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Cellulose nanofibers (CNFs) are demonstrated as an effective tool for converting electrodeposits into
more easily detachable dendritic deposits useful in recycling zinc ion batteries via electrowinning. The
incorporation of CNFs at concentrations ranging from 0.01 to 0.5 g L' revealed a progressively
increasing and more extensive formation of a nacre-like dendritic zinc structure that did not form in its
absence. Increasing the CNF concentrations to 0.5 g L™ resulted in the most extensive formation of
dendritic structures. The explanation for the observed phenomenon is the ability of CNFs to strongly
interact with metal ions, i.e., restricting the mobility of the ions towards the electrowinning electrode.
At the highest concentration of CNFs (0.5 g L™, in combination with the lowest current density
(150 A m™?), electrodeposition was limited to the extent that formed deposits were almost non-existent.
The electrodeposition in the presence of CNFs was further evaluated at different temperatures of 20, 40
and 60 °C. The dendritic formation was increasingly suppressed with increasing temperatures, and at a
temperature of 60 °C, the electrodeposited morphologies could not be differentiated from the
morphologies formed in the absence of the cellulose. The results stemmed from a greater mobility of
the metal ions at elevated temperatures, while at the same time suggests an inability of the CNF to
strongly associate the metal ions at elevated temperatures. High-pressure blasted titanium electrodes
were used as a reference material for accurate comparisons, and electron microscopy (FE-SEM) and X-
ray diffraction were used to characterize zinc morphologies and crystallite sizes, respectively. This article
reports the first investigation on how dispersions of highly crystalline cellulose nanofibers can be used as
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a renewable and functional additive during the recycling of battery metal ions. The metal-ion/cellulose

rsc.li/materials-advances interactions may also allow for structural control in electrodeposition of other metal ions.

1. Introduction

Zinc-ion batteries are lower cost alternatives to their lithium-
ion counterparts in applications of energy storage.™” Zinc is
extracted from zinc sulphate-rich ores and refined via electro-
lysis, accounting for most of the world’s zinc production.®
In the battery industry, electrolysis can also be used to recycle
and recover metals, similar to lead from the spent lead-acid
battery paste, etc., where the electrodeposition is termed as
electrowinning.”® The possibility to perform the electro-
winning continuously would make it an attractive process both
from a practical and economical perspective. A continuous
electrowinning process would, however, rely on the methods
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to grow easily removable metal deposits.>®® Efforts to control
the nature of the deposits are therefore likely to be in focus in
the near future of battery metal recycling. So far, research on the
morphology of electrodeposited zinc has mostly focused on
suppressing the dendritic zinc growth inside batteries, which
is caused by repetitive battery charging that results in limited
battery performance.”"" The formation of dendritic zinc has
however also been investigated due to the possibility of taking
advantage of superior charge transport properties due to the
high specific surface area of a ramified metallic network.">"?
From a recycling perspective, dendritic zinc formation is
beneficial due to the facilitated release of the zinc deposited
on the cathode (used for electrowinning). A facilitated metal-
release from the cathode is relevant for the most electrowinning
recycling procedures of leached battery metals."* In the case of
nickel-cadmium batteries, cadmium is deposited on an alumi-
nium surface and scraped off manually before the manufacturing
of new electrode materials."

Small organic molecules such as pyridine derivatives, or
larger macromolecules like polyethylene glycol (PEG) or

© 2022 The Author(s). Published by the Royal Society of Chemistry
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polyoxyethylene ether, have historically been used in zinc
electrodeposition due to their ability to act as ‘polarizers’,
providing more levelled and shiny electroplated surfaces.'®™®
Nonetheless, there are shortcomings in using organic additives,
including toxicity and pollution, and for an easy release of the
electrodeposited material the contrary to shiny and levelled
surfaces is preferred."”® With societal developments moving
towards the use of abundant environmentally friendly and
renewable resources, additives meeting these criteria are of
significant interest. Biomacromolecules offer a non-toxic
alternative with the ability to bind metal ions in both specific
and non-specific ways.>*">* For instance, Xia et al. found that
gelatine affected zinc deposits during electrowinning in terms
of the crystal orientation and smoothness of the zinc surfaces.”®
Another biomacromolecule is cellulose, the most abundant
polysaccharide on earth.>* The hydroxyl groups of cellulose
are known to bind metal ions, creating hybrid metal oxide/
cellulose materials.>>**>® This ability has, among other things,
been used to form nanocomposites via in situ precipitation of
metal ions onto cellulose nanofibrils (CNFs).>” Cellulose-based
nanocomposites have also been prepared by immersing cellulose
fibres in zinc acetate solutions.?® Overall, these abilities make
cellulose nanofibers an interesting candidate as an additive
within the electrodeposition and recovery of zinc.

In this article, the role of CNFs was studied in the electro-
deposition of zinc on titanium substrates used for zinc electro-
winning. Different electrochemical conditions were explored,
including substrate surface roughness, current densities, and
electrodeposition times, before the effect of different CNF
concentrations could be accurately determined. The results
revealed that dendritic zinc structures are formed due to the
presence of CNFs, which facilitate the recovery and detachment
of the deposited zinc metal from the electrode. This contrasted
with more levelled or randomly organized zinc deposits formed
in the absence of CNFs. The dendritic growth phenomenon was
dominant at lower temperatures, where the zinc ion/cellulose
associations restricted the mobility of metal ions in the electro-
lyte. Overall, the results represent the first report on how
cellulose in its fully defibrillated dispersed state can be used
within electrowinning reactions important on larger industrial
scales, e.g., in the recycling of battery metals.

2. Experimental
2.1 Materials

Zinc chloride (ZnCl,, >98%), potassium chloride (KCl, >99.5%),
nitric acid (HNO3z, >65%), sodium hydroxide (NaOH, >95%),
sodium metasilicate (Na,SiO;, >98%), sodium carbonate
(NayCO3, >99%) and hydrochloric acid (HCl, 37%) were pur-
chased from Sigma-Aldrich, Sweden. Boric acid (H3BO;, 100%)
was purchased from Calbiochem, Merck KGaA, Germany. The
zinc standard solution (1000 mg L") used for ICP-OES calibration
was purchased from Alfa Aesar, Sweden. Titanium- (Grade 1) and
zinc-sheets (>99%) at 0.5 mm thickness were used as electrodes.
An aluminium silicate grit (D ~ 0.20-0.50 mm) and glass beads
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(D ~ 0.25-0.42 mm) were purchased from Ahlsell AB, Sweden.
The epoxy adhesive for masking the electrodes was produced by
Loctite (Power Epoxy, Henkel) and was purchased from Clas
Ohlson AB, Sweden. The bacterial cellulose (BC) had been grown
from the strains of Acetobacter xylinum and was purchased in the
form of cubes with an edge length of ~1 cm (Chaokoh, Asian
Market). Milli-Q water (18.2 MQ, 25 °C, pH 7.0) was used in the
preparation of solutions.

2.2 Preparation and characterisation of the cellulose

A mass of ~2 kg of cellulose was used for the preparation of
cellulose nanofibrils (CNFs) via acid hydrolysis extraction and
the procedure is illustrated in Fig. S1. BC cubes were rinsed in
water (12 h) to remove the remains of preservation and the
growth medium. The washed cubes were then treated for 5 min
in 1 L of a 10 vol% sodium hydroxide solution (98 °C). Sodium
hydroxide was thereafter exchanged with water until a neutral
pH (pH = 7) was reached. The cellulose cubes were shredded
using a regular kitchen blender before being compressed into a
solid to remove excess water in a polyamide mesh (SEFAR
PA1000 120/305-35W with 46 pm openings). The CNF content
of the semi-dried material (see the appearance of the inter-
mediate material in Fig. S1, ESI{) of the 65 g solid of com-
pressed cellulose was determined to be 12 £+ 3 wt% by drying
five separate samples in a laboratory oven at 70 °C.

Hydrolysis was initiated by adding the shredded cellulose
into a 1 L of a 50 vol% H,SO,-solution heated to 60 °C under
stirring at 300 rpm. The hydrolysis reaction was allowed to
proceed for 4 h before quenching the reaction with 1 L of cold
Milli-Q water. The extracted CNF was centrifuged 3 times for
10 min at 11 000 x G with the supernatant being exchanged for
Milli-Q water between each cycle. The extracted CNF was
maintained as an aqueous dispersion with a pH of ~3
(Fig. S1, ESIt), determined to be 1.55 £+ 0.1 wt%. The surface
charge of the extracted CNF was determined to be 50 peq g~
using polyelectrolyte titration, revealing that the CNF had a
negative charge. The nanofibers were measured in length and
width from a minimum of 1000 fibres, using the Image] software
developed by the National Institute of Health, Maryland, USA.
The obtained CNF had an average length of 480 4+ 30 nm and an
average thickness of 25 + 2 nm, see Fig. 6.

2.3 Zinc electrodeposition

Electrodeposition experiments were carried out in an electrolytic
cell with dimensions 170 x 65 x 110 mm. The cell was filled
with 1 L of aqueous electrolyte consisting of 60 g L™ * ZnCl,, 160 g
L' KCl, and 23 g L' H3BO;, with or without the CNF added as
the wet, never dried, cellulose suspension. The solution was
purged with argon for 30 min and the temperature was adjusted
for each experiment to 20, 40 or 60 = 1 °C. Fig. 1a shows
the electrolytic cell with the titanium (Ti) electrode, used as
the cathode for the electrodeposition, placed in the middle of the
cell with a deposition area of 2 cm® Two 45 x 100 mm zinc
sheets were used as anodes, contained in polypropylene mesh
bags to avoid the release of debris into the electrolyte solution.

Mater. Adv., 2022, 3, 5304-5314 | 5305
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Fig. 1

(a) Electrolytic cell setup. (b) Ti-electrodes without abrasive treatment (right), with sandblasting treatment using glass beads (middle) and

aluminium silicate treatment (left). (c) Micrograph of the surface of Ti-electrodes with aluminium silicate sandblasted treatment, and the inset shows the
magnification of a cavity. SEM images of the surface of substrates (d) after sandblasting treatment with aluminium silicate and (e) without abrasive
treatment after electrodeposition. (f) An example of a faceted crystal grown in a cavity. All electrodeposition experiments were carried out at a current

density of 150 A m~2 for 20 min at 40 °C.

The sheets were placed on the sides of the cell as anodes, Fig. 1a,
on equal distance from the Ti-electrode.

Ti-electrodes were sandblasted with aluminium silicate
(sand) or glass beads (glass), before being cleaned in an alkaline
cleaner (40 g L' NaOH, 25 g L™ ' Na,CO3, and 25 g L™ " Na,Si0O;)
for 10 min at 90 °C, to remove organic surface impurities. The
blasting was carried out to ensure that every Ti-electrode was
represented by identical electrode deposition surfaces. After the
alkaline treatment, the substrates were rinsed with Milli-Q water
and immediately before every electrodeposition experiment, the
Ti-electrodes were pickled for 10 min in Aqua regia and rinsed
with Milli-Q water.

The pH of the electrolyte was measured before and after
each experiment using a pH meter (Seven2Go S8 pH-meter,
MettlerToledo, Switzerland) to ensure that the pH of the electro-
lyte was approximately the same (5.4 £ 0.25). The electrodeposi-
tion experiments were carried out for 20 min at current densities
of 150 Am™~2,300 Am 2,500 Am 2,800 Am 2 and 1000 A m™>.
The effect of the electrodeposition time (in absence of the CNF)
was further evaluated at current densities of 150 and 1000 A m ™2,
respectively, by monitoring the crystal growth at time intervals of
1, 5, 30, 60, 300, 600, 1200 and 2400 s.

To investigate the effect of cellulose nanofibers, electro-
depositions were performed in aqueous electrolytes containing
0.01 g L ' and 0.5 g L ™" of the bacterial CNF, in addition to the
constituents specified above for the electrolyte. The zinc growth
in the presence of the CNF was studied at current densities
of 150 A m 2 and 1000 A m 2 at a temperature of 40 °C
and the duration of 20 min, which was established as the most

5306 | Mater. Adv, 2022, 3, 5304-5314

representative temperature to elucidate the effect of the CNF
(based on the observed depositions at different field strengths).
The effect of varying the temperature was further evaluated by
performing the electrodeposition at 20, 40 and 60 °C for the
electrolyte containing 0.5 g L~ " CNF, for 1, 3 and 7 min. After each
experiment, the Zn coated Ti-electrodes were rinsed with Milli-Q
water and dried in a vacuum oven at 45 °C for 1 h prior to being
characterized.

2.4 Characterisation

ZYGO’s 3D Optical Profiler was used to measure the surface
roughness of the samples (10x magnification objective, 1x
zoom, and 0.83 x 0.83 mm? field of view). The surface roughness
was determined by measuring how much the surface deviated
from its average height (Sa). A planar fit was performed to correct
for the curvature of the samples.

The morphologies of the Ti-electrodes before and after the
electrodeposition were observed using a scanning electron
microscope (FE-SEM, Hitachi S-4800), and the distributions of
elements were measured using energy-dispersive X-ray spectro-
scopy (EDS). The samples were coated with platinum/palladium
(Pt/Pd) in a high-resolution sputter coater (Cressington 208HR)
for 20 s at a current density of 80 mA before microscopy
imaging.

The samples before and after the electrodeposition were
characterised using X-ray diffraction (XRD), and the PANalytical
X'pert3 software was used for the peak identification. The
diffraction patterns were recorded over a 20 range from 5° to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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80° in steps of 0.008° at 45 kV and 40 mA using Cu Ko radiation
(4 =0.15418 nm).

The concentrations of zinc ions in the electrolyte before and
after the electrodeposition were determined using an induc-
tively coupled plasma optical emission spectrometer (ICP-OES,
Thermo Fisher iCAP 7400, USA).

3. Results and discussion

3.1 Effect of Ti-electrode surface topography on the
electrodeposition of zinc

Fig. 1a and b show the appearances of the titanium electrodes
before and after the abrasive blasting treatment. Additionally,
Fig. 1c shows a SEM image of the Ti-electrode after the harsher
aluminium silicate treatment. The micrograph reveals that
cavities with a size of ca. 5-10 pm were formed in the substrate
surface, contributing to the roughness of the substrate.
As shown in the micrographs and surface texture maps in
Fig. S2 (ESIY), the roughness of the surface (deviation from its
average height) varied significantly depending on the media
used for making the reference electrodes, i.e., aluminium
silicate (Sa = 4.20 £ 0.2) > substrates treated with glass beads
(Sa =1.88 £ 0.04) > non-treated substrates (Sa = 0.50 £ 0.02).
Fig. S2 (ESIT) also shows how the deposition of zinc occurred on
the different substrates. The roughness and texture of the
electrode surface was previously demonstrated to significantly
affect the nature of the deposition.”**° It could thus be con-
cluded that the achieved surface roughness values corre-
sponded well with the different hardness values of the

300 A/m2

150 Alm2

1000 A/m2
e

View Article Online

Materials Advances

blasting media (aluminium silicate grit (7-9 Mohs®') and glass
beads (5-6 Mohs®?)). Fig. 1d and e, Fig. S2f and S3 (ESIt) show
the micrographs of Ti-electrodes after zinc electrodeposition,
revealing that the zinc preferred to deposit in the cavities
created by sandblasting. Without an abrasive treatment, the
Zn instead adhered in a non-preferential manner to the overall
smoother surface (Fig. 1e). The EDX images in Fig. S4 (ESI{)
confirmed the presence of zinc domains within the cavities of
the abraded titanium substrate. Earlier research demonstrated
that dislocations and imperfections along the electrode surface
are more favourable sites for the initial nucleation.”**° Alumi-
nium silicate was therefore selected as the blasting medium
due to its ability to create the highest surface roughness while
at the same time consistently providing identical surfaces for
electrodeposition (allowing reproducible electrodeposition
experiments with all scratches from the Ti-manufacturing
process removed, Fig. 1b). Fig. S5 (ESIf) (XRD) additionally
confirmed that the deposited zinc phase was identical regardless
of the substrate pre-treatment method.

Fig. 1f highlights a representative zinc crystal grown in one
of the induced cavities, revealing that the zinc was deposited in
the form of flat and smooth crystals with a size of 10-20 um,
always with well-defined facetted edges. These morphologies
have been associated with the formation of deposits through
the epitaxial growth, which occurs under conditions when the
kinetics is controlled by charge transfer and not by mass
transfer, or any other phenomena dependent on the ionic
diffusion.”®** As the ions approach the cathode surface, the
charge transfer occurs where the zinc ions adsorb along the
cathode surface. The atoms can then diffuse along the surface

Fig. 2 Substrate surface morphologies after 20 min of electrodeposition at 40 °C and at different current densities. SEM images of the center of the
substrate after electrodeposited at current densities of (a) 150 Am ™2, (b) 300 Am™~2, (c) 500 Am 2, (d) 800 Am™~2, and (e) 1000 A m~2 and (f) the corner of
the substrate after electrodeposition at current densities of 300 A m~2 (left) and 800 A m~2 (right).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD diffractograms of zinc deposited at current densities of
150 Am~2, 500 A m~2 and 1000 A m~2. The peaks corresponding to the
titanium phase (JCPDS-ICDD, 44-1294) are labelled with a black square
(H). The hexagonal prism analogous to the zinc crystal in Fig. 1f illustrates
the corresponding directions of the crystal planes (002) and (100).

of the electrode and contribute to the crystal growth at the most
energetically favourable sites, which explained the very uniform
growth of the zinc-metallic structures."® More facetted crystal
structures tend to form when the supply of ionic species is not
limited by diffusion in the electrolyte and when the surface
diffusivity of the adsorbed atoms is high."?

Fig. S5 (ESIt) shows the XRD patterns of the samples after a
20 min electrodeposition at a cutrent density of 150 A m™?,
where the peaks were attributed to Ti-phase (JCPDS-ICDD PDF
44-1294) and Zn-phase (ICDD PDF 04-0831).

Diffractograms confirmed the deposition of Zn crystals onto
the Ti-electrode. The presence of the Ti-peaks was consistent
with the finding that the zinc did not fully cover the Ti-
electrode, as shown in Fig. 1d and e. No differences in the
deposited Zn phase could be associated with the diffraction
patterns regardless of the nature of the Ti-surface roughness,
indicating that the crystal growth was independent of the
nucleation on the differently prepared titanium substrates.
However, previously it has been shown that increasing current
densities can affect the uniformity as well as the morphology of
zinc-deposits by promoting the protruding growth.>*?* It was
therefore motivated us to investigate an extended range of
current densities before evaluating the impact of the CNF on
the electrodeposition experiments.

3.2 Effect of the current density in the Zn electrodeposition

Fig. 2 shows micrographs revealing the morphology of the zinc
deposits obtained at current densities of 150 Am™2, 300 Am 2,
500 A m~? 800 A m % and 1000 A m~2 after 20 min of
deposition. Fig. 2a-c reveal that deposits consisted of solitary
facetted hexagonal Zn crystals at current densities lower than
500 A m > An increase of the current density to 800 A m™>

resulted in a merging of the hexagonal structures (Fig. 2d),
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Fig. 4 Micrograph showing zinc electrodeposited after 5 s near one of
the edges of the electrode using a current density of 150 A m~2. The
hexagonal nanoflakes are visible as merging with its surface.

whereas a further increase to 1000 A m~> allowed a complete
coverage of the cathode surface (Fig. 2e). Fig. 2f shows the
edges of the Ti-electrodes after 20 min of electrodeposition at
current densities of 300 A m~> and 800 A m~?, revealing that
the protuberant zinc deposits significantly increased with an
increasing current density. The current crowding effect
typically occurs at the corners and edges of the electrode, where
a local electric field is intensified, leading to a more extensive
zinc growth.*® Furthermore, the protruding structures show
that the Zn ions prefer to attach to the already deposited zinc
with lower resistance,’” where Ti (39.00 uQ x cm) has a higher
resistivity than Zn (5.45 uQ x cm).*®

Fig. 3 shows the X-ray diffractograms after 20 min of electro-
deposition at current densities of 150, 500 and 1000 A m™?
respectively. The diffraction peaks related to the Zn phase were
the only peaks that could be discerned for current densities of
500 and 1000 A m 2, while the diffraction peaks corresponding
to the titanium substrate were only present at 150 A m™~>. The
lack of titanium peaks was thus synonymous with the fully Zn
covered Ti-electrode. The Zn-ion concentrations before and
after the deposition were determined through ICP measure-
ments (Table S2, ESIf). The Zn ion concentration of the
electrolyte did not decrease throughout the reaction. A more
dominant orientational growth of the Zn crystals, with more
exposure of the (002) face, always showed at a higher current
density of 1000 A m ™~ after 20 min deposition, see the inset of
Fig. 3. The extended in-plane crystal growth (parallel to the
surface) of the (002)-plane could be observed by determining
the relative intensities of the (002)/(101) peaks, which were ca.
ten times higher after the electrodeposition at 1000 A m™>
compared to the value calculated from ICDD PDF 04-0831. In
other studies, an exposure of the (002)-basal planes has been
argued to be beneficial due to its high stability, which is likely
to hinder corrosion, H, evolution and by-product reactions, an
aspect which in turn significantly improves the electrochemical
performance of fuel-cell Zn-ion batteries.® In this study, the
extensive exposure of the (002)-face, associated with a current

© 2022 The Author(s). Published by the Royal Society of Chemistry
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density of 1000 A m~> allowed for conditions representing
stable Zn-Zn nucleation and growth to show, whereas a current
density of 150 A m 2 could be associated with a significantly
smaller deposition rate (and total amount) within 20 min.

3.3 Effect of the electrodeposition time

To understand the growth patterns of the zinc-phase during the
electrodeposition reactions, Fig. S6 (ESIt) shows micrographs
taken at different deposition times (5 s, 15 s, 30 s, 1 min, 5 min
and 10 min). The first formed Zn particles, with facetted
structures, showed a diameter of ca. 125 nm already after
5 seconds of deposition (Fig. S6a, ESIT), while smaller nano-
flakes (Fig. 4) covered the surface of these particles as a major
feature of the earliest growth samples. These smaller particles
merged and grew into larger sized particles (with a size of ca. 2-
5 pum) within the first minute, while the nanosized flakes
completely disappeared. A further increase in the deposition
time to 10 min resulted in Zn crystals growing on top of each
other as merged crystals, resulting in a transition from having a
deposition of singular zinc particles to having a deposited zinc
layer. The uniform electrodeposited layer of zinc over the entire
electrode could be concluded to have occurred after ten min of
deposition, compared Fig. 5a with Fig. 3 (XRD). Overall, the
formation and dissolution of the zinc nanoflakes followed by
the more extensive growth of the larger Zn-crystals could be

20 min

10 min

Intensity (a.u.)

5 min

102)
(103)
(110)

1 min

| S—
—(101) — p—
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Fig. 5 (a) XRD patterns of zinc-deposition on the surface of the Ti
substrate at a current density of 1000 A m~2 depending on electrodeposi-
tion times. 1 min (black); 6 min (red); 10 min (blue); and 20 min (pink). The
peaks corresponding to titanium are labeled with a black square (H). (b)
Crystallite size (D) as estimated with the Scherrer equation measured for
four different electrodeposition times at a current density of 1000 A m~2.
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concluded to be a typical growth pattern. This trend could be
confirmed from observations for the zinc deposited at a current
density of 150 A m™2.

Fig. 4 and Fig. S7a and b (ESIt) show the nanoflakes with
25-50 nm width as grown on the formed zinc particles at a
deposition time of 5 s. The edges of the nanoflakes became
more prominent when increasing the deposition time to 30 s
and 1 min (Fig. S7c and d, ESIt). Further increases of the
deposition time to 5 and 10 min resulted in the disappearance
of the hexagonally shaped nanoflake structures on the surface
of Zn particles, ie. similar to the transformation occurring
within the first minute at a current density of 1000 A m™>
(Fig. S6a, ESIt). Overall, the deposition at a current density of
150 A m~? occurred at a slower rate (synonymous with the XRD
data in Fig. 3). Fig. 4 shows a ca. 400 nm sized Zn particle
observed at one of the edges of the electrode. The entire particle
appeared to be composed of an accumulation of the described
hexagonal nanoflakes. The observation supported the conclu-
sion that the hexagonal nanoflake particles were always to some
extent present in the formation of the larger sized electrode-
posited zinc phase.

Fig. 5a shows the X-ray diffraction patterns of the zinc
deposited at a current density of 1000 A m~> measured at
1 min, 5 min, 10 min, and 20 min. The diffractogram shows
that the intensity ratio of (002)/(101) diffraction planes changed
after 10 min of electrodeposition, demonstrating a stronger
growth and representation of the (002)-plane. This intensity
ratio transition was never observed at a current density of
150 A m~? (Fig. 3) within the time frame of 20 min, because
of the suppressed and more limited electrodeposition. Fig. 5b
shows the average crystallite size of the deposited Zn as
calculated from the XRD data (Fig. 5a, peaks (002), (101),
(102), (103), and (110)) with the Scherrer equation. The graph
demonstrates that the crystallite size of Zn increased (doubled)
with the increasing electrodeposition time from ca. 65 nm
(1 min) to 145 nm (20 min). The crystallite size was determined
as the average from the above peaks because of the anisotropic
nature of the crystal growth.*®*" Overall, it was clear from the
electrodeposition over time study that the external zinc surface
for the fully zinc coated electrodes was dominantly exposing the
(002)-plane parallel with the substrate surface.

3.4 Effect of the cellulose nanofiber concentration on the
electrodeposition of zinc

Fig. 6a shows the result of the acidic cellulose extraction and
the resulting average CNF sizes in terms of the fibre thickness
and length of the CNF, whereas Fig. 6b shows the crystalline
nature of the CNFs and their X-ray diffraction patterns.
Cellulose nanofibers as an aqueous dispersion allowed for
using the CNF in a more defibrillated form, where the fibers
had been liberated during hydrolysis. The CNF in a dry state
generally comes with limitations from the drying process,
which is accompanied by various degrees of irreversible fiber
aggregation.””** The use of CNF in a dispersed form exposes a
larger portion of the nanofiber surfaces to the solution and the
ions present in it. The interactions between the metal ions and
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Fig. 6 (a) TEM micrographs of the bacterial cellulose obtained after

acid hydrolysis, including histograms showing the length and thickness

distributions of the bacterial cellulose. (b) XRD diffractogram of the

bacterial CNF obtained after acid hydrolysis.

the nanofiber surface can thereby be maximized to a larger
extent, resulting in an overall greater impact on the electro-
deposition. It was evident that the extraction resulted in a
relatively wide fibre length distribution while their thickness
reflected measurements which also included CNFs that
remained partially aggregated. The individual CNFs were esti-
mated to be 20-30 nm in thickness, see Fig. 6a. The high
crystallinity of the bacterial CNFs is in agreement with previous
studies reporting a high crystallinity (often >80%) for the
bacterial cellulose (Fig. 6b).***’

Fig. 8b shows the electrodeposited zinc at a current density
of 150 A m 2 when 0.01 g L' of the CNF was present in the
electrolyte. The deposited zinc morphologies were not signifi-
cantly altered. The relatively large particles showed almost
identical morphologies as for the reference that had been
prepared in the absence of the CNF (Fig. 8a).

Occasionally, fibril aggregates with compact spherical zinc
deposits along the fibres were visible as a co-deposited bead-
shaped features (see Fig. 8b inset). Elemental analysis (EDS)
supports that these ca. 200 nm spherical/bead-shaped particles
consisted of zinc (Fig. S8, ESIT). However, it was concluded that
low concentrations of CNFs did not interfere with the general
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Fig. 7 Schematic of the suggested deposition mechanisms for zinc
deposition at 20 °C (top) and 60 °C (bottom). The CNF creates a
concentration gradient in the interface between the electrode surface
and solution, arising from the CNF ability to interact with the zinc ions in
the bulk solution at 20 °C, whereas the diffusivity of Zn ions is increased at
60 °C, counteracting the effect of the CNF. At 60 °C, high surface
diffusivity and deposition at energetically favourable locations are pro-
moted rather than depositing the ions on the tips of formed dendrites.

zinc deposition on the electrode surface. Fig. 8c revealed that
the presence of faceted edges had completely disappeared in
the samples prepared at a current density of 150 A m~> and
in the presence of 0.5 g L' of CNFs.

The results, showing a completely disorganized zinc deposi-
tion (Fig. 8c) as compared to the absence of CNFs (Fig. 8a),
evidenced that the cellulose strongly interfered with the zinc
crystal growth and its resulting morphologies. This has
previously been reported as a consequence of the ability of
negatively charged CNFs to absorb metal ions.*® Interestingly,
as the field strength was increased and a current density of
1000 A m~> was applied for the electrolyte containing 0.5 g L™*
of the CNF, a marked difference in the characteristics of the
electrodeposited material could be observed. Fig. 6d compares
the morphology at the edges of two electrodes coated in the
presence of 0.5 g L " cellulose (right) and its absence (left) at
a current density of 1000 A m™>. The formation of pine tree-
shaped dendritic structures was only visible when the cellulose
was present, with more dendritic splaying occurring in
electrode areas where increased field strengths (edges of the
electrodes) could be presumed, see Fig. 8d and e, and Fig. S10
(ESIY).

The exact mechanism for dendritic formation is not con-
firmed, although their formation has been linked to specific
effects on the deposition conditions.'®***° As the formation of
an even deposition relies on a steady supply of ions, the
transition to a dendritic structure has been reported as a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Micrographs of the electrodeposited zinc at a current density of 150 A m~2 and CNF concentrations of 0 g L™ (a), 0.01 g L% (b) and 0.5 g L™ ().
(d) Micrograph comparing the appearance of the cathode edges after an electrodeposition at 1000 A m~2, without the presence of the CNF (left) and at a
CNF concentration of 0.5 g L™*is shown. (e) Micrograph of dendrite formation after 20 min of electrodeposition at a CNF concentration of 0.5g L at a
current density of 1000 A m~2; Fig. $12 (ESI+) shows the same morphology for 0.1 g L™2. (f) XRD patterns of the zinc-deposited Ti-electrodes after 20 min
of depositions at a current density of 1000 A m~2, at different CNF concentrations (0 g L% 0.01 g L%, and 0.5 g L™%). The deposition temperature was

always at 40 °C.

consequence of a limited mass transfer of metal ions."
If the mass transfer is limited, a concentration gradient will
build up between the liquid/surface interface and the bulk
electrolyte.">* Within this region, the metallic ion mobility is
characterized by the zinc ions taking the shortest and fastest
path to already protruding zinc formations, resulting in the
build-up of splaying zinc structures. As the CNF was strongly
interacting with the metal ions through interactions with the
CNF-hydroxyl groups,>>** which was evidenced for the almost
non-existent depositions carried out at a smaller current den-
sity (150 A m~?) when the cellulose was present, it is suggested
that these interactions limited the diffusion of zinc ions. It has
also been reported that dendritic structures may form as a
consequence of a low surface diffusivity, which is in agreement
with the above reasoning.”> A schematic illustrating the
difference between the different scenarios is shown in Fig. 7.
Note that the mechanism provided in Fig. 7 (60 °C) essentially
describes the same metal formation as discussed in the 3rd
paragraph (3.1) where the facetted crystals are grown
(in absence of the CNF) due to the undisturbed diffusion path
of the metal ions."

The XRD analysis of the samples (Fig. 8f) showed that the
orientation in the (002) crystal plane was disfavoured when the
CNF concentration was increased to 0.5 g L™ ", i.e. the relative
peak ratio between the (002) and the (101) lattice planes
decreased 10 times for the morphology associated with the
pine tree formation. This was in agreement with a transition
from a deposited zinc surface dominated by titanium-parallel

© 2022 The Author(s). Published by the Royal Society of Chemistry

zinc lattice planes formed during the deposition of the zinc for
the same current density (1000 A m™?) in the absence of the
CNF, see Section 3.3. It deserves to be mentioned that, at a low
current density of 150 A m™? (0.5 g L"), the zinc crystals were
half as large in size as compared to the absence of the CNF,
while for the same concentration of CNF at a current density of
1000 A m?, the crystallites remained the same in size, as
shown in Table S3 (ESIt), which is in agreement with the
severely limited deposition and the strong attachment of zinc
ions to the cellulose at a lower current density.

3.5 Effect of temperature on the electrodeposition of zinc in
the presence of cellulose nanofibers

Fig. 9 shows the results of changing the temperature on the
deposited morphologies and how the deposition temperature
controls the different ion diffusivities at a current density of
1000 A m ™2 in the presence of 0.5 g L™ of the CNF. A deposition
time of 7 min was used in these experiments to capture the
growth characteristics before extensive bulk deposition started to
occur. Fig. 9a shows that a decrease in temperature resulted in
an extensive sheet-like morphology as observed for the 40 °C
deposition shown in Fig. 9b. The sheet structures were on
average 2-10 pm large in a lateral dimension and stacked in
layered structures of 10 sheets or more (see the highlighted area
in Fig. 9a). The largest magnification in Fig. 9 reveals that the
layered structures, obtained at 20 °C and 40 °C, appeared as an
intercalated structure with cellulose nanofibers interspaced
between the layered zinc sheets. The cellulose was also bridging

Mater. Adv., 2022, 3, 5304-5314 | 5311
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Fig. 9 SEM micrographs of the zinc electrodeposited Ti-electrodes after 7 min of electrodeposition at a current density of 1000 A m~2, a CNF
concentration of 0.5 g L%, and temperatures of 20 °C (a), 40 °C (b) and 60 °C (c). A figure serving as the reference, describing the electrodeposition in the
absence of cellulose at different temperatures are provided in in Fig. S15 (ESI}).

the sheets at their corners, interacting more closely with the
individual sheets than the sheets themselves (see Fig. 9a and b in
the more magnified micrographs). The appearance of the layered
deposits thereby resembled a nacre-like structure similar to a
brick-and-mortar assembly of the zinc/cellulose-material. In
nature, this nacre-like structure provides unique mechanical
properties that combines the strength and toughness that, so
far, cannot be synthetically produced at a large scale.>

Fig. 9c shows that, when the temperature was increased
to 60 °C, the sheet like morphologies, the dendritic growth of
the Zn, and the effect of the CNF cellulose disappeared. In
traditional electroplating chemistry, this effect on a macro-
scopic scale is sometimes referred to as increased throwing
power of the system.’>® In the case of the electrodeposition of
the Zn and its deposition on the electrode, the increased
temperature resulted in a deposition of zinc ions similar to
the one in Fig. 1f, where no cellulose was present.

This result stems from a strongly favoured diffusion of Zn
ions due to the increase in temperature, where the diffusivity of
zinc ions was not limited or constrained by the charged
cellulose nanofibers (see schematic in Fig. 7). It was also
evident from the microscopy that the cellulose in the 60 °C
depositions dominantly surrounded the facetted Zn crystals,
which appeared to have grown as if no CNF had been present
(see Fig. 9c insets and Fig. S14, ESIT).

It has also been shown that the increased temperature can
improve the surface diffusion of the metal ions before
deposition,®* which would be in agreement with the seemingly
similar zinc crystal formation as observed in absence of the
CNF (compare crystals in Fig. 9c and 1f).

In summary, the most significant impact of the temperature
existed for the lowest temperatures where the zinc ions were

5312 | Mater. Adv., 2022, 3, 5304-5314

most restricted in their mobility. This suggests that the
temperature is the external factor that controls the process-
ing window for the controlled growth of dendritic Zn
morphologies.

4. Conclusions

The effect of dispersed cellulose nanofibers (CNFs) in zinc
recovery during electrodeposition (electrowinning) was investi-
gated. A highly crystalline cellulose nanofiber extracted from
the bacterial cellulose was used as the CNF due to its well-
defined fiber characteristics. The effect of the CNF concen-
tration (0.01 and 0.5 g L") was evaluated for two current
densities, 150 and 1000 A m™?, revealing that the cellulose
had a marked impact on the electrodeposition of the zinc ions.
While CNFs at lower current densities (150 A m™ ) led to a
suppression of ordered morphologies, the same concentrations
at a higher current density (1000 A m™~?) resulted in dominant
dendritic zinc formation and growth. The dendritic growth was
most strongly favored when 0.5 ¢ L™ and a current density of
1000 A m™* was used, yielding pine tree-shaped structures on
the titanium electrode (cathode). The effect of different tem-
peratures was further investigated, showing that more elevated
temperatures (60 °C compared to 20 °C and 40 °C) resulted in
an enhanced diffusivity of the Zn ions, essentially diminishing
the effect of the CNF on the zinc deposition. In contrast, the
lower temperatures resulted in the formation of a nacre-like
structure with cellulose inclusions in between the deposited
zinc sheets. It could be concluded that cellulose is a promising
electrodeposition additive for promoting morphologies that
facilitates easy detachment and recovery of the zinc phase
when the electrodeposition temperature were low (20-40 °C).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Overall, the defibrillated nanosized cellulose is herein reported
for the first time as a promising and inexpensive additive
of high value in achieving selective and controlled electro-
depositions during the recovery of valuable metals (batteries
and e-waste).
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