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nfined oxygen reduction forms
highly active transition metal alloy hydroxides at
low overpotentials for oxygen evolution

John F. Koons, a Samantha C. Cullom a and Jeffrey E. Dick *ab

The oxygen evolution reaction plays a key role in many modern energy conversion and storage devices,

making the development of catalysts for the reaction of utmost importance. Transition metal hydroxides

represent a promising category of oxygen evolution catalysts in alkaline environments, due to the

affordability and abundance of material, high activity and good stability. However, precipitation of these

catalysts directly on electrode surfaces can be energy intensive, requiring high overpotentials. In this

work, we present a new method of electrodeposition using the confined environment of aqueous

microdroplets adsorbed on an electrode to produce a high pH through heterogeneous reduction of

solvated oxygen, O2. Using O2 reduction in this manner requires less cathodic applied potentials

compared to other electrodeposition techniques and avoids direct metal reduction. Additionally, this

methodology allows for the precipitation of a wide variety of stoichiometrically controlled transition

metal hydroxides by only changing the starting metal precursor salts. Through this method, we

precipitate a variety of transition metal hydroxides ranging from monometallic to penta-metallic alloys

and analyze their morphology, composition and catalytic performance toward oxygen evolution. Overall,

this work presents a new, facile method to be used toward electrodepositing a range of highly desirable

transition metal hydroxide catalysts.
Introduction

As the world moves toward a more renewable energy infra-
structure, scientists have thoroughly investigated several
chemical processes for converting and storing energy, with
water electrolysis receiving much attention. Through water
electrolysis, other sources of power such as solar, nuclear or
wind can be used to produce hydrogen gas, H2, which in turn
can be converted to electrical energy via a variety of chemical
processes.1–4 Common electrolyzers today consist of an anode
and cathode at which the oxygen evolution reaction (OER) and
the hydrogen evolution reaction (HER), respectively, are driven
by an applied potential. These reactions are ideally separated by
1.23 V, but due to kinetic limitations in both cases, devices
never reach this ideal efficiency. OER especially suffers from
sluggish kinetics due to its four-step, four-electronmechanism.5

Some research has recently pursued catalysis of other anodic
reactions such as chloride oxidation in seawater, urea electrol-
ysis in wastewater, and glycerol oxidation to avoid OER's espe-
cially sluggish kinetics.6–8 Still, the largest body of research in
water electrolysis anodes remains focused on OER catalyst
rtment of Chemistry, Purdue University,
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development.1 IrO2 catalysts perform exceptionally well in
acidic solutions and RuO2 performs on par or better in both
acidic and alkaline solutions, but the cost and rarity of both
metals limit their usefulness in industrializing water
electrolysis.9–13

Transition metal-based catalysts offer a promising alterna-
tive to precious metal catalysts for OER. Recent years have seen
the development of transition metal oxides, hydroxides, phos-
phides, and other similar materials with exceptional catalytic
performance.14–16 Currently, their usefulness in acidic water
electrolysis devices like proton-exchange-membrane (PEM)
electrolyzers is limited due to their instability at low pH.17–19

However, transition metal oxides and hydroxides have excep-
tional stability in alkaline environments, making them prom-
ising candidates for catalysts in advanced alkaline water
electrolyzers (AWEs), which account for most of the industrial
level electrolyzers used today.4,15,20,21 In recent years, researchers
have made signicant strides in nding a range of high-
performance transition metal hydroxide compositions for
OER catalysis and elucidating the catalytic mechanisms at
work.22–25 For example, Ni/Co-based hydroxides with small
amounts of Fe either from coprecipitation or Fe impurities in
water have been shown to have exceptionally low overpotentials,
h, under alkaline conditions.26–28

Despite this progress in catalyst design and mechanistic
understanding, the methods of synthesis remain relatively
This journal is © The Royal Society of Chemistry 2025
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underdeveloped. Many synthetic pathways utilize additives
such as potassium hydroxide, hydrogen peroxide or bromine,
oen coupled with solvothermal methods to precipitate sheets
of hydroxides on top of an electrode.29–31 Still more methods
utilize added base or nitrate/chloride anions to produce
hydroxide at the electrode interface via water reduction, nitrate
reduction, chloride oxidation, or some other mechanism to
electro-precipitate catalysts directly on an electrode.32–35 While
these methods are relatively simple, there are some signicant
drawbacks. First, few universal methods exist across different
transition metals or even different precursor salts (MCl2,
M(NO3)2, M(SO4), M(ClO4)2, etc.), which makes the development
and optimization of methods for new stoichiometries and
combinations labor intensive. Additionally, the reduction of
water or nitrate anions require varying degrees of negative
applied potentials at the working electrode for different metal
combinations and concentrations. These potentials usually
provide more than enough cathodic energy to electroreduce the
metal itself to the zero-valent state rather than precipitating it as
a hydroxide. Finally, while transition metal hydroxides are oen
synthesized as sheets, this geometry does not maximize
electrocatalytic surface area (ECSA) per gram of material, and
therefore, it may be useful for OER catalyst research to explore
methods that allow for the precipitation of discrete nano- or
micro-structures.

One seemingly unexplored methodology that could provide
an answer to these considerations is that of electrodeposition
via aqueous microdroplets suspended in a water-in-oil emul-
sion.36,37 In this system, a small volume of aqueous solution (25
mL) containing relatively low concentrations of metal precursor
salts is added to a larger volume of organic solvent (∼5 mL) and
sonicated to form an emulsion of aqueous microdroplets. Metal
precursor salts are conned in these droplets due to insolubility
in the organic phase, creating an electrochemical microreactor
when the droplet collides with the electrode, irreversibly
adsorbing to the surface. Electroneutrality is maintained in the
droplet by partitioning of organic supporting electrolytes such
as tetrabutylammonium perchlorate ([TBA]+[ClO4]

−) across the
organicjaqueous phase boundary. This system has been used in
the past to synthesize high entropy alloy nanoparticles and
other materials by applying a cathodic potential in excess of
−1.5 V versus 1 M Ag/AgCl to rapidly electrochemically reduce
all metals in the droplet, along with water and any other species
present.38–40 However, a more subtle mechanismmay be utilized
at less cathodic applied potentials to quickly create a basic pH
inside the droplet without reducing any metal. In addition to
supporting electrolyte, the organic solvent will also dissolve
signicant amounts of gaseous oxygen, O2, over time if exposed
to ambient conditions. Therefore, if a cathodic potential is
applied that is sufficiently negative to reduce O2, a strongly
basic pH gradient may be created inside the aqueous droplet.
This will be aided by the subsequent partitioning of dissolved
O2 into the aqueous droplet from the O2 rich organic phase in
order to maintain concentration equilibrium across the two
phases. Our group has recently shown that driving O2 reduction
during metal electrodeposition indeed creates such a basic
environment in the droplet that it acts as a switch between
This journal is © The Royal Society of Chemistry 2025
depositing zero-valent Cu nanoparticles and Cu(OH)2 nano-
particles.41 Applying this now to a system where the aqueous
microdroplets contain transition metals that reduce exclusively
at more negative potentials than O2 reduction (unlike Cu), it
should be possible to achieve the selective precipitation of
transition metal hydroxide catalysts by simply reducing di-
ssolved O2 in the aqueous phase.

Herein, we utilize this method of reducing O2 in conned
aqueous microdroplets to precipitate transition metal hydrox-
ides. This method allows for the synthesis of a wide variety of
compositions ranging frommono- to penta-metallic hydroxides
with simple stoichiometric control by varying precursor salt
concentrations. Importantly, this method avoids additives and
only requires a small concentration and volume of metal
precursor salt. It does not rely on electrochemical interactions
with specic metal anions at the electrode interface and avoids
the application of negative potential sufficient to electroreduce
transition metals of interest, such as Ni, Co, Fe, Zn, and Mn. We
investigate the structure, composition and catalytic perfor-
mance of these materials, and gain mechanistic insights into
the roles of O2 reduction rate and droplet volume. This work
introduces a facile new method to be used for the synthesis of
a wide range of transition metal hydroxide nano- and micro-
structures without signicant modication to the process while
simultaneously avoiding unwanted electroreduction of metals
during the process.

Experimental
Materials and instrumentation

Cobalt(II) chloride (CoCl2) hexahydrate, manganese(II) chloride
(MnCl2) tetrahydrate, iron(III) chloride (FeCl3) hexahydrate,
nickel(II) chloride (NiCl2) hexahydrate, zinc(II) chloride (ZnCl2),
tetrabutylammonium perchlorate [TBA]+[ClO4]

−, and 1,2-
dichloroethane (>99.8%) (DCE) were purchased from Sigma
Aldrich (St. Louis, MO). Potassium chloride (KCl) was
purchased from Thermo Fisher Scientic (Waltham, MA).
Ultrapure water (18.2 MU cm) was used for all aqueous solu-
tions. 1.5 and 3 mm radius glassy carbon working electrodes,
a 1 mm radius Pt working electrode, a platinum wire counter
electrode, and 1 M KCl Ag/AgCl reference electrodes were
purchased from CH Instruments (Austin, TX). All 1 M KCl Ag/
AgCl electrodes were checked against an unadulterated 1 M
KCl Ag/AgCl reference electrode against which all potential
values were corrected and then converted to the reversible
hydrogen electrode (RHE) throughout the manuscript. A carbon
type B, 200 mesh Cu TEM grid from Ted Pella, Inc. (Redding,
CA) was used as the working electrode when preparing samples
for TEM. A uorinated ethylene propylene Oak Ridge centrifuge
tube was purchased from Thermo Fisher Scientic (Waltham,
MA) and was used to prepare all emulsions. A horn sonicator
from Sigma Aldrich (St. Louis, MO) was used to create emul-
sions. A CHI 6284E/F potentiostat from CH Instruments (Aus-
tin, TX) was used for all electrochemical measurements. An E3
Series GC rotating disk electrode and aWave Vortex 10 electrode
rotator from Pine Research Instrumentation (Durham, NC) were
used for rotating disk experiments for catalyst stability.
J. Mater. Chem. A, 2025, 13, 35220–35229 | 35221
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Preparation of emulsion and electroprecipitation of catalyst

Solutions of 100 mM transition metal chloride salts in ultrapure
water and 100 mM [TBA]+[ClO4]

− in 1,2-dichloroethane were
prepared. 5 mL of the 1,2-dichloroethane solution was added to
a uorinated centrifuge tube followed by 25 mL of the aqueous
solution. This mixture was emulsied using a horn sonicator
operating at 20 kHz for 30 s with 5 s sonication and 5 s rest
cycles. The emulsion was poured into an electrochemical cell
with a glassy carbon, TEM grid, or Pt working electrode, Pt wire
counter electrode and a 1 M KCl Ag/AgCl reference electrode.
The reference electrode was contained in a 1M KCl solution and
electrically connected with an agarose salt bridge. Prior to
electrodeposition, the working electrodes (except for TEM grids)
were polished rst with 1 and 0.3 mm Type DX gamma alumina
powder (Electron Microcopy Sciences) on a microcloth polish-
ing pad (BASi Research Projects) and then polished again on
a clean microcloth pad to remove excess alumina. The working
electrodes were dipped in the emulsion with the salt bridge and
counter electrode prior to applying a potential to allow the
aqueous microdroplets to irreversibly adsorb to the working
electrode surface. When electrodepositing from a bulk aqueous
solution the electrodes were submerged directly in the aqueous
solution. When electrodepositing from a 1 mL droplet, the
droplet was pipetted directly on the electrode, and the electrode
was ipped upside down and submerged in a 1,2-dichloro-
ethane solution. A cathodic potential was applied to the
working electrode for the specied times listed in the main text
using a CHI6284E/F potentiostat. The emulsion is typically
stable for at least 20 minutes, allowing ample time for electro-
deposition. Following the experiment, working electrodes were
submerged in acetone for 5 minutes, ultrapure water for 5
minutes, and ethanol for 1 minute. Electrodes were air dried
before characterization.

When preparing samples for TEM characterization, the
working electrode was a TEM grid electrically connected by
tweezers to the potentiostat. The same washing procedure was
used for TEM grids; however, they were stored in vacuum for 1
hour to remove excess solvent before characterization.
Fig. 1 (a) Linear sweep voltammograms of 50 mM solutions of CoCl2,
NiCl2, ZnCl2, FeCl3, and MnCl2 added into the aqueous microdroplets
suspended in an emulsion on a glassy carbon working electrode. (b)
Electron microscopy and X-ray characterization

SEM characterization utilized an Apreo 2S, a Quanta 650 FEG,
and a Teneo Volumescope (FEI, Hillsboro, OR). EDX was done
using an Oxford Aztec Xstream-2 silicon dri detector with
Xmax 80 mm window (Oxford Instruments, High Wycombe,
UK). TEM characterization was done using a Talos 200i with
high-angle annular darkeld and EDX detectors from Thermo
Fisher Scientic (Waltham, MA). XPS spectra were collected
using a Kratos AXIS instrument (Kratos Analytical, Nanuet, NY).
An aluminum K-edge source was used with a pass energy of 20,
a work function of −4.36, and an energy step of 0.050 eV. XPS
peaks were t using CasaXPS soware.
Linear sweep voltammograms of O2 reduction on platinum, gold and
glassy carbon working electrodes in 1 M KCl. (c) Schematic showing
a broad view of aqueous microdroplets colliding with the working
electrode, and a zoomed view illustrating the pH gradient and
precipitation process produced by reducing O2 in the aqueous
droplets.
Electrocatalysis

Transitionmetal hydroxides were precipitated on a glassy carbon
working electrode and washed using the method above.
35222 | J. Mater. Chem. A, 2025, 13, 35220–35229
Following the electroprecipitation and washing steps, the open
circuit potential (OCP) of the precipitate coated, or clean glassy
carbon working electrode was determined using the potentiostat
and a 1 M KCl Ag/AgCl reference electrode in a solution of 0.1 M
KOH. Following this, we ran linear sweep voltammograms in
a potential window± 50mV from the OCP (i.e. 0.1 V to 0 V if OCP
is 0.05 V) at a range of scan rates (5, 10, 25, 50, 100, 250, 500; all
in mV s−1) with a quiet time of 10 s. Linear sweep voltammo-
grams were run in both scan directions. The resulting capacitive
current was plotted versus scan rate, with the slope giving the
double layer capacitance. This value was then divided by
a specic capacitance value of 0.04 mF cm−2 to give the electro-
catalytic surface area. See SI for these plots. For conversion of
potentials from 1 M KCl Ag/AgCl to the RHE, we measured a pH
of 12.88 ± 0.01 for the 0.1 M KOH solution. The uncompensated
resistance, Ru, of this solution was measured to be 29.34 U. Both
pH and Ru were determined using a Thermo Fisher Orion Versa
Star Pro with a ROSS Sure-Flow pH electrode and a 013005MD 4-
cell conductivity probe, respectively. Conductivity measurements
were converted from Siemens per cm to Ohms by dividing by
a cell constant of 0.475 cm and taking the reciprocal. Stability
tests of the catalysts were carried out with a rotating disk elec-
trode (RDE) rotating at 1600 rpm. An anodic current of 1 mA
(calculated to be 10 mA cm−2) was applied for 7200 s. Linear
sweep voltammograms were taken before and aer the stability
tests to show changes in catalytic activity.
Results and discussion

To test whether transition metal hydroxides can be precipitated
by driving O2 reduction in aqueous microdroplets, we rst
This journal is © The Royal Society of Chemistry 2025
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determined the reduction potentials of the metal salts on
a glassy carbon electrode (Fig. 1a). We chose ve metals (Mn, Fe,
Co, Ni, and Zn) with reduction potentials between −0.25 and
−1.3 V vs. RHE. These reduction onset potentials are all
signicantly more cathodic than that of O2 reduction, which has
onset potentials between approximately 1 V and 0.4 V vs. RHE
depending on the electrode material (Fig. 1b). This relationship
allows us to selectively reduce O2 and not any of the metal salts
at potentials less cathodic than approximately −0.25 V vs. RHE.
Importantly, the reduction peak seen for iron(III) chloride
(FeCl3) at more positive potential corresponds to the reduction
of Fe(III) to Fe(II), which does not result in any electrodeposition.

The method for electrodepositing transition metal hydrox-
ides by selectively reducing O2 in aqueous microdroplets is
illustrated in Fig. 1c. Metal chloride salts are conned inside of
aqueous microdroplets that are suspended in a continuous
phase of 1,2-dichloroethane which contains [TBA]+[ClO4]

− as an
electrolyte. These aqueous droplets will collide randomly with
the working electrode as they diffuse throughout the emulsion.
Aer this, they become electrically connected to the working
electrode and serve as nano- or picoliter volume reactors. When
the working electrode is held at a sufficiently cathodic potential
to drive O2 reduction in the droplets and not reduce any of the
metal cations directly – between 0.4 V and −0.25 V vs. RHE for
a glassy carbon working electrode – a basic pH gradient will be
created in the droplet by O2 reduction either consuming
protons in acidic conditions or producing hydroxide in basic
conditions as seen in eqn (1)–(4),42 Once dissolved O2 in the
aqueous droplet is reduced more O2 should continually parti-
tion into the aqueous droplet from the higher concentration
dissolved in the surrounding organic phase to maintain an
equilibrium concentration gradient. Hence there will be
a constantly replenishing source of O2 to be reduced in the
aqueous droplets, causing a sharp increase in pH.

Acidic conditions:

O2 + 4H+ + 4e− # 2H2O (1)

O2 + 2H+ + 2e− # H2O2 (2)

Basic conditions:

O2 + 2H2O + 4e− # 4OH− (3)

O2 + H2O + 2e− # HO2
− + OH− (4)

Applying the results of the cyclic voltammograms in Fig. 1,
we used an applied cathodic potential, Eappl, of −0.2 V vs. RHE
for 400 s to a glassy carbon working electrode that was
submerged in a water-in-oil emulsion as seen in Fig. 1c, readily
reducing aqueous dissolved O2, while not reducing any of the
metal salts. In this rst case, the aqueous droplets contained
CoCl2, NiCl2, ZnCl2, FeCl3, and MnCl2. The resulting current–
time (i–t) curve is seen in Fig. S1, showing a large current for its
entirety as would be expected from O2 reduction at that Eappl.
The SEM image in Fig. 2a shows some of the common resulting
morphologies of the precipitated material on the electrode
surface. They range from sheets in the mm range to single
This journal is © The Royal Society of Chemistry 2025
particles in the nm range and appear to be randomly distributed
across the surface (Fig. S2). In many cases, the precipitated
material resides primarily in a ring-like structure likely along
the edge of the collided droplet where the waterjoiljelectrode
interface was located (Fig. S3). The abundance of cases with
most material focused on the edge of the droplet collision
suggests that the interface is the source of the high pH gradient
due to O2 partitioning in and being subsequently reduced.
However, the rings do not appear in every case, highlighting the
stochastic and heterogeneous nature of these droplet collisions.

Fig. 2b(i) shows a STEM-HAADF image of the
MnFeCoNiZn(OH)x sheet precipitated on a carbon TEM grid.
The image displays a heterogeneous distribution of the transi-
tion metals across the sheet, seen as the high scattering bright
areas. This heterogeneity was consistent for nearly all cases
(Fig. S4). A higher magnication HAADF image in Fig. 2b(ii)
reveals rows of atoms with a d-spacing of 0.250 nm. While, this
value alone cannot be directly correlated with any specic
transition metal layered double hydroxide (LDH), it does high-
light the crystalline nature of the transition metal rich regions.
Other areas of the transition metal-rich regions of the precipi-
tate revealed similar crystalline nature (Fig. S5). In contrast,
regions of the precipitate with a less abundant metal signal
revealed no obvious signs of crystalline fringes in HAADF
(Fig. S6). Overall, this reveals a mix of crystalline and amor-
phous regions in the transition metal precipitates. X-ray
diffraction (XRD) could provide further insight into the crystal
planes present in these precipitates, but this characterization
method has proven to be very limited at characterizing metals
deposited from nano- or microdroplets, likely due to relatively
low surface coverage and the randomness of precipitate
orientation.

Fig. 2c shows EDX mapping of an SEM image for Mn, Fe, Co,
Ni, and Zn – all of which were originally contained in the
aqueous droplets. All 5 metals were present in the precipitates
and consistently appeared to have a homogeneous distribution.
Signicantly, chlorine and nitrogen signals were largely absent
from these materials, which would be present if the precipitates
were either metal chloride salts or some complex with the
organic [TBA]+ salt, respectively (Fig. S7). Instead, the lack of
signal suggests precipitation of transition metal hydroxides
rather than salt complexes. Fig. 2d shows the EDX ratios of each
metal and their standard deviations. These results indicate that
the transition metal precipitates are at the high end of mid-
entropy with a DSconf = 1.56R ± 0.028 (Fig. S8). STEM/EDX
also revealed a homogeneous and random distribution of
metals across the precipitates (Fig. S9). The homogenous
distribution of all ve transition metals suggests that the
microdroplet conned O2 reduction method is generalizable for
multiple transition metals as expected.

While the Eappl value and EDX data indicate that the metals
are likely precipitated as transition metal hydroxides, XPS
provides clearer insight into the specic transition metal and
oxygen species present. For XPS characterization, we copreci-
pitated Mn, Fe, Co, Ni, and Zn for 1200 s (versus the original 400
s) at the same Eappl on a glassy carbon working electrode. This
increase in reaction time allows for more randomly diffusing
J. Mater. Chem. A, 2025, 13, 35220–35229 | 35223
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Fig. 2 (a) SEM image of metals precipitated at−0.2 V vs. RHE showing diversity of morphologies. (b) STEM-HAADF image of large precipitate at (i)
low zoom and (ii) high zoomwith d-spacing specified for crystalline fringes. (c) SEM image and corresponding EDXmapping of differentmetals in
electroprecipitated materials (scale bars are 10 mm unless otherwise specified). (d) Ratios of constituent metals in precipitated materials (error
bars are standard deviation). (e) XPS O1s peak and (f) transition metal 2p peaks.
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droplets in the emulsion to collide with the cathodically biased
working electrode and increases the surface coverage of catalyst.
The full XPS survey spectrum obtained for the sample can be
seen in Fig. S10. In Fig. 2e the O1s signal indicates a majority
peak that corresponds well with typical transition metal
hydroxide (M–OH) binding energies, with a smaller peak
consistent with transition metal oxide (M–O) binding energies.
The water peak (M–OH2) aligns well with values assigned to
surface oxidation layers formed on certain transition metal
hydroxides resulting from moisture in the air.31,43,44 Fig. 2f
shows the different 2p regions for Mn, Fe, Co, Ni, and Zn. The
regions showed no indication of zerovalent or monovalent
signals. Rather, all peaks t exclusively for either hydroxide or
(oxy)hydroxide species of each metal.43 In all cases, the metals
are still present in the original valency of themetal chloride salt,
indicating a lack of metal electroreduction at the electrode
surface. Together these XPS data demonstrate that the MnFe-
CoNiZn hydroxides are being precipitated via hydroxide or
oxide formation with no competing electroreduction of the
metals themselves, thereby maximizing the amount of metal
precursor salt that forms the desired catalytic product rather
than zerovalent metal structures.
35224 | J. Mater. Chem. A, 2025, 13, 35220–35229
In addition to precipitating all ve metals together, we also
precipitated them separately by adding 25 mM of each metal
salt into the aqueous phase. We observed similar morphologies
for the individual cases compared with the penta-metallic
hydroxide (Fig. S11). This again highlights the generalizability
of this technique in its ability to precipitate transition metals
both individually and as alloys.

Having precipitated ve transition metals together in
a homogeneous and nearly equimolar ratio, we sought to
explore the level of control over the relative amounts of each
metal in a case with just two starting components. We tested Ni
and Fe together since hydroxide alloys of these materials have
been shown to have superior catalytic performance toward
OER.25,28,45 Specically, alloys with a ratio of Ni0.75Fe0.25 perform
exceptionally well in basic environments. We added 75 mM
NiCl2 and 25 mM FeCl3 to the aqueous phase in the water-in-oil
emulsion and used the same Eappl, −0.2 V vs. RHE, on a glassy
carbon working electrode for 400 s. The resulting precipitates,
seen in Fig. 3a, had similar morphologies to the previous cases.
EDX mapping of the NiFe(OH)x precipitates shows a mostly
homogeneous distribution of both metals (Fig. 3b and c). EDX
point scans of the bimetallic precipitates revealed a range of
atomic ratios centered around the target value of a 75 : 25 Ni : Fe
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) SEM image of precipitates resulting from adding 75 mM
NiCl2 and 25 mM FeCl3 in the aqueous phase before emulsifying and
precipitating on a glassy carbon electrode at −0.2 V vs. RHE. (b) Ni and
(c) Fe EDX maps of the precipitates shown in (a). (d) Resulting atomic
ratios determined by EDX of Ni and Fe when either a (i) 75 : 25 or (ii)
50 : 50 atomic ratio of Ni : Fe metal precursor salts were originally
added to the aqueous phase.
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atomic ratio (Fig. 3d(i)). While the mean and median values are
approximately equal to the ratios of each metal added to the
aqueous phase, there is a signicant amount of deviation
around those values. We also demonstrated this with a 50 : 50
Ni : Fe ratio added to the aqueous phase, which yielded the
atomic ratios seen in Fig. 3d(ii). Once again, the mean and
median are centered near the target value with some deviation.
While some heterogeneity occurs in the precipitation of
NiFe(OH)x, O2 reduction in aqueous microdroplets shows
signicant promise in its ability to selectively precipitate
specic ratios of these starting metals by simply adding the
desired ratio of the metal precursor salts without having to
change anything else about the procedure.

We next sought to gain more insight into the mechanism of
microdroplet mediated precipitation via O2 reduction by
comparing our results to those attained by applying the same
potential to an electrode either suspended in a bulk aqueous
phase with no adsorbed droplets or suspended in an organic
phase with a large adsorbed aqueous droplet (approximately
1 mm radius and 1 mL volume). Given that pH is a function of H+

concentration, its value will not only depend on the physical
number of H+ molecules in a droplet, but also the volume of the
droplet. Imagining shrinking the radius of a droplet from the
scale of 1 mm down to 1 mm, both the size of the water-
joiljelectrode interface and the volume of the droplet will
change signicantly. Decreasing the radius will decrease the
droplet contact interface with the electrode in proportion to the
radius since the circumference is equal to 2pr. Hence the
amount of O2 reduced may also experience a decrease that is
roughly proportional to the droplet radius. However, volume is

equal to
4
3
pr3 meaning that volume will have a much sharper
This journal is © The Royal Society of Chemistry 2025
decrease compared to the size of the waterjoiljelectrode inter-
face as the droplet radius shrinks. Applying this to the formula

for concentration,
n
V
, where n is moles and V is volume, we can

see that shrinking a droplet will result in larger changes in
concentration of species such as H+ and OH−. Consequently,
aqueous microdroplets likely provide a much more suitable
environment for precipitating transition metal hydroxides
compared to larger droplets, which might not sufficiently
concentrate the produced OH−. Additionally, not only will
a bulk aqueous environment fail to conne any OH−, but it also
likely contains too low of a concentration of dissolved O2 to
precipitate the catalysts.

To investigate this theory, we applied 0.47 V, 0.22 V and
−0.03 V vs. RHE to these three different environments – a bulk
aqueous phase, a 1 mL aqueous droplet and an emulsion of
aqueous microdroplets. Fig. 5a shows where each of these
potentials fall on the reduction curve of O2 reduction in 0.1 M
KCl, and are marked by Eappl 1, 2, and 3, respectively. In the case
of a bulk aqueous phase containing 20 mM each of MnCl2,
FeCl3, CoCl2, NiCl2, and ZnCl2, we saw no precipitation or
electrodeposition of the metals at any of these potentials
(Fig. S12) – likely due to the insufficient O2 concentration and
diffusion of any basic pH gradient formed away from the elec-
trode surface that it was formed at. In the case of a 1 mL droplet
adsorbed on the electrode, there was a small amount of
precipitation around the interface only at −0.03 V (Fig. S13),
which is consistent with previous observations and may be due
to a localized pH gradient at the interface.46 The preferential
formation of precipitate around the interface likely indicates
once again that the O2 reduces primarily around the interface as
soon as it partitions into the aqueous droplet. This effect is
more pronounced in large droplets since OH− will only be
concentrated at this point before diffusing away into the larger
aqueous volume of the droplet. Our group is currently investi-
gating ways to visualize this interfacial pH effect and its
potential ability to form precipitate rings further.

We next applied all three of these potentials to a glassy
carbon working electrode submerged in an emulsion of
aqueous microdroplets for 120 s. The resulting current densi-
ties, j, on the j–t curves for Eappl 1, 2 and 3 were about 0.01 mA
cm−2, 0.04 mA cm−2 and 0.2 mA cm−2, respectively (Fig. 4b),
which reect the j of O2 reduction driven at each Eappl. Addi-
tionally, we held a fourth electrode at the open circuit potential
(OCP) for 120 s, during which no bias or current is applied as
the potential is held at the OCP, which was about 1.1 V vs. RHE
(Fig. S14). In all four of these cases, transitionmetal precipitates
were formed with a range of compositions.

Fig. 4c–f show SEM images of the precipitated materials in
each case and the EDX ratios of these precipitates. Fig. 4c shows
the precipitates formed when holding the electrode at the OCP
and passing negligible current. We found it surprising that
precipitation happened in this case, and that the materials
showed no chloride peak in EDX (Fig. S15). These materials
were hydroxide alloys of Ni and Fe in a ratio of approximately
Fe0.85Ni0.15. This precipitation likely occurs through some
spontaneous galvanic interaction with another species in the
J. Mater. Chem. A, 2025, 13, 35220–35229 | 35225
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Fig. 4 (a) Linear sweep voltammogram showing three different Eappl values and where they lie on the O2 reduction curve. (b) Corresponding j–t
curves after applying each Eappl for 120 s. SEM image and EDX atomic ratios at (c) OCP, (d) Eappl 1, (e) Eappl 2 and (f) Eappl 3.
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aqueous droplets but the exact cause remains unclear. Fig. 4d
shows precipitates synthesized at Eappl 1, which have more
similar morphologies to those precipitated at −0.2 V vs. RHE
compared to the lms formed at OCP, but EDX analysis of these
revealed that the materials only contained Fe. The precipitates
formed at Eappl 2 in Fig. 4e and at Eappl 3 in Fig. 4f displayed the
most similar morphologies and atomic ratios of all 5 metals
compared to those deposited at −0.2 V. These observations
show that increased levels of O2 reduction lead to better stoi-
chiometric control over the resulting transition metal
hydroxides.

The variety of precipitate morphologies and compositions
might be explained by Pourbaix diagrams and the relative pH
sensitivity of each metal. All of the metals used in these cases –
Mn, Fe, Co, Ni, Zn – are likely to form hydroxides, oxides or
oxyhydroxides rather than be reduced by the electrode at all
three values of Eappl, given that a sufficiently basic pH is present
in the droplet.47,48 Mn requires the most basic pH to form
precipitates, suggesting that a pH value of 10 or higher is
present when Mn is precipitated. However, the pH in the
microdroplets likely does not reach this value when the elec-
trode is held at Eappl 1 or OCP. Despite this, Fe will precipitate as
an (oxy)hydroxide even at low pH values, possibly explaining
why it is still present in all four cases. Still, the mechanism of
precipitation at OCP and the reason for Ni coprecipitating with
Fe are not yet fully clear – especially given that these materials
are produced without passing any current. Given that many
intriguing spontaneous redox phenomena have been observed
at the waterjair and waterjoil interfaces in aqueous micro-
droplets, it will be an interesting avenue of inquiry to probe this
mechanism further.49–54 This drastic change in pH based on
slight changes in Eappl is enabled both by the connement of the
aqueous microdroplets and the continuous O2 supply from the
surrounding organic phase. Consequently, this method is likely
compatible with any organic solvent that has a higher O2 solu-
bility than water and will create a stable emulsion with water.
Solvents such as chloroform and dichloromethane have been
shown to work similarly to 1,2-dichloroethane in multiphase
35226 | J. Mater. Chem. A, 2025, 13, 35220–35229
electrochemistry applications, and we expect that they will also
work well for this method.

Finally, we tested the utility of MnFeCoNiZn(OH)x, Ni(OH)2,
and Ni0.75Fe0.25(OH)x as OER catalysts in 0.1 M KOH (Fig. 5a).
These materials were precipitated onto glassy carbon electrodes
using the same method as above. Ni(OH)2 was synthesized by
adding 100 mM NiCl2 to the aqueous phase. The electrocatalytic
surface area (ECSA) of each of these materials was estimated by
determining the double layer capacitance, Cdl, and dividing by
the specic capacitance of the materials.34 Cdl was estimated by
plotting the capacitive current versus potential scan rate while
doing linear sweep voltammetry in a purely capacitive potential
window (Fig. S16–S19). Details for these calculations can be seen
in the Experimental Section and SI. We found that the
MnFeCoNiZn(OH)x had an onset potential – set as the potential at
which j = 10 mA cm−2 – of approximately 1.8 V vs. RHE. Ni(OH)2
yielded a nearly identical onset potential. Ni0.75Fe0.25(OH)x had an
onset potential of approximately 1.75 V vs. RHE. All three had
a far lower onset potential than the undecorated glassy carbon
macro electrode, which was about 2.6 V vs. RHE. These onset
potential values represent OER overpotentials, h, of 0.57 V for
MnFeCoNiZn(OH)x and Ni(OH)2, and 0.52 V for Ni0.75Fe0.25(OH)x.
While these h values are over 100 mV larger than the lowest re-
ported catalysts, they nevertheless show that this technique can
be used to electrodeposit active catalytic materials toward OER.
We also tested the precipitates formed in Fig. 4, all of which
exhibited similar h values (Fig. S20–S24).

In addition to determining the h of these catalysts, we also
tested their stability when doing OER in 0.1 M KOH. Fig. 5b
shows chronopotentiograms where the catalysts were held at j=
10 mA cm−2. All three showed relatively stable behavior with
slight increases in h over the course of 2 hours. The slight
discrepancies in h values between the original linear sweep
voltammograms likely results from different coverages of
precipitate between different electroprecipitation trials. The
droplets' rate of collision with the electrode will differ in
subsequent trials due to the stochastic nature, which will cause
slight variations in catalyst ECSA. Linear sweep voltammograms
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Linear sweep voltammograms of a glassy carbon electrode with MnFeCoNiZn(OH)x, Ni75Fe25(OH)x, Ni(OH)2 or no catalyst (GC)
electrodeposited on the surface in 0.1 M KOH. (b) Galvanostatic stability tests of the three catalysts on a rotating disk electrode (RDE) at 1600 rpm
and j= 10 mA cm−2 for 2 hours. (c) Linear sweep voltammograms of (i) MnFeCoNiZn(OH)x, (ii) Ni(OH)2 and (iii) Ni75Fe25(OH)x before and after the
two-hour stability tests on the RDE.
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from before and aer the 2 hour testing time also show a slight
decrease in catalytic performance over time, as seen by the
decreased i following stability testing (Fig. 5c(i)–(iii)). To
determine the cause of this catalytic loss, we ran the
MnFeCoNiZn(OH)x catalyst until it changed to the h expected
for glassy carbon (Fig. S26). Aer imaging this electrode, it was
determined that the catalyst had fallen off of the surface and
only ClO− salt remained – possibly due to oxidation of Cl−

impurities in solution (Fig. S27). Finally, a linear sweep vol-
tammogram conrmed that the electrode only showed the
electrochemical characteristics of a glassy carbon electrode.
Overall, the catalyst precipitates themselves appear to be rela-
tively stable, but the glassy carbon substrate is not ideal for long
term catalysis. Despite this issue on glassy carbon, it remains an
interesting avenue of inquiry to test this technique on other
materials commonly used for OER catalyst substrates such as
a Ni foam or C mesh. Since this method relies on reducing di-
ssolved aqueous O2, it should be viable on other electrode
materials as long as they reduce O2 at less cathodic potentials
than the added aqueous metal salts, which we demonstrated on
a Pt working electrode (Fig. S28).
Conclusion

In this work we use aqueous microdroplets suspended in
a water-in-oil emulsion as isolated microreactors to drive strong
pH gradients and precipitate transition metal hydroxides
directly on an electrode. We precipitate a penta-metallic alloy of
MnFeCoNiZn(OH)x, monometallic hydroxides, and bimetallic
hydroxides, investigating their structure, stoichiometric control
and catalytic activity. Additionally, we investigate the mecha-
nism of precipitation to show the importance of microdroplets
and reduction of dissolved O2. This method takes advantage of
the high O2 solubility in organic solvents to provide a constantly
This journal is © The Royal Society of Chemistry 2025
replenishing supply of O2 to be reduced inside of the aqueous
microdroplets. The produced OH− ions are conned in the
aqueous phase, creating a high pH that precipitates transition
metal ions as hydroxides. By using O2 reduction to create a basic
environment, this method requires less cathodic potentials
than water or NO3

− reduction, thus avoiding any unwanted
direct reduction of the metals. Additionally, this pH gradient
allows for generalizable precipitation of multiple different
transition metals separately or together, along with simple
stoichiometric control of the synthesized catalysts. Overall, this
method opens a new synthetic approach to producing transi-
tion metal hydroxides via pH gradients in aqueous micro-
droplets and opens avenues for scientists to use conned
microreactors to synthesize materials in new and interesting
ways directly on an electrode.
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