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Abstract

Synthesis of earth-abundant nanocatalysts for the oxygen evolution reaction (OER)
has depended largely on highly diluted, batchwise wet chemical methods, leaving it
a challenge to improve throughput and sustainability of the process. Herein, we
demonstrate for the first time the production of Co;0, and FeCo3_4O4 nanopar-
ticles using vapor-fed flame aerosol synthesis (VFAS), a continuous and scalable
process requiring minimal waste treatment. In 1M KOH, the catalysts exhibit stable
OER overpotentials of 295 mV @ 10 mA/cm? and Tafel slopes down to 38 mV/dec,
which are comparable to the performances of wet-chemically derived benchmark
(Fe-doped) Co30, catalysts. The high activity is attributed to ultrafine particle size
of (Dp) = 3.1-4.4 nm and rich surface defects. Furthermore, nanostructured Co30,
and Fe,Co3_4xO4 films can be conveniently grown on graphite substrates by VFAS
and serve as OER electrodes without further treatment. Remarkably, the morphol-
ogy of the films can be easily tuned from columnar to granular by varying precursor
concentration in feed gas, achieving optimal utilization of catalytic materials with a
hierarchical structure consisting of elongated nanoparticulate building blocks.
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Highlights

* Co30,4 and Fe,Co3_4O4 nanoparticles/nanostructured films were prepared by vapor-
fed flame aerosol synthesis for the first time.

* The morphology of the films was tunable from columnar to granular by changing
precursor concentration in the flame mixture.

* The nanoparticles exhibited a comparable electrocatalytic oxygen evolution activ-
ity with that of wet-chemically synthesized benchmarks.

» The as-prepared catalyst films can serve as water splitting electrodes directly with-
out further treatment.
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1 Introduction

Hydrogen production by solar-driven water splitting has been considered a promising
technology to mitigate environmental problems associated with increasing consumption
of fossil fuels [53]. Between the two half reactions of water splitting, i.e. hydrogen evolu-
tion reaction (HER) and oxygen evolution reaction (OER), the kinetically more sluggish
four-electron OER limits the overall reaction rate by a high overpotential [20]. To reduce
the energy penalty caused by the overpotential and pave the way for industrialization of
the technology, highly efficient cost-effective OER catalysts are urgently needed [37].
While the established noble metal catalysts such as RuO, and IrO, exhibit satisfactory
OER activity [24], their high cost prevents large-scale applications.

For more than three decades, intensive research has been conducted on the development
of earth-abundant OER catalysts for low cost [46, 52]. Particularly, nanosized Co oxides
and (oxy)hydroxides show encouraging OER activity and stability in alkaline electrolytes
[57]. With continuous efforts to optimize their electrochemical properties, state-of-the-art
Co-based catalysts have outperformed the noble metal benchmarks. For example, size re-
duction of Co;0, spinel nanoparticles and exfoliation of Co-based layered double hydrox-
ide (LDH) have been proven effective in enhancing OER activity by exposing more active
sites [14, 44]. To improve electrical conductivity of such catalysts and hence increase
accessibility of the surface active sites, syntheses of 3-D hierarchical structures and com-
posites with conductive carbon materials have also yielded positive results [43, 58, 62, 71—

]. Furthermore, the considerable flexibility in chemical composition of spinel allows for
facile introduction of defect sites and dopant elements including Fe, Ni, and Zn to the Co-
based system to generate highly active OER sites [4, | 1, 12, 17, 18, 59,60, 65, 75]. Recent
studies on Co-based spinel materials have demonstrated different reactivity of Co*" and
Co*" centers during OER [35, 56]. Despite controversies among the results, they never-
theless suggest an additional degree of control in enhancing the performance of Co-based
spinel catalysts.

In contrast to the fast advancing performance of nanostructured OER catalysts in labora-
tory research, feasibility of their synthesis methods in an industrial context has received
little attention. So far wet chemical methods such as hydrothermal and solvothermal treat-
ments sometimes followed by heat treatment have dominated the synthesis of OER cata-
lysts. For optimal size and morphology of the nanomaterials, a typical reaction mixture
is highly diluted which leads to low throughput. The synthesis suffers further from long
process cycles and energy-intensive separation, and generates a large amount of waste
water. Although in situ electrochemical synthesis of OER catalysts simplified the manu-
facturing process and the electrodes have shown good performance [38, 67], treatment of
hazardous waste water is still a cause of concern. Importantly, all the methods above are
batch processes.

Flame aerosol synthesis (FAS) is an industrially relevant method of producing nanoparti-
cles. In FAS, precursors are continuously fed to and pyrolyzed in a flame where particles
form in the gas phase from pyrolysis products. Depending on the physical state of the pre-
cursors upon introduction to the flame, the FAS process can be categorized as vapor-fed
(VFAS) or liquid-fed (LFAS) [27]. Steam, CO,, excess O, and inert carrier gas (e.g2. N,
or Ar) are typically the only components of the exhaust of FAS using an oxidative flame.



Compared with the batch process of wet-chemical synthesis, FAS involves fewer unit op-
erations, shorter processing time and simpler waste treatment, and is hence more suitable
for high-throughput production in commercial scale [23, 39]. Indeed, FAS accounts for
the production of most commodity nanoparticles including carbon black, fumed S10, and
TiO, which FAS was first developed for [42]. Its scope has since been expanded to the
synthesis of numerous nanomaterials including most non-radioactive metal oxides, noble
metals, carbon, and their composites [27, 36]. Moreover, nanostructured films such as
TiO,, ZnO, SnO, and rare earth oxides have been successfully deposited by FAS in open
atmosphere and applied in fuel cells, solar cells, Li-ion batteries, water splitting and gas
sensing [0, 30, 40, 41, 49, 64, 68]. It suggests FAS to be a fast and low-cost alternative
to chemical vapor deposition in mass production of catalytic films. VFAS in particular
is capable of producing ultrafine nanoparticles with narrow size distribution and nanos-
tructured films with tunable morphology [49, 69], which are important advantages in de-
signing OER catalysts. However, to the best of our knowledge the use of FAS-derived Co
oxides in OER has not been reported. In fact, examples of FAS of Co oxides are scarce in
general, and the few published works adopted LFAS exclusively [2, 22, 28, 47].

Herein, we prepare pure and Fe-doped Co3;0, spinel by VFAS and demonstrate their high
activity in OER. For comparison with wet-chemically synthesized analogues, the flame-
synthesized materials are first studied in the form of free-standing nanoparticles. The
unique advantages of VFAS are then explored by growing nanostructured films at dif-
ferent precursor concentrations, which leads to tunable film morphologies. Finally, the
as-synthesized films are directly evaluated as OER working electrodes.

2 Experimental methodology

2.1 Chemicals

Iron(I1l) acetylacetonate (Fe(acac);, 97%), cobalt(Il) acetylacetonate (Co(acac),, 97%),
potassium hydroxide (KOH, ACS Reagent), Nafion perfluorinated resin solution (5%),
iron standard solution (1000 mg/L), and cobalt standard solution (1000 mg/L) from Sigma-
Aldrich, ethylene (C,Hy, 99.9%), hydrogen (H,, purified), oxygen (O,, purified), nitrogen
(N,, purified), and argon (Ar, purified) from Air Liquide, absolute ethanol (EtOH, for
synthesis), 2-propanol (IPA, for analysis), nitric acid (HNOj3, 65% for analysis), and hy-
drochloric acid (HCI, 37% for analysis) from Merck were used as received.

2.2 Synthesis

Co304 and Fe,Co;_,O, were synthesized in a flame aerosol reactor at atmospheric pres-
sure. The burner was supplied by Hestia Tec, LLC [50]. A schematic diagram can be
found in Figure S1. Briefly, an Ar stream preheated to 90 °C was allowed to pass through
an electrically heated sublimator filled with Co(acac), or a Co(acac),/Fe(acac); mixture

to carry the precursor vapors to a premixed C,H,/O,/Ar stagnation flame with an equiv-
Ocyn,/Qo,

Ve, / Vo,

alence ratio ¢ = 0.25. The equivalence ratio is defined as ¢ = , where Qc,y, and



Qo, are the volumetric flow rates of the two gases in standard condition and vc,p,/vo, is
the stoichiometric ratio for complete combustion of C,H, which equals to 1/3. The subli-
mator was kept at 115, 120 or 125 °C. The flame impinged on a water cooled aluminum
stagnation plate (Figure 1) which reached a surface temperature of 150 °C at steady state.
Free-standing nanoparticles were collected from the plate after the flame was turned off
and the plate was cooled down in laboratory air. Pure Co;0, powder samples (synthesized
without Fe(acac); loaded in the sublimator) are denoted by Col15C, Co120C or Co125C
and Fe-doped samples by CoFel15C, CoFel20C, or CoFel25C depending on the sub-
limator temperature used. Nanostructured Co;0,4 and Fe,Co;_,O, films were prepared
by inserting a 5 x 30 mm graphite substrate (0.5 mm thick, >99.5%, Latech Scientific
Supply) between the flame and the stagnation plate. The substrate reached a surface tem-
perature of 570 °C due to limited heat transfer from the substrate to the stagnation plate.
After 5 min of deposition the substrate was removed and cooled down in laboratory air.
The pure Cos;0, films are denoted by Col15C5min, Co120C5min, or Col125C5min and
Fe-doped films by CoFel15C5min, CoFel120C5min, or CoFel125C5min depending on the
sublimator temperature used. Detailed description of the set-up and the procedure can be
found in Appendix A.

Figure 1: Photograph of a typical flame during the synthesis of Co;0, nanoparticles.

2.3 Materials Characterization

Morphology of the Co;04 and Fe,Co;_4O4 nanoparticles/films was studied by transmis-
sion electron microscopy (TEM, JEM-2100F, 200 kV) and scanning electron microscopy
(SEM, JSM-6700F, 5 kV). Crystallographic information was obtained by X-ray diffrac-
tion (XRD, Bruker D8 Advance) using a Cu Ko source with a wavelength of 1.54 A.
Surface chemical states were studied by X-ray photoelectron spectroscopy (XPS, Kratos
AXIS Ultra DLD) using a monochromated Al Ko source with an X-ray energy of 1486.7 eV.
The 1s binding energy of sp* adventitious carbon, set to 284.8 eV, was used for charge
referencing. Elemental composition was analyzed by inductively coupled plasma optical
emission spectroscopy (ICPOES, Thermo Scientific iCAP 6200 Duo). The samples were
digested with aqua regia at 60 °C for 2 h and diluted with deionized water before analysis.



2.4 Electrode Preparation

For the powder samples, 5 mg of as-synthesized nanoparticles was dispersed in a mixture
of 1 mL of 75 vol% IPA solution and 6 uL of 5% Nafion solution to form a homogeneous
ink with the aid of an ultrasonic bath. 50 uL of such catalyst ink was drop-casted onto a
5 x5 mm Ni foam electrode (1 mm thick, 100-110 pores/inch, >99% Ni, Latech Scientific
Supply) and dried at 50 °C for 2 h (Figure 52). For the film samples, as-prepared graphite
electrodes were coated with epoxy resin, leaving only a 5 X 5 mm area of catalyst film
and a portion of bare graphite of similar size (for electrical contact with the potentiostat)
exposed. The electrodes were directly used as working electrodes after the resin cured
(Figure 53).

2.5 Electrochemical Measurement

Electrochemical experiments were performed at room temperature in a three-electrode
cell using 1M KOH as the electrolyte, Ag/AgCl1/3M KCl as the reference electrode, and
Pt sheet as the counter electrode. The reference electrode was calibrated in H,-saturated
IM KOH using Pt wire as the working electrode. OER activity was evaluated by cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) techniques (Metrohm Auto-
lab PGSTAT302N), and uncompensated resistance was determined by electrochemical
impedance spectroscopy (Metrohm Autolab FRA32M) at 1.23 V vs RHE with 10 mV si-
nusoidal perturbation voltage. The electrolyte was saturated with continuous bubbling of
0O,. 25 CV scans at 100 mV/s were first performed to achieve a stable voltammogram. A
LSV scan at 5 mV/s was then used to determine the overpotential required for 10 mA/cm?
OER current density. Another LSV scan at 0.25 mV/s was finally performed to mea-
sure Tafel slope near the current density of 10 mA/cm?. Catalyst stability was tested by
chronopotentiometry over 200 min of continuous electrolysis at 10 mA/cm? after the LSV
measurements. 95% iR compensation was adopted during the performance evaluation.

2.6 Computational Method

The flame temperature was calculated by the kinetics® software package [1, 33] using
the reaction model proposed by Wang et al. [55].

3 Results and Discussion

3.1 Free-Standing Co304 and Fe,Co3_,O4 Nanoparticles

Co304 and Fe,Co;_4O4 nanoparticles were synthesized in the same C,H4/O,/Ar flame
with an equivalence ratio ¢ = 0.25. The precursor sublimator was loaded with either pure
Co(acac), or a 1:1 mixture of Co(acac),/Fe(acac); and held at three different temperatures:
115, 120 and 125 °C to study the effects of precursor concentration in the flame mixture.



The adiabatic flame temperature was calculated to be 1930 K. The effects of metal precur-
sors on equivalence ratio and flame temperature were ignored due to their low concentra-
tions. As shown in Figure 1, in all synthesis experiments an orange colored region with
a thickness of ~3 mm is visible in the immediate downstream of the flame front, which
cannot be observed in a precursor-free flame and is attributed to nanoparticles emitting
thermal radiation. The intensity of thermal radiation drops sharply as the flame mixture
reaches a zone within 0.8 mm from the stagnation surface. The observation is consistent
with reported axial temperature profile of similar premixed stagnation flames which indi-
cated rapid cooling of the flame mixture (in the order of 10* K/mm) only in a thin zone
near the stagnation surface [50]. Collision of the nanoparticles with gas molecules of
different kinetic energies results in a net force down the temperature gradient and drives
diffusion of the nanoparticles known as thermophoresis, which contributes significantly to
the deposition of the nanoparticles as thermophoresis dominates their movement towards
the stagnation surface in the boundary layer [50, 70]. Thermophoresis was maximized in
the synthesis of Co;0,4 and Fe,Co;_O4 nanoparticles by keeping the stagnation plate at a
low temperature.

From here onwards, the nanoparticle products are referred to as Col15C, Co120C, Co125C,
CoFel15C, CoFel20C and CoFel25C depending on the temperature of the precursor sub-
limator (the 3 digits in the sample names) and whether Fe precursor was introduced. After
30 min of synthesis, about 14 mg of Col15C could be recovered from the stagnation plate
and the amount increased to 25 mg for Col125C, reflecting the increase in vapor pressure
and hence gas-phase concentration of the precursor with temperature of the sublimator.

The powder XRD patterns of the six nanoparticle samples in Figure 2 exhibit broad
diffraction peaks that can be assigned to the spinel structure. No other crystalline phases
are detected. The positions of the diffraction peaks of the three Fe-free samples closely
match those of bulk Co;0, in reference pattern (PDF #42-1467, space group Fd3m,
a = 8.08 A). Therefore Col15C, Co120C and Co125C are determined to be phase-pure
Co030,. Doping with Fe results in shifting of diffraction peaks towards lower 26 angles but
no phase change, indicating expansion of the Co;0, lattice to accommodate the Fe dopant.
Interestingly, the lattice constant of the Fe,Co;_4O, calculated from the diffraction data
isa=38.16-8.18 A (Table S1), lying between that of Co304 (a = 8.08 A) and CoFe,0y,
spinel (PDF #22-1086, space group Fd3m, a = 8.39 A). It suggests that the Fe,Co3;_4Oy4
samples obtained in this work are solid solutions of the two phases. The Co/Fe ratio de-
rived from the lattice constant using Vegard’s law is 3.7-4.8 which is in good agreement
with the elemental composition determined by ICPOES and XPS (Table 1). Average
crystallite sizes calculated from the full width at half maximum of the strongest (311)
diffraction peaks are also presented in Table 1. The sizes, ranging from 3.8 nm to 5.4 nm,
are up to 9.5 times smaller than that of Co;O,4 nanoparticles synthesized by a liquid-fed
system [2] and are comparable to the sizes achieved in state-of-the-art Co;0, nanocata-
lysts synthesized by wet chemistry [10, 25, 65]. A comparison between the crystallite
sizes obtained at increasing temperature of the precursor sublimator reveals an increasing
trend in both Co3;04 and Fe,Co;_,O, particles. Consistent results are obtained when dif-
ferent diffraction peaks are used to calculate the crystallite sizes (Table S1). The trend
can be mainly attributed to higher precursor concentration, as reported in VFAS of TiO,
[69]. In contrast, the Co/Fe ratio and diffraction line positions of the Fe,Cos_ O, samples
are insensitive to the temperature of the precursor sublimator, which indicates increases
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in the gas-phase concentrations of Co(acac), and Fe(acac); by similar proportions with
temperature.
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Figure 2: Powder XRD patterns of the free-standing Co;0, and Fe,Co;_.O, nanoparti-
cles.

Table 1: Physicochemical properties and OER performance of Co;0, and Fe,Co;_,0y

particles

Catalyst Mo Tafel Jo Bulk  Surface Crystallite (D,) o©¢ Col/Co2 02% 19

(mV) slope (mA/cm?) Co/Fe Co/Fe size (nm) (nm) d

a (mV/dec) ° ¢ d ¢ !
Col15C 300 56 33x107° o oo 3.9 33 1.24 0.72 33
Col120C 299 55 28x107° o o 4.8 3.9 1.26 0.71 32
Col25C 301 56 3.0x107° o o 5.0 4.2 1.24 0.75 31
CoFell5C 295 39 3.5x1077 5.0 4.2 3.8 3.1 1.25 0.63 56
CoFel20C 299 39 1.9x1077 43 3.8 4.3 3.5 1.25 0.62 59
CoFel25C 301 38 1.2x1077 44 4.0 54 4.4 1.30 0.61 54

* Mo: overpotential at 10 mA/cm?; ® Jy: exchange current density; ¢ determined by ICPOES; ¢ determined by XPS;
¢ determined by XRD; | (Dp): geometric mean particle size determined by TEM; & o geometric standard deviation
of particle size determined by TEM.

Figure 3 presents high-resolution TEM images of Co;0, and Fe,Co;_4O4 nanoparticles.
In general, the particles are crystalline without noticeable amorphous surface layers or
domains. All the six samples appear as truncated spheres/spheroids. More developed
crystal facets can be observed in Co125C and CoFel125C, but well-defined polyhedrons
do not form. Lattice fringes with d-spacing values corresponding to the phases identified
by XRD can be readily observed in all samples which extend continuously through in-
dividual primary particles. Despite certain degree of aggregation, it is apparent that the
primary particles are single crystals. The slightly larger d-spacing of (400) planes in the
Fe,Cos_,O4 samples also reflects the lattice expansion due to Fe doping, although with a
limited spatial resolution of 1 A the TEM analysis provides less definite crystallographic
information than does the XRD technique. The Co3;04 and Fe,Co;3_4O, particles synthe-
sized at the same sublimator temperatures are otherwise similar under TEM observation.
For comparison with the crystallite sizes calculated from the XRD data, particle sizes
were determined by directly measuring at least 500 particles on the TEM images of each
sample (Figure S4 shows examples of the images used for analysis). According to the



histograms in the insets of Figure 3, the particles have a unimodal distribution. Their
geometric mean sizes ((D,) in Table 1) have reasonable agreement with the XRD-derived
crystallite sizes, corroborating the single crystalline nature of the nanoparticles. The geo-
metric standard deviations (o) are much smaller compared with that of a self-preserving
size distribution of coalescing aerosols (o ~ 1.45), indicating insignificant coalescence
during particle growth as a result of the short residence time in flame [50].

Particle size (nm)

123456738
Particle size (nm)

Figure 3: High-resolution TEM images of (a) Coll5C, (b) Col20C, (c¢) Col25C, (d)
CoFell5C, (e) CoFel20C, and (f) CoFel25C. Insets: particle size histograms.

The OER activity of the flame-synthesized Co;0,4 and Fe,Co;_,O,4 nanoparticles is tested

on supporting electrodes composed of Ni foam. The linear sweep voltammetry (LSV) re-
sults in Figure 4a show different anodic waves in the pre-OER region for the pure and Fe-
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doped Cos0, catalysts. The three pure Co;04 samples exhibit a broad major wave located
around an OER overpotential of 0.23 V (1.46 V vs RHE) and a weak shoulder around
an OER overpotential of 0.13 V (1.36 V vs RHE), which can be assigned to oxidation of
Co(III) to Co(IV) in the catalyst particles and Ni(II) to Ni(III) on the exposed surface of
Ni foam, respectively [8, 9]. For the Fe-doped samples, however, the Co(III)/Co(IV) wave
cannot be discerned and the Ni(II)/Ni(IIl) wave is shifted anodically by 25 mV. Electronic
effects of Fe dopant on Co- and Ni-based catalysts which lead to anodic shifts in pre-OER
redox waves have been well documented [7, 51]. It is probable that the large degree of
Fe doping achieved in this work causes the Co(III)/Co(IV) waves to be strongly shifted
and overlap with the OER waves [45]. Similarly, the shift of the Ni(II)/Ni(II) wave is
attributed to migration of Fe species from the catalyst particles to the Ni foam. The extent
of the shift is much lower than that of the Co(II)/Co(IV) waves, being comparable to a
shift resulting from contact with an electrolyte containing trace amount of Fe impurities
[51]. It should be noted that the Ni(II)/Ni(III) redox waves emerged slowly during the sta-
bilizing cyclic voltammetry (CV) scans without increase in OER current, which indicates
minimal contribution of the surface Ni species to overall OER activity. Indeed, the onset
of OER occurs at a much more anodic potential without loading the Ni foam with the
catalyst particles. As summarized in Table 1, all six samples exhibit high OER activity,
requiring as low as 295 mV of overpotential to achieve the current density of 10 mA/cm?
(N10) which is comparable to the performance of some of the best wet-chemically synthe-
sized Co3;0,4-based nanocatalysts listed in Table S2. Furthermore, Figure 4b shows good
stability of the most active catalyst CoFel15C; the increase in OER overpotential during
the 200 min chronopotentiometric experiment at 10 mA/cm? is less than 1 mV. Although
the difference in overpotential is small among the six catalysts, a slight increasing trend
seems to exist with increasing sublimator temperature, reflecting the inverse correlation
between apparent activity and particle size [14]. Regardless of sublimator temperature,
the Co;0, and Fe,Co;_,O4 nanoparticles exhibit Tafel slopes of 55-56 mV/dec and 38-
39 mV/dec respectively, outperforming most wet-chemically synthesized benchmark cat-
alysts (Table S2). While the reduction in Tafel slope indicates formation of highly active
catalytic centers upon the introduction of Fe as expected [59], the positive effect of Fe
on reducing overpotential only becomes apparent at current densities beyond 10 mA/cm?.
Extrapolation from the Tafel plots (Figure S5) reveals that the exchange current densities
(Jo) of the Fe,Cos_,O,4 samples are two orders of magnitude lower than those of the pure
Co304 samples (Table 1), which suggests a lower density of exposed active sites in the
former. It can be explained by in situ formation of poorly conductive Fe (oxy)hydroxide
species on the catalytic surfaces that limits electrical access to the active sites [7].

To further understand the factors in the OER activity of the flame-synthesized nanopar-
ticles, surface chemical states of O, Fe and Co are studied by X-ray photoelectron spec-
troscopy (XPS). The Co 2p3 ), spectra in Figure 5a can be deconvoluted into 5 component
peaks at binding energies consistent with those of a reference Co;0, sample, as listed in
Table [5]. The ratio between the areas of the two major peaks located at 779.8 eV
(Col) and 780.8 eV (Co2) decreases from about 0.73 to 0.62 with the introduction of Fe
dopant (Table 1), which translates into a decrease in the relative amount of Co*" as the
Col and Co2 peaks have been assigned to Co®* and Co*", respectively [4, 75]. To explain
such a decrease, the chemical state of Fe in Fe,Co;_O, is examined by Fe 3p spectra pre-
sented in Figure 5c¢ (a strong signal from Co LMM Auger electrons overlaps with the

10
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Figure 4: (a) LSV curves from OER tests on the Co3;0, and Fe,Cos_,0O4 particles sup-
ported on Ni foam, and (b) chronopotentiometric curve for CoFell5C at
10 mA/em?.

more widely studied Fe 2p spectra and prevents accurate analysis, see Figure S6). Due
to close proximity of Co 3p signals, deconvolution of the Fe/Co 3p spectra is performed
simultaneously (Table 54). It can be seen that only one chemical state of Fe is resolved at
the binding energy of 55.7 eV, assigned to Fe** [34]. Preferential substitution of Co** by
Fe* is therefore the most likely reason for the change in Co1/Co2 ratio. In addition, we
note that both the flame-synthesized Co;0,4 and Fe,Co;_,O4 have Col/Co2 ratios much
lower than the value of 1.39 for bulk Co;0, reference [5], which suggests a more reduced
surface compared with that of an ideal phase. We attribute the reduced state to the unique
temperature history of the nanoparticles in our VFAS set-up. During the majority of their
residence time in flame, the particles are subjected to near-maximum flame temperature
due to inefficient heat transfer from the laminar flame to the stagnation surface [50]. The
maximal temperature of such a flame is usually close to the adiabatic flame temperature
which in this work is 1930 K. As Co3;0, is known to decompose to CoO at 1143 K [54], we
propose that the initial product in the flame is the more stable CoO and it is oxidized only
in the thin zone near the stagnation surface where flame temperature decreases sharply.
The particle residence time in this zone is extremely short, and the oxidation reaction
could be quenched by the cold stagnation surface before complete conversion to CozOy.
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The sub-stoichiometric Co** content is also consistent with the XRD results which indi-
cate a lattice constant of @ = 8.10-8.12 A for the flame-synthesized Co;04 nanoparticles
(Table S1) in contrast to a = 8.08 A for bulk Co30y; the lattice expansion may be related
to decreased ionic bonding within the crystal structure due to lack of the highly charged
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Figure 5: X-ray photoelectron spectra in the (a) Co 2ps, (b) O 1s, and (c) Fe/Co 3p
regions of the free-standing pure/Fe-doped Co;0,4 powders.

Figure 5b shows the O 2s spectra where 3 chemical states can be identified in general
(also see Table 55). The peak at the binding energy of 529.9+0.1 eV (O1) is the signal of
lattice oxygen in transition metal oxides, and the one at 532.4+0.2 eV (03) is attributed to
adsorbed water [5]. Assignment of the peak at the binding energy of 530.94+0.3 eV (02)
is more complicated, as signals in the same region have been associated with different
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chemical species including metal hydroxides and defective metal oxides with oxygen va-
cancies [5]. In reported works on OER catalysts, high concentration of oxygen vacancies
in spinel-type materials has been cited as an important factor in performance enhance-
ment and has thus been intentionally generated 11, 66]. On the other hand, a recent in
operando XPS study has found Co(OH), on the surface of Co;O, to be a promoting factor
in the transformation into the CoO(OH) active phase [! 5], which is supported by the gen-
eral observation that Co-based layered hydroxide materials have better OER performance
than their spinel-type counterparts. Considering the high-temperature, humid environ-
ment in flame synthesis, both oxygen vacancies and hydroxide species may be present on
the flame-synthesized nanoparticles. While it is difficult to distinguish between the two
in this work, associating the O2 species with OER activity is nevertheless reasonable. As
summarized in Table 1, the percentage of the O2 species remains relatively unchanged
with different sublimator temperatures and increases significantly upon doping with Fe.
It matches the trend in Tafel slope of the catalysts, confirming the promoting role of Fe.

3.2 Nanostructured Co3;04 and FexCo3_40O4 Films

To demonstrate the potential of flame synthesis in electrode manufacture, 5 X 5 mm test
electrodes were prepared by in situ deposition of Co;0, and Fe,Cos_xO, films on graphite
sheets (Figure 53). Graphite substrates fixed on the stagnation plate were directly im-
pinged by the same particle-laden flames used to synthesize the free nanoparticles. In
Figure 6a, the XRD patterns of the electrodes after 5 min of deposition confirm successful
synthesis of spinel-type films. The relative intensities of the diffraction signals match the
powder pattern of the reference Co;0, spinel, indicating that the films do not have a pref-
erential direction of crystal growth. As in the case of the free nanoparticles, doping with
Fe leads to formation of a single-phase Fe,Co;_,O, solid solution with an expanded spinel
lattice. The chemical composition of the films is consistent with that of the free particles,
and catalyst loading increases with sublimator temperature (Table S6). However, Table

shows an opposite trend in crystallite size of the flame-synthesized films compared with
the free particles. The more visual results from SEM characterization presented in Fig-
ure 6b-i corroborate the XRD findings. Moreover, for both the Co;0,4 and Fe,Co3_4O4
a dramatic change in film morphology from columnar to granular, cauliflower-like can
be observed with the increase in sublimator temperature. Similar morphological changes
have been found in a few pioneering works on flame-synthesized ZnO, SnO, and TiO,
films [41, 48, 49, 64]. As proposed by Thimsen and Biswas [48], the morphology of the
films is determined by the relative speed of particle accumulation and sintering on sub-
strate. Sintering is accelerated by small particle size and high temperature, resulting in
columnar or denser films if its rate exceeds that of particle deposition [4&]. In the present
work the substrate temperature (570 °C) is not varied, and the size of the particles arriving
at the substrate surface plays the major role in morphological control. We have shown by
XRD analysis that the size of the Co30,4 and Fe,Co;_,0O,4 nanoparticles increases with sub-
limator temperature (Table 1), which according to the above mechanism is consistent with
the decrease in crystallite size of the films. At the sublimator temperature of 120 °C, a hi-
erarchical film morphology consisting of elongated nanoparticles organized in a branched
structure is obtained (Figure 6¢,g). It is apparently a manifestation of incomplete sinter-
ing of the nanoparticles arriving at the surface. In other words, the particle deposition and
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sintering probably occur in similar time scales during the synthesis of Co120C5min and
CoFel20C5min. In addition, the crystallite sizes of all the film samples are significantly
larger than those of the free nanoparticles, confirming that sintering does play an impor-
tant role during film formation. In contrast, sintering is less important in the synthesis of
the free nanoparticles because the particles are effectively cooled by the stagnation plate
which is kept at 150 °C.

Table 2: OER performance of pure/Fe-doped Co;0, films deposited on graphite substrate

Film Crystallite  7Mj0 Current density Mass activity at  Tafel
size (nm) (mV) atn=400mV 1n = 400 mV slope
(mA/cm?) (mA/mg) (mV/dec)
Col15C5min 90 399 10.5 94 70
Co120C5min 17 379 21.1 206 61
Co125C5min 12 377 25.1 93 57
CoFel15C5min 38 386 17.2 138 55
CoFel20C5min 13 374 30.6 209 53
CoFel25C5min 10 364 47.3 145 50

The flame-synthesized Co3;04 and Fe,Co;_,O, films have sufficient mechanical strength
to serve as working electrodes in OER without further treatment. The LSV curves pre-
sented in Figure 7 show a rather flat pre-OER region for all the six films; the anodic
Co(IIT)/Co(IV) wave is only observed for Co120C5min and Co125C5min films with sim-
ilar intensities which are about 50 times lower than those for the Co;0,4 nanoparticles.
For Col15C5min, no such wave can be resolved. As Co(IV) species formed in situ are
necessary to OER activity in Co;04-based catalysts [15, 16], the different intensities of
Co(IIT)/Co(IV) wave can be related to the OER performance of the Co;0, films sum-
marized in Table 2. Indeed, the overpotentials of Col20C5min and Col125C5min are
similar and lower than that of Col15C5min. The difference between Col15C5min and
Co120C5min can be attributed to more exposed active sites provided by the smaller film
crystallite size and higher film porosity at higher sublimator temperatures. On the other
hand, the same factors do not explain the remarkably higher mass activity of Co120C5min
than Co125C5min (Table 2), because the larger crystallite size and denser structure of the
former predict a smaller specific surface area which would lead to lower mass activity
with other conditions unchanged. We ascribe the high mass activity of Co120C5min to its
unique hierarchical structure; compared with the small spherical particles in Co125C5min,
the elongated primary particles in Co120C5min introduce fewer grain boundaries along
the electrical pathway and hence facilitate more efficient electron transport, which may
provide better access to active sites [49]. The OER activity of the Fe-doped films follows a
similar trend as in the pure Cos;0, films, and can be explained by the same factors. In gen-
eral the OER kinetics is improved by the Fe dopant as reflected by the lower Tafel slopes
of Fe,Co3;_4Oy4 films, which allows for better OER performance. Optimal mass activity
of the Fe,Co;_,O, films is also found with the hierarchically structured CoFel120C5min,
confirming the advantage of such morphology. Finally, it has to be pointed out that the
films have lower activity compared with the Co;0,4 and Fe,Cos_O, powders supported
on Ni foam, most probably due to low electrical conductivity of the films and loss of ac-
tive surface during sintering. We are currently carrying out further studies to control the
particle sintering and optimize the electrical contact between the catalyst and substrate.
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Figure 6: (a) XRD patterns of the graphite electrodes coated with Co;0,and Fe,Co;_,Oy.
An XRD pattern of clean substrate is also shown for comparison. (b-
i) SEM images of cross-sections of (b) Coll5C5min, (c) Col20C5min,

(d, e) Col25C5min, (f) CoFell5C5min, (g) CoFel20C5min, and (h, i)
CoFel25C5min films.
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Figure 7: LSV curves from OER tests on the Co;0, and Fe,Cos;_.0, films deposited on
graphite substrate. Inset: magnified view of the pre-OER region.

4 Conclusion

We demonstrated the application of vapor-fed flame aerosol synthesis (VFAS) in the pro-
duction of nanoparticulate Co;0,4 and Fe,Cos;_O4 OER catalysts for the first time. Due to
the short residence time and fast quenching in the premixed stagnation flame, the nanopar-
ticle products have ultrasmall sizes, narrow size distributions and abundant surface defects
which lead to low OER overpotential and Tafel slope with highly stable performance com-
parable to some of the best Co3;04-based catalysts synthesized by wet chemical methods.
Moreover, nanostructured Cos0,4 and Fe,Cos;_,O, thin films were successfully grown on
graphite substrates using VFAS and served as fully functional OER electrodes without
further treatment. The morphology of the films was tuned facilely from dense columnar
to porous granular, achieving the most efficient utilization of catalytic materials with the
intermediate morphology consisting of hierarchically ordered elongated particles. In ad-
dition, the OER performance of both the nanoparticles and the films was improved by
introducing the Fe dopant. This work expands the scope of the VFAS technique, proves
it to be a valuable tool in the design and production of highly active OER catalysts, and
highlights its potential for practical use as a sustainable technology in the energy industry.
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A Supplementary Information

Experimental Details

Co30,4 and Fe,Co;_4O,4 were synthesized in a flame aerosol reactor at atmospheric pres-
sure. It consists of an aerodynamically shaped nozzle with an exit diameter of 1.4 cm.
The nozzle is heated electrically and kept at 180 °C. A gas mixture of C,H4/O,/Ar flows
vertically downward to form a laminar jet at the exit and impinges on a water-cooled 3 cm
thick aluminum stagnation plate placed 1.5 cm below the exit. The jet has a total flow rate
of 18 L/min (STP) consisting of 3.4% of C,H,, 41.6% of O, and 55% of Ar (equivalence
ratio @ = 0.25). An annular flow of N, at 7 L/min (STP) surrounds the jet to separate it
from the atmosphere. Flow rates of the unburnt gases are controlled individually by mass
flow controllers. Upon ignition, a flat flame with a diameter of ~2.5 cm is established
above the surface of the stagnation plate. At steady state, the surface temperature of the
stagnation plate is 150 °C as measured by a K-type thermocouple.

To introduce Fe and Co precursors into the flame, an in-house sublimator is connected in
the Ar line. The sublimator consists of a stainless steel tube (1 cm I.D. by 11 cm length)
packed with 1 g of Co(acac), for synthesis of Co;0, or a mixture of 1 g of Co(acac), and
1 g of Fe(acac); for synthesis of Fe,Co3;_4O4. The precursor is diluted by 11 g of 40 mesh
a-Al,O3 (Kramer Industries) and the packed bed is held in the sublimator by glass wool
at both ends. The sublimator is heated externally by 7 turns of glass insulated heater
rope (FGR-100-240V, Omega Engineering), with the temperature monitored by a K-type
thermocouple fixed at the middle of the exterior of the sublimator and controlled by a PID
controller. During operation, the Ar was preheated by an inline gas heater to reach 90 °C
before passing through the sublimator which was held at 115, 120, or 125 °C. The tubing
connecting the sublimator and the nozzle is kept at 140-180 °C, and all the heated parts
are insulated with woven fiberglass tape.

To synthesize free-standing Co3;0,4 and Fe,Cos;_4O4 powders, the burner was run with a
precursor-loaded flame for 30 min as product accumulated on the stagnation plate. After
the burner was switched off, the stagnation plate was cooled down in laboratory air and
the product was scraped off the plate.

To prepare Co;0,4 and Fe,Co3;_4O, films, 5 x 30 mm rectangular substrates were first made
from a natural graphite sheet (0.5 mm thick, >99.5%, Latech Scientific Supply), cleaned
by wiping with EtOH, and dried in air at 60 °C. A piece of such substrate was then placed
under the middle of a precursor-loaded flame for 5 min, during which a good contact
between the substrate and the stagnation plate was maintained. After the deposition, the
substrate was withdrawn from the flame and cooled in laboratory air. The surface temper-
ature of the substrate was measured by an S-type thermocouple (wire diameter = 75 m)
to be 570 °C in a clean flame.
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Figure S1: Schematic diagram of the burner set-up. V-1 - V-4: pressure regulators, MFC-
1 - MFC-4: mass flow controllers, V-5 - V-8: check valves, E-1: electrical
inline gas heater, E-2: precursor sublimator.

Table S1: Crystallographic data derived from the XRD patterns of flame-synthesized
Co30, and Fe,Cos;_,O4 powders.

Sample Lattice con- Crystallite size (nm) calculated from FWHM data of
stant a (10%) XRD peaks with Miller indexes:
(220) 311 (400) 511 (440)
Col15C 8.11 3.7 3.9 4.1 3.5 4.4
Co120C 8.12 4.8 4.8 4.0 4.4 4.8
Col25C 8.10 5.3 5.0 4.9 5.4 4.9
CoFell5C 8.18 3.8 3.8 3.8 3.6 3.5
CoFel20C 8.18 4.8 4.3 4.0 4.2 4.5
CoFel25C 8.16 5.8 5.4 4.7 5.3 5.4
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Figure S2: Photograph of a Ni foam electrode loaded with flame-synthesized Co;0;,
nanoparticles for electrochemical measurement.

electrical

} Clean end for
contact

Epoxy resin
insulation

Exposed
catalyst film

Figure S3: Photograph of graphite electrodes with flame-grown pure/Fe-doped
Co;0, films for electrochemical measurement. From left to right:
Col15C5min, Col20C5min, Col25C5min, CoFel 15C5min, CoFel20C5min,

and CoFel25C5min. The back side of the electrodes is also insulated by epoxy
resin.
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Figure S4: TEM images of (a) Coll5C, (b) Col20C, (c) Col25C, (d) CoFell5C, (e)
CoFel20C, and (f) CoFel25C at low magnification.
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Fe.Co;_, 04 nanoparticles tested on Ni foam electrodes in IM KOH.
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Table S2: Reported OER performance of various spinel-type Co oxides and Fe-Co oxides.

Catalyst Synthesis method Electrode Loading  Electrolyte  mjo Tafel Stability Ref
material (mg/cm?) (mV) slope
(mV/dec)
Co304 NPs Vapor-fed flame  Ni foam 1 1M KOH 299 55 N.A. This
aerosol synthesis work
Co304 NPs Forced hydrolysis Ni foam 1 1M KOH 328 N.A. N.A. (4]
Co304/N-rGO Forced hydrolysis Ni foam 1 1M KOH 310 67 13 mV increase in 1qo
with 1500 CV scans, 0.10  [*7]
mg/cm? on GC
Holey Co3;0, Forced hydrolysis GC 0.1 0.IMKOH 450 66 2% reduction in current
nanosheets at 0.9 V (HgHgo/0.1M  [13]
KOH) with 2000 CV scans
Defective Ar plasma engrav-  Ti foil 0.5 0.IMKOH 301 68 ~8 mV increase in 1Mjo
C0;0, ing with 2000 CV cycles (601
nanosheets
Co/Co304/N-C Pyrolysis of ZIF-67  GC 0.4 IM KOH 391 103 3 mV increase in 19 with
3000 CV cycles Bl
Co30,4/rGO Forced hydrolysis CFP 0.2 1M KOH 290 68 0.5 mA/cm? decrease in
composite current density with 10 h (ol
nanosheets operation at ~12 mA/cm?
Co304 nanorods  Anodization Co foil 2.2 1M KOH 275 N.A. ~8 mV increase in 1o
with 300 h operation i
C-Co/Co0304 Forced hydrolysis, GC 0.4 1M KOH 352 80 N.A.
hollow spheres pyrolysis (1
Co30,4/rGO Forced  hydroly- GP 0.15 1M KOH 346 47 1 mV increase in ;o with
sis, post-synthesis 2 h operation 231
grafting
Co304.5 quan-  Repeated lithiation- CFP 0.25 1M KOH 270 39 No decay in 30 h operation
tum dots delithiation of at =290 mV (651
CO304
Co304 NPs @  Grafting of Co;0, Nifoil 0.88 1M KOH 301 115 54 mV increase in Njo
Co304 nanorods  nanorods with ZIF- with 10 h operation (71
67, pyrolysis
C-Co30; NPs  Grafting of Co;0, Nifoil 0.70 IM KOH 261 65 <2% increase in 1Mo with
@ Co304  nanorods with ZIF- 10 h operation i
nanorods 67, pyrolysis
Hollow Co304  Electrochemical Nifoam  N.A. 1M KOH 360 84 5.5% reduction in current
microtube array ~ conversion of (Mso) with 12 h operation at = 741
CoHPO, microar- 400 mV
ray
Fe-doped Vapor-fed flame  Ni foam 1 1M KOH 295 39 <l mV increase in 79  This
Co304 NPs aerosol synthesis with 200 min operation work
Ordered meso-  SiO,-templated GC 0.12 0.IMKOH 486 N.A. N.A.
porous Fe-  nanocasting i
doped Co;04
Ordered meso-  SiO,-templated GC N.A. IM KOH 380 60 No decay in 33 h operation
porous Fe-  nanocasting at 1 =440 mV B9
doped Co304
CoFe,O4 NPs Forced hydrolysis CFP 1.03 IM NaOH 378 73 Nodecay in 40 h operation
at ~10 mA/cm? 21
CoFe,04 Electrospinning GC 0.42 0.IMKOH 410 82 8% reduction in current
nanofibers Ms) with 5.5 h operation at = (261
570 mV
CoFe,O; hol- Forced  hydroly- GC 0.4 0.IMKOH 450 N.A. 7.4% reduction in current
low spheres sis on sacrificial with 12 h operation at n = (o1
carbon template 530 mV
CoFe,0O4/PANI-  Surface grafting by GC 0.285 1M KOH 314 31 ~10% reduction in cur-
MWCNT forced hydrolysis rent with 40 h operation at G
~9.5 mA/cm?
CoFe,04/NS- Forced hydrolysis GC 0.8 0.IMKOH 635 N.A. 24% reduction in current
rGO M23) with 12 h operation at n = (631
435 mV
C-CoFe,04 Surface grafting  Ni foam 1.03 1M KOH 240 45 0.4% increase in 19 with
nanorods with MOF-74- 30 h operation (321

Co/Fe, pyrolysis

NPs: nanoparticles; N-rGO: N-doped reduced graphene oxide; N-C: N-doped carbon; PANI-MWCNT: polyaniline-functionalized multi-
wall carbon nanotube; NS-rGO: N, S co-doped reduced graphene oxide; GC: glassy carbon; CFP: carbon fiber paper; GP: graphite paper;

T Overpotential at current density of xx mA/cm?
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Table S3: Deconvolution results of Co 2p XPS spectra of the flame-synthesized nanopar-

ticles.

Sample Peak Peak 1 Peak Peak 2 Peak Peak 3 Peak Peak 4 Peak Peak 5
1 BE. FWHM 2 BE. FWHM 3 BE. FWHM 4 BE. FWHM 5 B.E. FWHM
(eV) (eV) (eV) (eV) (eV)
Col15C 779.8 1.53 7809 221 7819  3.29 7863  4.83 790.1 2.50
Co120C 779.6 1.45 780.8  2.04 782.1 2.62 7853 449 789.6  2.87
Col25C 779.8 1.51 780.8  2.09 782.1 2.73 786.0  4.90 790.0 233
CoFell5C 779.9 1.53 781.0 231 782.1 3.75 786.3  4.45 790.0  2.36
CoFel20C 779.9 1.47 7809  2.26 782.4 290 786.0  4.63 790.1 2.87
CoFel25C 779.8 1.47 780.7 230 7822  3.04 786.0  4.55 789.9 221

Table S4: Deconvolution results of Co/Fe 3p XPS spectra of the flame-synthesized

nanoparticles.
Sample Peak 1 Peak 1 Peak 2 Peak 2 Peak 3 Peak 3
BE.(eV) FWHM BE.(eV) FWHM B.E.(eV) FWHM
CoFell5C 55.8 3.04 60.4 2.56 61.8 3.93
CoFel20C 55.7 2.80 60.5 271 61.8 4.44
CoFel25C 55.5 2.66 60.3 2.60 61.6 4.40

Table S5: Deconvolution results of O 1s XPS spectra of the flame-synthesized nanoparti-

cles.
Sample Peak 1 Peak 1 Peak 2 Peak 2 Peak 3 Peak 3
B.E.(eV) FWHM B.E.(eV) FWHM B.E.(eV) FWHM
Col15C 530.0 1.09 531.2 1.51 532.2 242
Co120C 529.8 1.08 531.0 1.39 532.4 1.96
Col25C 530.0 1.12 531.2 1.40 5324 2.00
CoFell15C 5299 1.25 531.0 2.09 532.7 2.30
CoFel20C 529.9 1.03 530.7 2.13 532.7 1.96
CoFel25C 529.9 1.03 530.6 2.14 532.6 1.66

Table S6: Metal loading of the flame-synthesized films determined by ICPOES.

Film Co loading Fe loading Co/Fe ratio
(mg/cm?) (mg/cm?) (mol/mol)

Co115C5min 0.082 Not detected oo
Co120C5min 0.075 Not detected oo
Co125C5min 0.197 Not detected oo
CoFel15C5min 0.077 0.014 5.2
CoFel20C5min  0.088 0.019 4.4
CoFel25C5min  0.194 0.045 4.1
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