 + 0.034
(map (A), 2.799 + 0.049 (map (D))). (Frobenius errors: 40 and 21%).

Considering jointly the XAS maps fits corresponding to electro-
chemical conditions A, B and C (Figs. 6E, 7A and 8A, D), it can be noticed
that the same values of parameter C are found in all cases, while
different values of parameter B correspond to the different experiments.
Specifically, B grows systematically going: (i) from charging (exclusively
reduction, Fig. 7A): B = 96,444 + 0.204; (ii) to charge-discharge cycling
(alternated reduction and oxidation, Fig. 8A, D): B = 98.865 + 0.028;
and finally (iii) to deep discharge (exclusively oxidation, Fig. 6E): B =
103.35 + 0.06. These results show that adsorption of electroactive
species — modelled by parameter C [35,66] —, most probably zincates or
reduction intermediates [67] essentially plays the same role in the
electrochemical processes, leading to electrode structuring, taking place
in the three investigated conditions, while the degree of inhibition that
adsorbates causes to the faradaic process — modelled by parameter B [35,
67] - is different in charge and discharge, while an intermediate value of
B is coherently found in cycling experiments.

4. Conclusions

The present complementary electrochemical, X-ray imaging and
micro-spectroscopy study, accompanied by mathematical modelling of
XAS maps, has added lacking molecular-level information and physico-
chemical rationalization on the nature and spatial distribution of the
chemical state of Zn forming at the electrode/electrolyte interface as a

result of cyclic electrochemical oxidation of Zn and reduction of Zn(II)
species in weakly acidic aqueous electrolyte. The obtained results have
outlined the role of parasitic phase formation in the buildup of locally
passivating layers, that are strong candidates for the triggering of shape
changes. The reported findings highlight the formation of zincates due
to local alkalinization, followed by their precipitation due to transient,
cathodic supersaturation and decomposition to ZnO. The evidenced
generation of complex morpho-chemical patterns of the Zn electrode,
with patches of different ionic and electronic conductivity, is clear evi-
dence for cumulative localization of electrochemical oxidation and
reduction rates. In fact, anodic conditions give rise to soluble and
insoluble Zn(II) species - dictated by the local alkalinity developing
during the cathodic cycle -, and the heterogeneous CD - influenced by
the presence of insulating patches - can lead to direct formation of non-
stoichiometric ZnO. Moreover, map fitting in the framework of the DIB
mathematical model allowed to associate the heterogeneities devel-
oping at the Zn electrode surface with basic physico-chemical processes,
highlighting the key role of the inhibition of faradaic processes brought
about by the adsorption of electroactive species, that can be related to
zincates. The findings in our studies provide clear evidence that current-
density distributions that are nominally homogeneous on the electrode
scale, can lead to mesoscopic heterogeneities that, in turn, end up con-
trolling the nucleation distribution of new phases and the local deacti-
vation of the electrode, finally leading to outgrowth in selected regions.

These conclusions point towards one main direction of further
development: the knowledge-based use of additives. This approach is
commonplace in the literature, but it seems not to have led to the same
success achieved in metal plating. The present results and cognate work
in our group [46,68] suggest that the reason is probably that the synergy
between anodic and cathodic conditions has to be explicitly addressed.
This situation calls for molecular-level understanding of the role of ad-
ditives not only under cathodic and anodic conditions separately, but
also in common, exploiting the cathodic impact of anodically formed
phases and vice versa.
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