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Electrochemically induced deposition (ECiD) is a versatile method for the synthesis of thin films of oxides, phosphates and metal
organic frameworks on conductive substrates. The process is based on the electrochemical reaction of a probase, often water
electroreduction which generates H, and OH™ species, with the latter triggering a deposition reaction in the near-surface diffusion
layer. In this work, the ECiD of lithium phosphate was investigated experimentally and by means of numerical modelling. In this
system, the electrogenerated OH ™ deprotonates phosphate species near the surface and precipitates Li;PO4 hemispheres. A growth
mechanism is proposed for the ECiD of Li;PO4 where surface-adhered H, bubbles act as nucleation and growth centers for
precipitation. During further growth the subsequently formed H, gas escapes via grain boundaries along the radially oriented
needle-shaped grains. Hence, the growth process creates its own “chimney” structure. The effect of the reaction parameters on the
reaction, specifically the effect of current density, initial phosphate concentration, and bulk pH were investigated and used to
validate the model. The addition of ethanol as co-solvent and surfactant, and cetyltrimethylammonium bromide (CTAB) as
surfactant and micellular species, was shown to affect morphology greatly. Strategies for optimizing the parameters towards desired
morphologies are discussed.
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Electrochemically induced deposition (ECiD) is a technique in
which an electrochemical reaction triggers a subsequent deposition
reaction. This is generally achieved by the electrochemical reduction
or oxidation of a probase. The product of the electrochemical
probase redox reaction accumulates near the electrode surface in
what is known as the diffusion layer and its change in concentration
triggers a deposition reaction. This probase is commonly water,
protons, or nitrate but can in principle be anything that undergoes a
redox reaction and produces a reaction product that triggers the
targeted deposition reaction.” ECiD, also referred to as the “genera-
tion of base method,” has previously been utilized to coat electrode
surfaces with metal oxides, metal hydroxides, and metal
phosphates.>”” One specific example is the ECiD of hydroxyapatite
(HAp) with chemical composition Cas(PO4);(OH). Since calcium
phosphates makes up 60% of bone density and 90% of tooth enamel,
their derivatives have been used for applications in bone regeneration
and osseointegration.® HAp in particular has been utilized for these
applications since the late 1960s due to its chemical stability and
excellent biocompatibility.” In the ECiD of HAp water is used as the
probase. At potentials where the hydrogen evolution reaction occurs,
water is reduced and produces OH ™ ions Eq. 1.1).° The generated
OH™ accumulates near the electrode surface in the diffusion layer.’
This causes the local pH to increase as a response to the water
equilibrium (Eq. 1.2).

2H,0 = 20H "+ H, U =0.83V - 0.0592 pH [1.1]

Ky
H,0 = H*+ OH™ K, = [OH7][H*] = 1 x 10714 M2 [1.2]

Kbw
The increase in local pH triggers the deprotonation of phosphoric

acid (H;PO,4) to phosphate monobasic (H,PO, ) (pK, = 2.12)
(Eq. 1.3), the deprotonation of phosphate monobasic to phosphate
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dibasic (HPO,?") (pK. = 7.21) (Eq. 1.4), and the deprotonation of
phosphate dibasic to phosphate tribasic (PO43_) (PpK, = 12.7)
(Eq. 1.5).°

K H,PO;
PO, + OH- & H,pO; Ky = — 02P0sl
kb1 [H3PO4][OH™]
=752 % 10111 [1.3]
M
k HPO3~
H,PO7 + OH- = HPO2™ Ky = —00sl
Koo [H,PO3][OH"]
=623 x 1061 [1.4]
M
kg [PO;]
HPO}™ + OH™ = PO}~ Kyy=—
kb3 [HPO;~][OH]
=48 X% 10li [1.5]
M

In the presence of calcium ions (Ca’>"), phosphate tribasic
(PO4>7) reacts with Ca>* and OH™ and HAp precipitates (Eq. 1.6)
and coats the electrode surface.

5Ca”* 4 2PO3~ + OH™ = Cas(PO,)3(OH) [1.6]

The resulting HAp coating consists of dispersed particles
coalesced into a closed layer with high surface area. This makes
the coating suitable for applications as biocompatible coatings for
medical implants as it contains a large surface area in which tissue
can grow and anker the implant.® This morphological control was
enabled by the investigation and understanding of the reaction
mechanism, providing knowledge on how to best optimize and
control the reaction parameters towards yielding the desired coating
properties. Another example of ECiD is the lithium phosphate
(Li5sPOy) system"o‘” LizPO,4 has applications as a thin-film solid
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electrolyte (SE) in thin-film solid-state batteries (TFSSBs) or as a
thin artificial solid electrolyte interface (ASEI) coating on lithium
metal anodes.'? A thin-film SE and an ASEI coating must be as thin
and as uniform as possible to maximize ion conductivity uniformly
across the interface and mechanically stable enough to withstand the
great pressure exerted on it by lithium dendrites.'”> The ion
conductivity of LizPO, is sufficient for these tasks if kept a few
tens to a couple hundred nm thin, while its stress resistance makes it
capable of suppressing dendrite formation.'? Like in the ECiD of
HAp, water reduction produces an elevated OH™ concentration near
the electrode surface, which triggers the deprotonation of phosphate
ions in solution. In the presence of Li* ions, LizPO, precipitates and
coats the electrode surface (Eq. 1.7).'0‘”

3Li*+ PO}~ = LisPO; K, = [LiTP[PO;7] = 2.37 x 10!

[1.7]

The resulting coating consists of dispersed particles coalesced
into a nonuniform closed layer with a high degree of pinhole-like
porosity. This is not suitable for the intended applications as thin-
film SE or thin ASEIL Therefore, significant optimization of the
Li;PO, coating morphology is needed before it can be relevant for
TFSSBs. In contrast with the ECiD of HAp, the ECiD of LizPO,4 has
not been investigated and its mechanism is largely unknown.
Therefore, there is no clear indication from the literature as to how
to manipulate the reaction parameters to obtain the desired uniform
and pinhole-free coatings. Direct knowledge transfer from the ECiD
of HAp is also not perfect as the desired HAp coating properties are
fundamentally different from those desired for LizPO,.

The goal of this work is therefore to understand the effect of the
Li;PO, reaction parameters on the morphology of the produced
deposit. This was done by combination of numerical model and
experimental validation. The numerical model was used for specia-
tion and to determine the concentration and pH profiles in the
diffusion layer for different reaction parameters, namely reaction
time, current density, bulk pH, and initial phosphate concentration,
[H,PO4 ]o. This provided insight into the thermodynamic driving
force of the reaction for different reaction conditions and guided the
optimization of the reaction parameters. The effect the reaction
parameters have on morphology was studied systematically and
correlated to surface concentration profiles obtained from the model.
In addition to the forementioned reaction parameters, the effect of
solvent composition and additives was investigated.

Methods

Electrochemically induced deposition experiments.—The dif-
ferent precursor solutions used for these experiments can be found in
Table I below.

The chemicals used are LiH,PO4 (99% Sigma-Aldrich), Li,SO,4
(99.5% Sigma-Aldrich), ethanol absolute (VWR chemicals), and
cetyltrimethylammonium bromide (CTAB) (99% Sigma-Aldrich).
Electrochemical induced deposition was performed under galvano-
static conditions from solutions A-E. A 3-electrode PTFE cell (Fig.
SI.A1) was used with a Si/10 nmTi/150 nmTiN wafer coupon as the

wires/inch mesh, 0.23 mm diameter wires), and an Ag/AgCl in 3 M
KCl reference electrode, placed in a separate compartment connected
by a Luggin capillary. Electrochemical conditions were applied and
monitored by a Metrohm Autolab PGSTAT30 potentiostat with a
Nova 1.11 software. After deposition, the samples were rinsed with
rinsed with D.I. water by gentle flow from a 2 mL dropper and
subsequently dried carefully in a stream of N, gas from a N, gun.

Numerical model.—A steady-state diffusion model was imple-
mented where the speciation in a diffusion layer of thickness § was
calculated vs time ¢ and distance x from the electrode surface
according to the equations in the Supporting Information appendix B
(SL.B). A boundary layer thickness of 500 pm was set in the model
such that the entirety of the diffusion layer can be modelled within
the time constrains considered. A boundary condition of concentra-
tion of species i, c;, equals that of the bulk concentration Cpyy
(ci(x =500, t) = cpuik), was applied at the bulk end of the boundary
layer. The diffusion coefficients, equilibrium constants, and rate
constants were obtained from literature and can also be found in SI.
B. The equations were solved by utilizing COMSOL Multiphysics®
6.1.

Characterization.—The sample morphologies were characterized
and their dimensions analyzed qualitatively and quantitatively by
scanning electron microscopy (SEM) (Phillips XL30). The chemical
composition of the synthesized samples was characterized by
attenuated total reflectance (ATR) Fourier transform infrared spec-
troscopy (FTIR) (Bruker 5 FTIR) with a diamond ATR crystal and
with an OPUS 5.0 software. The elemental ratios of the samples
were characterized by means of a Time-of-flight energy elastic recoil
detection analysis (ERDA) with a **CI*" (8 MeV) primary beam
with a scattering angle of 40° and a sample tilt of 20°. X-ray
diffraction (XRD) analysis was performed by a Rigaku SmartLab
X-ray diffractometer with a CuKa (1.541 A) radiation source and
operated via a SmartLab Studio II software.

Results and Discussion

In the ECiD of lithium phosphate, the precipitation of LizPO, on
the electrode surface is governed by the local pH near the electrode
surface. To gain insight into how to leverage the reaction parameters
towards the desired coating properties, numerical modelling and
experimental investigations of the ECiD process and its reaction
parameters were performed. In a first step, the surface pH profiles
were determined numerically using Finite Element Modeling. Water
is used as the probase, i.e. the water is electrochemically reduced to
H, with the formed OH™ biproduct accumulating in the diffusion
layer causing an elevated near-surface pH. The model calculated the
flux of OH™ generated by hydrogen evolution reaction (HER)
(Egs. 1.1 and 1.2) under galvanostatic conditions (the condition
used experimentally) on a stationary metal electrode. This was done
by solving the Nernst-Planck equation (excluding convection and
migration) (Eq. 3.1);

J[OHT](x, t)
-

Jon~(x) = —=Do [3.1]

stationary working electrode with an exposed area of 0.622 cm? (as S

defined by an O-ring), Ti gauze counter electrode (GoodFellow, 60
Table I. Composition of each solution used in this work.
Solution [Li,SO4] (M) [LiH,PO4] (M) Solvent [CTAB] (M) Solution pH
Solution A 1.5 0.5 H,O None 3.8
Solution B 1.5 0.5 H,O None 2.5
Solution C 1.5 0.5 H,O None 4.5
Solution D 1.5 0.1 H,O None 3.8
Solution E 1.5 0.5 15 v/v% ethanol None 4.0
Solution F 1.5 0.5 15 v/v% ethanol 0.075 4.0
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with Jog-(x) being the flux of OH™ ions with respect to distance x
from the electrode surface, Doy~ being the diffusion coefficient of

OH™ ions in solution, and @ as the change in OH™
X

concentration with respect to distance x from the electrode surface.
Equation 3.1 allows the calculation of the concentration of OH™ at
each point in the diffusion layer. At the electrode surface where x =
0 and the HER occurs, the flux of OH- ions is controlled by the
current density applied, and Eq. 3.1 can be rewritten;
i _J[OH7](x, t)

g

Jou(x=0)=—-—=-Do

3.2
nF 0x [3-2]

where Jou-(x = 0) is the flux of OH™ ions at the electrode surface,
iis the current density, n is the number of electrons exchanged in the
HER, and F is the Faraday constant. This allows us to directly relate
the applied current to the flux of OH™ at the electrode surface. The
actual local OH™ concentration, however, will adjust due to the local
buffering effect of phosphate compounds described by the acid-base
equilibria of reactions Eqs. 1.3 to 1.5 leading to the modified
equation of Fick’s 2nd law (Eq. 3.3),

IOH ] (x, 1) _ Doy 9’ [OH (x, 1)] tr

ot ox? o B3]

with rog- is the rate of OH™ consumption or formation and given by:
rou~ = —(kgw [HY1[OHT] = ky oK)
+ (kp1 [H2POz] — Kk [OHT][H3PO4])
+ (kpy [HPO37] — kpp [OH7][H,PO3 1)
+ (kp3 [PO37] — ki3 [OH7][HPOZ"])
+ (kps [HSOZ] — kes [OHT][HaSO4])
+ (kps [SOF7] — ke [OHT][HSOZ]) [3.4]

As Li,SO, was added next to LiH,PO, also the acid-base
equilibria for sulphate species were taken into account:

k HSO;
H,SO; + OH- & HSO; Kpg= — D004
Kbs [H2SO4][OHT]
=12x 10ISL
M
[3.5]
K S03-
HSO; + OH™ = SO}~ Ky = __15041
Kos [HSO;]1[OH]
— 12 x 1021 [3.6]
M

The rate of OH™ consumption depends on the water equilibrium,
K, and the phosphoric acid and sulfuric acid deprotonation
reactions with forward reaction rate constants, k¢, Kp, k3, Kes, Ky,
while the rate of OH™ formation depends on the protonation
reactions with backward reaction rate constants, ki, Kz, kp3, Kpa,
ky1, The assumption was made that all the forward and backward
reaction rates are sufficiently fast such that the acid-base reactions
universally reach instantaneous equilibrium with any finite perturba-
tion. Literature values were used for diffusion coefficients and
backward rate constants kbi”'15 and are given in SL.B. Forward
rate constants for species i, kg, were calculated from K; = kg/ky,;.
Similar equations to Eq. 3.3 were derived to obtain time and distance
dependent equations for the concentrations of each species in
solution. Here, the equation for the rate of PO,>~ formation is given
Eq. 3.7, for the other species we refer to the SI.B.

6.5
t=35s

6.0 -

5.5 1
t=0s

Z 5.0

4.5

4.0 |

3.5 T T T T T

0 50 100 150 200 250 300

Distance x from the electrode surface (um)

Figure 1. pH profile in the diffusion layer established after 5 s of HER in
solution A (an aqueous solution of 0.5 M LiH,PO,4 and 1.5 M Li,SO,4 with a
bulk pH of 3.8) by a cathodic current density of —6.3 mA cm™~.

10!

10~ A 7

[HSOg]
~ [H3POy4]
1g= K [HPOg]

[H]

Concentration (M)

[OHT]

[PO3 ]

0 50 100 150 200 250 300
Distance x from the electrode surface (um)

Figure 2. Numerical model of the complete speciation profile in the
diffusion layer after 5 s of the reaction using solution A (an aqueous solution
of 0.5 M LiH,PO,4 and 1.5 M Li,SO,4 with a bulk pH of 3.8) with a current
density of —6.3 mA cmfz, where concentration, given in Molar, is plotted
against distance x from the electrode, given in pm.

o[PO;"1(x, 1) -b | O’LPOIT I, 1)

3t PO; o + 1po}- (3.7]

Figure 1 shows the pH profile evolution calculated for an aqueous
solution comprising 0.5 M LiH,PO, and 1.5 M Li,SO, (Solution A).
At the start of the hypothetical experiment, before a current is
applied, the pH is 3.8 throughout the electrolyte. Upon application of
a cathodic current (i = —6.3 mA cm 2), the local pH near the
electrode surface increases quickly as a response to the formation of
the diffusion layer, driven by HER. Interestingly, after 5 seconds, the
surface pH stabilizes at a value of 6.3, indicating that the formed
OH™ is consumed by other species than water and that it doesn’t
contribute to raising the surface pH anymore.

Figure 2 shows the diffusion layer speciation profile at t = 5s. It
shows the p evalence of the completely deprotonated sulphate
dibasic (SO4" ) and the phosphate monobasic species (H,PO, ") in
the bulk with concentrations of nearly 1.5 M and 0.5 M, respectively.
They are followed by sulphate monobasic (HSO, ) and the
completely protonated phosphoric acid (H;PO4) both with
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concentrations in the order of 107>M, and phosphate dibasic
(HPO,?") with a concentration of 10~*M. These four species
(SO, excluded) are all capable of undergoing a deprotonation
reaction by reacting with OH™ ion in solution as is made clear from
equations Eqgs. 1.3 to 1.5 and Eqgs. 3.4 to 3.6, thus all contribute to
buffering the solution pH. Furthermore, the concentrations of these
species change near the electrode surface when a cathodic current is
applied. While the HSO,~ and H3PO, concentrations decrease from
1072M to 10~* M, the HPO427 and PO437 concentrations increase
from 10™* M to 107> M and 10™"* M to nearly 10™® M, respectively.
This indicates that H3POy is reacting to form H,PO, ™, HPO427, and
PO,>~, while HSO,  is reacting to form SO,>~. The dominant
phosphate species near the surface remains H,PO,  and its con-
centration is constant during its buffering action (governed by
Eq. 1.4) and is the primary reason for stagnating surface pH (pHy)
at 6.3 in Fig. 1. However, the deprotonation of HSO,, H;PO,, and
HPO,>~ (governed by Eqs. 3.6, 1.3, and 1.5, respectively) result in
non-negligible buffering of the surface pH and must therefore be
taken into account. Effectively this means that as water is reduced
near the electrode surface and OH™ is produced, a large part of it is
consumed in the deprotonation of the hydrogenated phosphate and
sulphate species and the solution pH is buffered. Note that in pure
water, the surface pH would quickly surpass 10 even for current
densities as low as —0.1 mA cm 2 (see example in SI.C1). Also note
that the dynamics of electroformed H, gas likely influences local
convection and limits the accuracy of the modelled diffusion layer
but is too complex to incorporate into the numerical model without
relying on many assumptions. Furthermore, the numerical model
merely identifies trends, thus the implementation of the effect of
bubble dynamics would not result in significant added value.

Further, Fig. 2 show an increase of [PO,>] by 4 orders of
magnitude. In the presence of the 3.5M Li" ions, this leads to the
precipitation of LizPO, in the near surface region as the activity of
PO,>~ and Li" exceeds the solubility product of LizPO, (Eq. 1.7).
When the precipitation reaction is confined close to the electrode
surface, the electrode is expected to be coated with a layer of Li;POy.
While PO,*~ is the dominant anion in the Li;PO, precipitation
reaction, the role of H,PO,~ and HPO,?>™ in influencing crystal
shapes and morphology cannot be ruled out.

Next, galvanostatic ECiD experiments were performed on TiN
substrates at —6.3 mA cm ™2 from an aqueous solution of 0.5 M
LiH,PO,4 and 1.5 M Li,SO, (Solution A). Figures 3a—3e show SEM
images of deposits obtained after different durations, while Fig. 3f
shows the corresponding potential transients. As predicted, a lithium
phosphate deposit was formed on the electrode surface after some
time and the amount of deposit increases with time. After 40 seconds
of deposition (Fig. 3a, a distribution of small particles (~60 nm,
2 x 107 particles cm™) was formed on the electrode surface. Note
that around the edges of the sample, where gas bubbles easily
accumulate and local ion concentration gradients differ from the
center, a ring of thicker deposit was seen which formed already at
shorter times (Fig. SI.C2a). Edge effects are common features in
electrodepositions and are industrially addressed by, among other
approaches, shields to regulate the current distribution. After
280 seconds the deposits have increased in size (exceeding 2 pum)
while new ones have formed in between (Fig. 3b); i.e., following
progressive nucleation and growth modus. As the particles grow,
their shapes become more spherical. After 350 seconds, the surface
coverage has further increased, and particles have grown even larger
in size forming clusters (Fig. 3c). After 600 s (Fig. 3d, a closed layer
is formed where gaps between spherical particles have been filled in.
The coating consists of ~5 pm high large hemispherical particles
with an interconnecting layer of not more than 1 pm in thickness
(Figs. 4 and SI.C5). The point where the film closes (after 600 s in
this case) corresponds to a minimum in the transient. This is
henceforth referred to as the point of maximum coverage. After
longer deposition (in this case 750 seconds), the films were found to
crack and delaminate as shown in Fig. 3e. From the SEM cross-
section, a 10 pm layered deposit can be seen.

The potential transients hold information about the progress of
deposition by precipitation reaction. The only electrochemical
reaction throughout the deposition process is the HER. However,
as the surface is progressively covered by LizPO,, which is
electronically insulating, the local or effective current density
increases as the exposed TiN electrode surface decreases. Hence,
the overpotential for HER must increase to maintain the same
applied current. In the first part of the deposition reaction, the U-t
transient in Fig. 3f shows the potential becomes more positive from
around —1.5V to around —1.3 V. This region spans the first 220 s,
which suggests that this change in potential corresponds to the
formation of the initial deposits on the electrode surface (Figs. 3a and
3b). The effect of surface coverage increase is most clearly seen
between 217 s and 600 s in Fig. 3f. After 217 s the potential becomes
steadily more negative until 600s, or the point of maximum
coverage. Once full surface coverage is obtained, the potential levels
off and reaches a plateau (after 600 s until 750 s in this case). In the
plateau region, at even longer times (Fig. SI.C4). The potential
seems to oscillate somewhat, and the plateau slopes positively in
potential, consistent with a multilayered and poorly adhering
morphology observed after rinsing and drying in Fig. 3e. Note that
an oscillating and at times noisy potential trace was present
throughout all measurements and could be indicative of a changing
concentration gradient and precipitation reaction kinetics.

Figures 4a and 4b provide a closer look at the particles at the
point of maximum coverage (at 600 s) i.e., when the spaces are filled
in between the particles as described above with Fig. 3d. The
particles are hemispherical in shape and, interestingly, contain a
cavity in the center. Furthermore, the thick shell is porous and built
out of primary needle-like structures arranged in a radial fashion
around the cave. Additionally, this shell appears to consist of
multiple layers or subshells as is evident in Fig. 4b. As for the
layers in Fig. 4b and discussion of oscillatory transient behavior,
these subshells indicate the process of precipitation is non-contin-
uous. It is postulated here that the cavity inside the hemispherical
particle is the remnant of small H, bubbles formed and adhered to
the surface during initial stages of current flow for HER. The
hydrogen bubbles then likely serve as nucleation and coalescence
sites for these primary Li;PO, particles. The reaction proceeds as
hydrogen gas can escape or diffuse through the narrow pores in-
between the needles and guiding the needle formation.

Thus far, a general description of the ECiD of Li;PO, was given
for one specific condition (Solution A and i = —6.3 mA cm 2.
Figure 5 shows outputs of the numerical models for different current
densities, bulk pH, and initial phosphate monobasic concentrations
([H,PO4 " ]p) showing their effect on the surface and the near surface
pH and [PO,7]. Increasing the cathodic current density (Fig. 5a)
from —1.3 mA cm 2 to —18.9 mA cm 2 results in a more alkaline
pH near the electrode surface (pH from 4.6 to 6.9, respectively) and
a higher surface [PO,*"] (from 3 x 107'' M to 6x 107" M,
respectively). This suggests that the precipitation reaction would
be faster with a higher applied cathodic current density. An increase
in bulk pH from 2.5 to 4.5 (Fig. 5b) results in a more alkaline surface
pH (from 2.7 to 6.3, respectively) and higher surface [PO43’] (from
3% 107" M to 6 x 1073 M, respectively). This suggests a larger
driving force towards precipitation when a larger bulk pH is used. It
is worth noting that a change in bulk pH between 3.8 to 4.5 results
only in a marginal change in surface pH (surface pH from 6.2 to 6.3,
respectively) and in [PO437] (from 4 x 1008Mto 6x10°8 M,
respectively), as the phosphate buffering is effective in this pH range
(pKa = 7.21 for reaction in Eq. 1.4). Figure 5c shows that the
[H,PO4 o has a large effect on both the surface pH and [PO,*"].
The surface pH is more alkaline for lower [H,PO, ]o (6.2 to 7.3 for
0.5M and 0.1 M, respectively) and the [PO,>7] is one order of
magnitude greater near the electrode surface (4 x 107 M to
5% 1077 M, respectively). This suggests a larger driving force
towards precipitation when larger initial phosphate monobasic is
used. Note that this effect on surface pH and [PO,>] is far greater
than what is calculated for a changing current density or bulk pH,
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Figure 3. This figure displays a-e) the SEM top view
at the first 4 stages and a cross-section view at the last
stage of a deposition from a galvanostatic reaction
performed using solution A (an aqueous solution of
0.5M LiH,PO4 and 1.5M Li,SO, with a bulk pH of
3.8) with i = —6.3 mA cm 2 on a TiN substrate, and f)
the U-t transient for a galvanostatic reaction performed
using solution A with i = —6.3 mA cm 2 with
Potential, given in V vs Ag/AgCl in 3 M KCl, plotted
against time, given in seconds.
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Figure 4. This figure displays (a) an SEM image of a 25° tilted view, and (b) an SEM image of a cross-section view of a typical deposit morphology from a

galvanostatic reac%ion performed with solution A (an aqueous solution of 0.5 M LiH,PO, and 1.5 M Li,SO,4 with a bulk pH of 3.8) and an applied current density
of —6.3 mA cm™ ~.
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Figure 5. This figure shows (a) a numerical model for the diffusion layer pH and the diffusion layer [PO,>~] for experiments performed with 4 different current
densities (—1.3 mA cm 2 (orange), —6.3 mA cm 2 (red), —12.6 mA cm ™2 (brown), and —18.9 mA cm 2 (pink)) with solution (bulk pH = 3.8 and [H,PO, ] =
0.5 M), (b) a numerical model for the diffusion layer pH and the diffusion layer [PO,>~] for experiments performed with an i = —6.3 mA cm ™2 with 3 different
bulk pH values for the precursor solution (bulk pH = 2.5 (blue), bulk pH = 3.8 (red), bulk pH = 4.5 (green)), and (c) a numerical model for the diffusion layer pH

and the diffusion layer [PO43 ~] for experiments performed for experiments performed using solution A and solution C with an i = —6.3 mA cm ™2 ([H,PO4 1o =
0.5M (red) and [H,PO,4 Jo = 0.1 M (pear green)).

suggesting that the precipitation reaction could be tailored efficiently
by [H,PO4 ]o. This finding may seem somewhat counterintuitive to
what is commonly reasoned in wet chemistry precipitation where a

larger concentration of the precursor results in a greater driving force
for precipitation. In this ECiD system, however, the diffusion of ions
to and from the electrode surface is an additional factor which
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Figure 6. This figure shows (a) the U-t transient for experiments performed with 4 different current densities (—1.3 mA cm ™2 (orange), —6.3 mA cm ™2 (red),
—12.6 mA cm 2 (brown), and —18.9 mA cm > (pink)) with the solution A (bulk pH = 3.8 and [H,PO4 ]o = 0.5 M), (b) the U-t transient for experiments
performed at —6.3 mA cm ™2 with 3 different bulk pH values for the precursor solution A (bulk pH = 2.5 (blue), bulk pH = 3.8 (red), bulk pH = 4.5 (green)), (c)
the U-t transient for experiments performed at i = —6.3 mA cm ™2 with 2 different [H,PO, ], values for the precursor solution A ([H,PO4 ]o = 0.5 M (red) and

[H,PO4 o = 0.1 M (pear green)).

dynamically changes the ratios of species within the near surface
environment of the depletion/accumulation layers.

With the model findings as a starting point, experimental
investigations of the effect of the applied current density, the bulk
pH, and the [H,PO, ]y were performed. Figure 6 shows the U-t
transients for experiments performed with varying current density,
bulk pH, and [H,PO,4 ]o. When the current density is increased from
—63 mA cm™? to —12.6 mA cm > and —18.9 mA cm?, the
characteristic features of the transient (as described for Fig. 3f)
become increasingly more compressed in time, as seen in Fig. 6a.
The positive change in potential and the subsequent negative change
as well as the point of maximum coverage occur sooner with an
increasing applied cathodic current density. For instance, the point of
maximum coverage occurs 300 s earlier with a current density of
—12.6 mA cm? and 400 s earlier with a current density of —18.9
mA cm > compared to the case for a current density of —6.3 mA
cm 2. These findings indicate that the precipitation reaction becomes
faster with a larger current density, which is consistent with the
predictions of the numerical model. For the lowest current density of
—1.3 mA cm™? the potential becomes somewhat less negative but,
interestingly, the point of maximum coverage is never reached, even
when extending the experiment to 4000s (see SI, Fig. SI.C6).
Indeed, optical inspection and SEM confirm that no deposits are
obtained in the center of the samples (Fig. SI.C5-6). For these low
current densities, the precipitation occurs only around the edges of
the sample. Such edge effects on current distribution cannot be
captured by the model.

Figure 6b shows the transients obtained for solution pH between
2.5 and 4.5. When the bulk pH changes from 3.8 (Solution A) to 4.5
(Solution C), the point of maximum coverage is reached 130 s faster
(Fig. 6b). The increase in potential and the subsequent decrease
occur sooner with a more alkaline bulk pH. These findings indicate
that a more alkaline bulk pH results in a faster precipitation rate, as
predicted by the numerical model and confirmed by SEM (Fig. S.L
C6). When the bulk pH was lowered to 2.5 (Solution B), the point of
maximum coverage is never reached. Similar to the case for low
current density, optical inspection and SEM confirm that a closed
layer is never obtained for this condition (Fig. SI.C6). The numerical
model predicts that for a bulk pH of 2.5 the surface [PO437] is orders
of magnitude lower than the solubility limit ([POS1=55x10""
M) and thus that precipitation is not expected for this condition (Fig.
SI.C7). Figure 6¢ shows the transients obtained for [H,PO, ]o of
0.5 M and 0.1 M. When [H,PO, "]y is changed from 0.5 M (Solution
A) to 0.1 M (Solution D), the point of maximum coverage is reached
540 s faster. This indicates that the precipitation reaction is sig-
nificantly faster with a lower [H,PO, ]y, again as predicted by the
numerical model and confirmed by SEM (Fig. SI.CS).

The general morphology features of the deposits were similar for
the different conditions and resemble those of Figs. 3 and 4 (actual
SEM images can be found in figure SI.CS). The specific dimensions
of the formed particles were quantified by measuring the height of
the hemispherical-like particles and their cavities for those particles
that were cleaved in the cross-section SEM. Table II compares all
conditions that led to Li3PO, coatings and measured at the point of
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Table II. This table shows the maximum island density, average island radius, average cavity radius, and average shell thickness for depositions obtained
for reactions using Solution A (bulk pH = 3.8 and [H,PO4 ]y = 0.5 M) and a current density of —18.9 mA cm'z, -12.6 mA cm'z, and -6.3 mA cm“z,
depositions obtained for reactions using Solution C (bulk pH = 4.5 and [H,PO4 ]y = 0.5 M) and with i = -6.3 mA cm‘z, and depositions obtained for
reactions using Solution D (bulk pH = 3.8 and [H,PO, ], = 0.1 M) with i = —6.3 mA cm™> The formula for the maximum island density, the LizPO,4
loading, and a discussion of the cavity height measurements with examples and schematics (Figs. SI.C8 and SI.C9) can be found in SI appendix C. The

-2

column in the center of the table shows the measurements for the deposition obtained using the solution A with an applied current density of —6.3 mA cm™.

This acts as a point of reference to the other conditions.

—~18.9 mA cm™? —12.6 mA cm™? —6.3 mA cm > —6.3 mA cm ™2 —6.3 mA cm >
Solution A Solution C Solution D
Maximum Island Density (10° islands cm™) 2.2 2.1 0.8 3.9 15
Hemisphere height (um) 30+04 004 5005 22+05 1.1 £0.2
Cavity height(pum) 14 +£02 1.6 £ 04 1.9+0.3 1.0+ 0.2 0.5+0.1
Moles of LizPO, deposited (pumol) 1.5 1.4 2.6 1.1 0.6
Average precipitation rate (nmol s') 73 4.7 43 2.4 7.4

maximum coverage (at which point the island density does not
increase further, see also point (see discussion of Fig. 3). For the
same solution (Solution A), the island density varied only by a factor
two with a threefold increase in current density (from 0.8 to
2.2 % 10° islands cm™). The hemisphere height was found to
decrease only slightly (less than factor 2) with an increasing current
density (from 5 pm to 3 pm). Note that these samples had threefold
difference in deposition time. The height of the cavities seem to have
decreased with increasing current density (from 1.9 pm to 1.4 pm),
however with the limited statistics and the uncertainty in position of
the hemisphere cleavage, we cannot be confident this is a real trend
(further discussion in SI.C with examples and explanatory sche-
matics in Figs. SI.C8 and SI.C9).

For the same current density with a varied bulk pH from 3.8
(Solution A) to 4.5 (Solution C), the maximum island density
increased fourfold from 0.8 x 10° islands cm™ to 3.9 x 10° islands
em™. It also shows that the hemisphere and cavity height decreased
twofold (from 5 and 1.9 pm for a bulk pH of 3.8, to 2.2 and 1.0 pm
for a bulk pH of 4.5, respectively).

Varying [H,PO4 ]o had by far the largest effect, where the
maximum island density increased one order of magnitude; from
0.8 x 10° islands cm™ to 1.1 x 107 islands cm™ with [H,PO, 1o
from 0.5 M (Solution A) to 0.1 M (Solution D), respectively. With a
lower [H,PO4 ]o, the hemisphere height decreased fivefold from 5
pm to 1.1 pm and the cavity height decreased fourfold from 1.9 pm
to 0.5 pm. This data seems to indicate that the solution composition
affects the hemisphere and cavity height much more significantly
than the current density.

The average precipitation rate at the point of maximum coverage
was estimated from the difference in hemisphere and cavity volumes
(Table II). Note that the actual moles of Li;PO4 was overestimated as
a dense hemisphere shell was assumed and its porosity was ignored,
but it allows a qualitative comparison. Whereas the island density or
nucleation was found to be strongly dependent on reaction para-
meters, the variation in average precipitation rate at the point of
maximum coverage is small in comparison (estimates from 2 nmol/s
to 7 nmol/s which is negligible considering the broad assumptions).
Following our mechanism postulated above, the island density is
directly related to the hydrogen bubble density. This suggests that the
solutions which gave increased maximum island densities and
decreased hemisphere heights (due to smaller cavities), i.e.,
Solutions C and D, create more and smaller surface adhered H,
bubbles, which then in turn results in the increased island density and
decreased hemisphere heights. Solutions with varying pH and salt
concentrations will have different viscosities and surface tension,
which is turn affects the kinetics of nucleation and detachment of
bubbles and kinetics of the precipitation. Once the LisPOy, is seeded
around the H, bubble, it grows on average with similar rates for all
compositions. As hydrogen is continuously formed, it must escape
through the hemispherical shells leading to its porous channel-like
morphology.

In the following section, the effect of the addition of ethanol and
CTAB as co-solvent and surfactants was experimentally investi-
gated. The co-solvent and additives are expected to affect the
solution viscosity and surface tension and in turn the bubble
nucleation and size as well as the Li;PO, solubility and precipitation
kinetics. Figure 7a shows the morphology obtained at the point of
maximum coverage with addition of 15 v/v% ethanol (Solution E).
In contrast to the needle-like primary particles and pores arranged
around the cavities in the absence of additives (Solution A), a coating
comprising of randomly oriented shapeless agglomerates is ob-
served. The secondary particles do not have a center cavity,
suggesting the primary particles no longer coalesce around a H,
bubble when ethanol is added. Note that the primary particles are
disordered in nature. The tilted secondary particles appear to be lifted
off the surface likely by trapped H, gas. As H, solubility in ethanol is
one order of magnitude greater than that in water (3.5 x 107> M in
ethanol vs 7.9 x 10™* M in water'®!”), a greater extent of H, will be
present in dissolved form and delay the onset of bubble formation.
Furthermore, ethanol lowers the surface tension and thus is expected
to better facilitate detachment of bubbles from the surface. Both
effects will counter the formation of H, bubbles as nucleation
centers, whereas pH change still proceeds, leading to random
precipitation before bubble nucleation. Figure 7c shows the corre-
sponding U-t transient. The point of maximum coverage was reached
3 times faster when the solvent is 15 v/v% ethanol (Solution E)
compared to the case when the solvent was water (Solution A). This
is partly explained by the smaller coating thickness but also other
factors such as lack of structural pores in the secondary particles (as
was the case for samples made with Solution A) are likely to
contribute to a faster point of maximum coverage. Another con-
tributing factor may be the less viscous nature and surfactant
properties of ethanol, which might affect nucleation and mor-
phology.

Figure 7b shows SEM images of the obtained coating for the
ECiD with a solution containing 75 mM CTAB in 15 v/v% ethanol
(Solution F). The coating consists of dense, oval secondary particles
with no visible porosity inside. The secondary particles are com-
prised of primary particles noticeably smaller compared to those
obtained with the other conditions explored in this work. There is no
visible cavity inside the secondary particles similar for the solution
with 15 v/v% ethanol only, indicating that also here no H, bubbles
nucleate before precipitation. This coupled with the observed density
of secondary particles suggests that H, bubbles don’t have a strong
presence in the coalescence of secondary particles in this system.

In the presence of CTAB in 15 v/v% ethanol (Solution F) the
point of maximum coverage was reached after 300 s (Fig. 7¢), twice
as fast as when water was the solvent and no additive was present
(Solution A), but 100 s slower compared to the solution with a 15 v/v
% solvent with no additives (Solution E). This delay before the point
of maximum coverage can be explained by the larger and denser
secondary particles in the presence of CTAB relative to the case
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Figure 7. This figure displays (a) two 25° tilted view SEM images of a typical precipitate morphology from a reaction performed with solution E (containing
1.5 M Li,SO4 and 0.5 M LiH,POy, in 15 v/v% ethanol with a solution pH of 4.0), (b) two 25° tilted view SEM images of a typical precipitate morphology from a
reaction performed with a solution F (containing 1.5 M Li,SOy,, 0.5 M LiH,PO,, and 75 mM CTAB in 15 v/v% ethanol with a solution pH of 4.0), and (c) the U-t
transient of three galvanostatic reactions performed with Solution A (containing 1.5 M Li,SO,4 and 0.5 M LiH,PO, in water with a solution pH of 3.8) (red),
solution E (blue) and solution F (purple), all performed with an i = —6.31 mA cm ™2 with Potential, given in V vs Ag/AgCl in 3 M KCl, plotted against time,
given in seconds.
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Figure 8. FTIR spectra of a sample prepared using Solution A containing
1.5M Li,SOy4 and 0.5 M LiH,PO, in water with a solution pH of 3.8 (red),
Solution E containing 1.5 M Li,SO,4 and 0.5 M LiH,POy, in 15 v/v% ethanol
with a solution pH of 4.0 (blue), Solution F containing 1.5 M Li,SOy4, 0.5 M
LiH,POy, and 75 mM CTAB in 15 v/v% ethanol with a solution pH of 4.0
(purple), all performed with a i = —6.31 mA cm 2 to the point of maximum
coverage. Plotted with reflectance, given in arbitrary units (A.U.), against
wavenumber, given in cm™ .

without CTAB, thus maximum coverage is obtained later. Another
contributing factor may be the well-known stabilizing effect surfac-
tants have on clusters and intermediates which generally delay
nucleation.'® This effect has been theorized to result in nucleation
pathways such as a 2-step nucleation pathway or a pre-nucleation
clusters pathway, neither one of which can be excluded in the
nucleation mechanism here.

Lastly, chemical characterization was performed on the synthe-
sized coatings. The coatings were analyzed by means of FTIR,
ERDA and XRD to examine the phase purity and crystallinity of the
deposit and evaluate if CTAB was incorporated in the coating
prepared in its presence.

Figure 8 shows FTIR spectra from three samples, namely from
Solution A where water was the solvent, from Solution E where the
solvent was 15 v/v% ethanol-water, and from Solution F where
75 mM CTAB was added the latter, all performed by galvanostatic
deposition with i = —6.31 mA cm™> and stopped at the point of
maximum coalescence. In FTIR, all three samples displayed four
characteristic vibration modes (v;- v4) of a PO~ ion:*! the v,
vibrational mode (asymmetric stretching) at 1013 cm™' with a
corresponding shoulder, a weak peak at 967 cm™' due to the v,
vibrational mode (symmetric stretching), the peaks at 513 cm™ ! and
589 cm ™! arise from the v, and v, vibrational mode (asymmetric
bending). The peak around 1200 cm™' can be associated with the
P = O stretch and is also seen for all samples. Hence, the coatings
are certainly comprised of primarily a phosphate compound. For the
coating from Solution F with CTAB, no conclusive evidence for
CTAB incorporation was found. The most prominent stretch is that
for the asymmetric C-H, stretch vibration which is expected at
2925 cm™!. The FTIR does show some small features at 3200 cm ™!
and 3050 cm™' which were not found for the coatings without
CTAB. Note that signatures for interactions with adsorbed water
could arise in the range, albeit usually >3200 cmfl, and in this case
no peak for free/liquid water was found at 1600cm™' either.
Additionally, minor peaks are found at 1424 cm™' and 1457 cm™"
due to O,C-O stretches and could be the result of Li,CO5 impurities
formed during storage in air.® Very minor peaks at 1370 cm ™' and
1770 cm ™" are observed for the coatings obtained from Solution A
and E but cannot be attributed to possible contamination from the
precursors or probable side products.
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Figure 9. XRD diffractogram of coatings prepared using Solution A
containing 1.5M Li,SO,4 and 0.5 M LiH,PO, in water with a solution pH
of 3.8 (red), Solution E containing 1.5 M Li,SO,4 and 0.5 M LiH,PO, with
15 v/v% ethanol co-solvent in water with a solution pH of 4.0 (blue), Solution
F containing 1.5 M Li,SOy, 0.5 M LiH,POy,, and 75 mM CTAB with 15 v/v%
ethanol co-solvent in water with a solution pH of 4.0 (purple), all performed
with an i = —6.31 mA cm ™2 to the point of maximum coverage. Plotted with
intensity, given in arbitrary units (A.U.), against 26, given in degrees (°).
Peaks ascribed to 3-LizPO, are marked with a circle, peaks ascribed to TiN
and o-Ti are marked with a triangle and diamond, respectively. The peak
ascribed to LiOH is marked with a pentagon, while the peak ascribed to
Li,CO; is marked with a star. Note that intensities may be a consequence of
the differing coating thicknesses (5.0 pm, 1.6 pm and 2.3 pm, for coatings
prepared from Solutions A, E, and F, respectively).

Atomic ratios were extracted from ERDA for a sample prepared
with Solution A (Fig. SI.C12). It showed an O:P ratio of 4.4, and a
Li:P ratio of 2.7. In addition, also H atoms were detected H:P of 0.3,
bringing the total Li+H content close to the expected ratio of 3. This
indicates that the obtained coating has atomic composition of
Liy 7Hp 3PO4 4, or close to LizPO, as the sample was stored in air.

The XRD diffractogram (Fig. 9) shows crystalline 3-LisPO, was
obtained from the three solutions investigated. The peaks at 36.5°
and 38.5°, and that at 40.1° are related to the substrate, respectively
TiN and Ti films (TiN/Ti/Si).?"** The characteristic Li;PO,4 peaks at
22.3°, 23.3°, 24.9°, 33.9° and 34.2° confirm that the synthesized
samples are indeed Li;PO, and the single peak at 29.1° suggests
(5-LizPO,4 was obtained (y-Li;PO, is expected to have 2 peaks in that
region).'”** The coatings synthesized from Solutions A and F
exhibited a peak at 33.0° attributed to tetragonal LiOH (note that
no other peaks are expected for LiOH in this range).>* The sample
synthesized in the CTAB containing solution (Solution F) exhibited
an additional peak at 32.8° which could be assigned to Li,CO;
impurities.?® Note that the films had different equivalent thicknesses
which may account for difference in peak intensities.

Conclusions

In this study an experimental and numerical investigation was
performed on the ECiD of LizPO,. It was shown that throughout the
reaction, hemispherical particles progressively form and grow on the
electrode surface, eventually coalescing and forming a closed layer.
Continued growth leads to layered coating with eventual delamina-
tion. The point of maximum coverage before coalescence corre-
sponds to a distinct minimum in the potential transient which is used
as endpoint signature for comparative experiments. The individual
Li;PO,4 hemispheres are comprised of a cavity at the center with a
shell of needle-shaped grains around it. The cavity is postulated to be
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the remanence of surface-adhered H, gas bubbles. These gas bubbles
act as nucleation and growth sites for the precipitation of lithium
phosphate. The slow release of additional formed hydrogen formed
under the shell is also likely responsible for directing the growth of
the needle-shaped grains. Based on these observations one can
imagine that designing an experiment where the bubble size is
minimized while the number density is maximized can lead to a
significantly increased coating uniformity. The effect of current
density, solution pH, [H,PO4 ]y, solvent composition, and the
presence of additives, more specifically CTAB, was investigated.
A higher current density, higher solution pH, and lower [H,PO, ]o
was shown (experimentally and by modelling) to result in a faster
precipitation reaction. From the findings it is clear that the reaction
parameters play a significant role in the precipitation reaction and
that choosing reaction conditions that result in a high surface
[PO,>~] greatly enable the controllability of the coating morphology.
The numerical model developed also provides an easy and powerful
tool for efficient and informed experimental design. The presence of
ethanol as a co-solvent and CTAB as an additive was shown to
drastically alter the film morphology. The addition of ethanol as co-
solvent resulted in a more disordered deposit. This is due to the
increased H, solubility and delay in nucleation of H, bubbles
together with their easier removal as result of ethanol’s surfactant
properties. The presence of CTAB directed growth towards oval-
shaped particles. These results highlight the potential of co-solvents
and additives in tuning the coating morphology but also show the
increased complexity of the precipitation reaction in the presence of
co-solvents and additives. Further in-depth investigations are thus
required to determine major trends in their effect on coating
morphology.
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