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Optimal Coatings of Co;0, Anodes for Acidic Water

Electrooxidation

Xuan Minh Chau Ta, Thanh Tr&n-Phb’l,*_/odie A. Yuwono, Thi Kim Anh Nguyen,
Anh Dinh Bui, Thien N. Truong, Li-chun Chang, Elena Magnano, Rahman Daiyan,

Alexandr N. Simonov, and Antonio Tricoli*

Implementation of proton-exchange membrane water electrolyzers for
large-scale sustainable hydrogen production requires the replacement of
scarce noble-metal anode electrocatalysts with low-cost alternatives.
However, such earth-abundant materials often exhibit inadequate stability
and/or catalytic activity at low pH, especially at high rates of the anodic
oxygen evolution reaction (OER). Here, the authors explore the influence of a
dielectric nanoscale-thin oxide layer, namely Al,O;, SiO,, TiO,, SnO,, and
HfO,, prepared by atomic layer deposition, on the stability and catalytic
activity of low-cost and active but insufficiently stable Co,O, anodes. It is
demonstrated that the ALD layers improve both the stability and activity of
Co, 0, following the order of HfO, > SnO, > TiO, > Al,0;, SiO,. An optimal
HfO, layer thickness of 12 nm enhances the Co;0, anode durability by more
than threefold, achieving over 42 h of continuous electrolysis at 10 mA cm—2
in 1 M H,SO, electrolyte. Density functional theory is used to investigate the
superior performance of HfO,, revealing a major role of the HfO,|Co,0,
interlayer forces in the stabilization mechanism. These insights offer a
potential strategy to engineer earth-abundant materials for low-pH OER
catalysts with improved performance from earth-abundant materials for

1. Introduction

Water electrolysis powered by renewable
electricity to produce green hydrogen offers
a promising route for achieving a carbon-
neutral economy.'™! To date, there are
four most developed water electrolysis tech-
nologies, namely alkaline water electrolysis
(AWE), anion-exchange membrane water
electrolysis (AEMWE), solid oxide electroly-
sis (SOE), and proton-exchange membrane
water electrolysis (PEMWE), each coming
with specific benefits and limitations.®!
While AWE and AEMWE can utilize low-
cost electrocatalysts to promote water split-
ting at low to moderate temperatures un-
der alkaline conditions, their overall effi-
ciencies are limited by the low operating
current densities.*’] SOE is a highly effi-
cient method with low energy consump-
tion and high purity hydrogen produc-
tion, although operating at high tempera-

efficient hydrogen production.

tures (up to 1200 °C) and therefore requir-
ing specialized materials and facilities.!
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Alternatively, PEMWE presents benefits of operation under mild
temperature conditions using compact design cells with very
high output current densities up to 10 A cm~? and high energy
efficiencies.® 1]

Nonetheless, a key limitation of the PEMWE technology is the
reliance on anode catalysts based on iridium, which prevents
its large-scale implementation due to the scarcity of this noble
metal.'! To address this challenge, noble-metal-free electrocat-
alysts for the oxygen evolution reaction (OER) need to be devel-
oped. However, achieving both high stability and activity for the
OER at low pH is problematic even for the most robust iridium-
oxide-based catalysts.|"*1%) Instability is even more of an issue for
non-noble-metal-based catalysts.'”>?*| For example, cobalt oxide
(Co;0,) is relatively active towards the acidic OER , but its appli-
cation is hindered by its low stability at low pH.[?5%I

One promising approach to improve the longevity of low-pH
OER catalysts is to couple active elements with more thermody-
namically stable or self-healing oxide matrixes, including PbO,,
TiO,, BiO,, SbO,, and, to some extent, MnO,.[22232731] Arguably,
this catalyst design strategy has provided some of the best re-
sults in terms of balancing stability and activity. Recognizing that
corrosion of non-noble metals during the operation of an OER
catalyst is often unavoidable, the stability of some materials can
be significantly improved through the intentional introduction
of the metal precursors into the electrolyzed solutions, enabling
operation at very high current densities and temperatures up to
80 °C.*'-*] However, operation of such systems in a practical
electrolyzer device is yet to be demonstrated. Potential practical
challenges include the poisoning of the proton-exchange mem-
brane and the cathodes.

Another strategy to protect OER anodes against corrosion,
while maintaining high catalytic activity, is to coat the electro-
catalyst layer with a more stable passivation layer. Maintain-
ing a nm-thickness of this layer allows for sufficiently high
mass- and charge-transfer rates to sustain the electrocatalytic re-
actions, while significantly suppressing the dissolution of the
catalyst.****l Among thin-film deposition methods, atomic layer
deposition (ALD) enables the formation of high-quality con-
formal layers with accurately controlled thickness.***%" A rea-
sonably broad range of materials has been examined as pro-
tection layers for the OER catalysts with promising results
demonstrated.***1 However, studies under acidic conditions are
limited to TiO,,***2 $i0, "¢l or AL O,/*! coatings on Co,0,,
IrO,, RuO,, or WO, electrocatalysts, respectively. Besides, few
studies have compared the chemical stability and corrosion re-
sistance of some ultrathin oxide layers (Al,O;, TiO,, ZnO, HfO,,
and Zr0,) as protection layer in different electrolyte conditions,
but they have not been comprehensively investigated in acidic
anodic conditions.| 445471

The present study aims to improve our understanding of the
required properties for the passivation layer to improve the sta-
bility and electrochemical activity of earth-abundant OER cata-
lysts for acidic electrolysis. To this end, we investigated the elec-
trocatalytic activity of Co;0, anodes modified with nanometer-
thin conformal protective TiO,, Al,0;, Sn0O,, Si0,, and HfO, lay-
ers, fabricated by ALD, for water electrooxidation in an H,SO,
electrolyte at pH 0. Through a combination of electrochemical,
microscopic, spectroscopic, and theoretical studies, we reveal in-
sights into the interrelation between the chemical nature and

Small 2023, 2304650

2304650 (2 of 11)

www.small-journal.com

thickness of the coatings, electrocatalytic activity, and stability of
the modified anodes.

2. Results and Discussion

2.1. Physical Characterization

The water-oxidizing anodes examined herein were prepared by
deposition of cobalt layers on fluorine-doped tin oxide (FTO)
glass substrates by sputtering followed by the annealing process.
This resulted in the formation of a dense uniform layer of Co,;0,
particles, confirmed by scanning electron microscopy (SEM), X-
ray diffraction (XRD), and Raman spectroscopy (Figure 1a and
Figure S1, Supporting Information). The uniformity of the Co; O
layer, having a thickness of 360 nm, was confirmed by cross-
sectional SEM images (Figure 1b) and energy-dispersive X-ray
spectroscopic mapping (EDS) (Figure 1c—f). Such planar Co,0,
anodes were coated by a thin Al,O;, SiO,, TiO,, SnO,, or HfO,
passivation layer by ALD, which were indiscernible in the SEM
images and undetectable by XRD and Raman (Figures S1-S3,
Supporting Information). However, the corresponding EDS data
confirms the presence and uniform distribution of the coating
elements over the Co,0, films (Figure S3, Supporting Informa-
tion). For the initial screening studies, the thickness of the ALD
layer was kept similar within 3-4 nm, as measured by ellipsom-
etry (Table 1).

To probe the chemical state of the elements in the produced
electrodes, X-ray photoelectron spectroscopic (XPS) analysis was
undertaken (Figure S4, Supporting Information, and Figure 2).
The Co 2p spectrum of the unmodified Co;0,/FTO electrode
is consistent with the published data for the cobalt(IT, ITI) ox-
ide (Figure 2a).*%4%5% After deposition of the coating layer, the
features of the Co 2p spectra remained unaltered although the
intensity of the peaks was slightly reduced (Figure S4, Support-
ing Information). Secondary elements forming the nanometer-
thick overlayers were clearly detectable by XPS, with the peak
positions corresponding to AL, Oy (74.4 eV; Figure 2b),1*'%?1 SiO,
(Si** 103.5 and Si** 101.8 eV; Figure 2¢),1* TiO, (Ti** 2p,, 459
and Ti** 2p, , 465 eV; Figure 2d) *5154551 SnO, (Sn** 3d;, 486.8
and Sn** 3d,, 495.2 eV; Figure 2e),l"' and HfO, (Hf** 4f;, 17.5
and Hf** 4f;, 19.2 eV; Figure 2f)."'*% Together, these physi-
cal characterization results indicate the successful deposition of
nanoscale oxide coatings on the Co;0,/FTO surface and no de-
tectable changes to the properties of the underlying Co;0, layers
induced by the ALD.

The electrochemically active surface area (ECSA) of the cat-
alytic surface was derived from the capacitance values measured
by cyclic voltammetry in the potential range devoid of significant
faradaic processes (Figure S5, Supporting Information)."7581 De-
position of the overlayers onto sputtered Co,0,/FTO electrodes
did not change the ESCA values significantly, which resulted in
relatively similar double layer capacitance values (Figure S5h,
Supporting Information), estimated from the slopes of the ca-
pacitive currents as a function of scan rates between bare and
coated Co,0, surfaces.|** 6!l To estimate the ECSA values, a spe-
cific capacitance of a smooth surface such as a polished glassy
carbon under identical pH and applied potential conditions
might be used as an approximate reference;|®%’l however, one
should recognize obvious differences in the chemical nature and
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Figure 1. Microscopic characterization of a Co30,/FTO electrode. a) Top and b) cross-sectional SEM images. Micrograph in panel (b) was colored
post-analysis to assist the visualization of Co;O, (orange), FTO (blue), and glass (grey); dashed lines highlight the boundaries between different layers.
) Higher magnification SEM and d-f) corresponding EDS elemental mapping of d) oxygen (green), e) tin (turquoise), and f) cobalt (red) for the

Co30,/FTO electrode.

double-layer structure between the metal oxides and carbon elec-
trodes. In our study, a specific capacitance of 0.042 mF cm~? at
0.81 V versus a reversible hydrogen electrode (RHE) was mea-
sured in 1 M H,SO, for a polished glassy carbon surface. The
approximate ECSA values of pristine and ALD-coated Co;0, an-
odes were then obtained (Table 1).

2.2. Electrocatalytic Performance

The OER electrocatalytic activity of the bare and coated Co;0,
anodes was studied in 1 M H,SO, electrolyte with pH 0 at ambi-

ent temperature. First, the Co,0, films were investigated using
electrochemical impedance spectroscopy (EIS) at 0.3 V (Figure
S6, Supporting Information) and 1.8 V versus RHE (Figure S7,
Supporting Information). The series resistance (R,) and charge
transfer resistance of the Co;0,/FTO with and without the pro-
tective oxide layers (R,) were determined by fitting a simpli-
fied circuit model (inset circuit in Figures S6 and S7, Support-
ing Information),’®*%° with the fitted values presented in Tables
S1 and S2, Supporting Information. The results show that the
electrical conductivity decreases upon deposition introduction
of the dielectric coating, following the order of bare Co,0, >
HfO,/Co,04 > SnO,/Co;0, > Ti0,/Co;0, > Al,04/Co;0, >

Table 1. Summary of the key properties of the investigated Co;04/FTO electrodes.

Overlayer ECSA [cm? cMyeom, 7] Overlayer thickness [nm)] Eqmacn 2 [V versus RHE| Stability at 10 mA cm~2 [h]?)
none 3.43 0 1.96 12
AL, 330 3.1 2.06 20
Sio, 3.08 39 2.06 23
Tio, 3.30 3.1 2.02 27
SnO, 3.26 39 2.01 28
HfO, 343 30 1.93 32

Eqo maem 22 initial quasi-stabilized potential required to sustain the OER rate of 10 mA cm~2 derived from 30 min chronopotenitometric measurements; ! Stability at 10 mA
cm2: point of time when potential starts to abruptly increase during extended OER tests at 10 mA cm 2.
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Figure 2. High-resolution XP spectra of a) Co 2p, b) Al 2p, c) Si 2p, d) Ti 2p, e) Sn 3d, and f) Hf 4f (colored dots) and corresponding fitting (solid lines —
cumulative curve; filled areas — individual peak components; grey line — background) for a) unmodified Co;04/FTO, and Co;0,4/FTO electrodes coated
3—4 nm thick overlayers of b) Al O3, ¢) SiO,, d) TiO;, e) SnO;, and f) HfO,.

Si0,/Co,0,, indicating a reduction in the charge transfer kinet-
ics of coated electrodes compared to the bare anodes, despite their
small thickness of 3 to 4 nm.(Figures S6 and S7 and Tables S1and
S2, Supporting Information).[-%]

The water oxidation performance in 1 m H,SO, of the
Co,0,/FTO anodes with and without protective layers was fur-
ther compared using voltammetric and chronopotentiometric
data (Figure 3a—c). Linear sweep voltammetry (LSV) curves of
unmodified samples showed an oxidation peak at ~1.65 V ver-
sus RHE, which was attributed to the oxidation of the lattice
Co species in Co;0, to a higher oxidation state during the an-
odic polarization. This oxidation peak could be observed more
clearly when the scan rate was increased to 20 and 50 mV s’

Small 2023, 2304650
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(Figure S8, Supporting Information).**$6¢71 Amongst the coat-
ing layers, only HfO, produced a slight increase in the electrocat-
alytic activity at potentials more positive than 1.8 V versus RHE
as compared to unmodified Co,0,/FTO (Figure 3d and Table 1).
All other oxide coatings (Al,04, TiO,, SnO,, Si0,) decreased elec-
trocatalytic current but did not completely suppress it, indicating
that the charge/mass transport through these very thin layers
is sufficient to sustain the OER. These trends were confirmed
by chronopotentiometric measurements at 10 mA cm™, show-
ing that the HfO,/Co,0,/FTO requires a potential of ~1.93 V
to sustain this OER rate, which is 20.03 V better than the bare
Co40,/FTO. All other coatings required a 0.05-0.1 V more pos-
itive potentials required to achieve 10 mA cm™? (Figure 3d and

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure3. Electrochemical characterization ofthe Co;O,4/FTO electrodes without (black) and with a 3—4 nm thick overlayer of Al, 05 (green), SiO; (green),
TiO, (blue), ShO, (purple), and HfO, (orange). a) Quasi-stabilized voltammetric sweeps (third scan, scan rate 0.005 V™), b,c) chronopotentiograms
at varied current densities b) 1to 10 mA cm™2 and c) 20 to 100 mA cm™2, and d) chronopotentiometric curves recorded at 10 mA cm™2in 1 M H,SO,.

Currents are normalized to the geometric surface area.

Table 1). Additionally, the apparent Tafel slopes of these anodes
were analyzed. Figure S9, Supporting Information, shows the
slopes of the semilogarythmic dependencies of potential on cur-
rent density are similar , suggesting similar reaction kinetics with
and without coating layers.

Importantly, a significant enhancement in the electrode stabil-
ity was observed for all nanoscale coatings. The bare Co,0, main-
tained a stable potential of ~1.96 V versus RHE for a current of
10 mA cm™? for less than 12 h before displaying a sharp increase
in the potential, which indicates the loss of the catalytically active
Co,0, layer. The latter was confirmed by the inductively coupled
plasma mass spectroscopy (ICP-MS) analysis (Figures S18 and
$20, Supporting Information). The Al,O; and SiO, layers pro-
longed the durability of the electrodes under the examined condi-
tions to 20 and 23 h, respectively, while the TiO, and SnO, layers
improved the stability to ~27-28 h. Notably, the HfO, layer not
only improved the electrocatalytic activity of the Co;0, electrode
but also enhanced its stability to 32 h, the best protective layer
amongst the oxides examined herein.

To map the anode morphological changes during the OER, we
carried out SEM analysis of the samples tested at 10 mA cm™
for 8 and 24 h (Figures 4 and 5). Top-view images reveal pit-
ting of the anode surface, with the size and density depending
on the composition of the coating and the duration of the tests.
For the unmodified Co,O,, large holes of hundreds of nm in size
were already observed after 8 h and essentially no catalyst was
detectable after 24 h (Figure 4a). This was corroborated by the
side-view imaging and SEM-EDS elemental mapping, showing
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a significant reduction in the Co;0, layer thickness from 360 to
200 nm after 8 h and its almost complete disappearance after 24 h
(Figure 5a). These results are consistent with the SEM-EDS map-
ping presented in Figure S10, Supporting Information, which re-
vealed the disappearance of the Co element in unmodified sam-
ples after 24 h.

When coated with nanosized passivation layers, holes of vary-
ing sizes appeared on the surface for all electrodes after 8 h ex-
cept those coated with HfO, (Figure 4b-f). The Al,0,/Co;0, and
Si0,/Co;0, anodes showed a similar morphology with hole di-
ameters ranging from 200 to 400 nm after 8 h (Figure 4b,c),
while fewer and smaller holes were observed on the TiO, /Co,;0,
(Figure 4d) and SnO,/Co;0, anodes (Figure 4e). At the same
time, the density of these pitting sites was low for the coated an-
odes, and no significant changes in the thickness of the under-
lying Co,0, anode were detected after & h for all overlayers ex-
amined (Figure 5b—f). Increasing the electrolysis time to 24 h,
resulted in a complete loss of the Co;O, layer for the anodes
coated with Al,O; and SiO, (Figures 4b,c and 5b,c). These obser-
vations are consistent with the results of the galvanostatic tests
showing a sharp increase in the applied potential before 24 h
(Figure 3d) and SEM-EDS mapping (Figures S11 and S12, Sup-
porting Information). The TiO,, Sn0O,, and HfO, coatings were
able to preserve the Co;0, anode for up to 24 h (Figure 4d—f) with
the residual Co,;0, thickness following the order of HfO, /Co,0,
> Sn0,/Co,0, > Ti0,/Co,0, (Figure 5d-f), consistently with the
galvanostatic measurements (Figure 3d and Table 1) and SEM-
EDS mapping (Figures S13-S15, Supporting Information).

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Top-view SEM images of a) unmodified Co304/FTO and Co30,4/FTO electrodes coated with 3—4 nm thick coating layers of b) Al, 03, ) SiO;,
d) TiO,, e) SnO,, and f) HfO, after 8 and 24 h of galvanostatic OER tests in 1 M H;SOy4 at 10 mA cm™2.

As the most stable electrode, changes in the morphology of
the HfO,/Co,0, anode were further investigated by TEM and
EDS before and after 24 h tests. TEM images of the as-deposited
sample (Figure $16, Supporting Information) revealed agglomer-
ates of thick, crystalline Co,0,, covered with an amorphous HfO,
layer, which was further evidenced by EDS elemental mapping.
After 24 h of electrolysis, although we still observe the (220) lat-
tice planes of crystalline Co;0, (Figure S17b-d, Supporting In-
formation), their grains become thinner with the appearance of
new holes (Figure S17a,d, Supporting Information) with disap-
pearance of HfO, coating layer (Figure S17b,e,f, Supporting In-
formation).

Additionally, electrolytes derived from testing of the Co;0, an-
odes without and with overcoating layers after 8, 24, and 32 h
electrolysis were analyzed with ICP-MS (Table S3 and Figures
S18 and S20, Supporting Information). The corrosion rate af-
ter 8 h of the OER was the highest (0.49 pmol h~') for the un-
modified electrodes, followed by the Al,O; (0.43 umol h™'), SiO,
(0.42 pmol h') > TiO, (0.38 pmol h~) > Sn0O, (0.31 pmol h!) >
HfO, (0.19 umol h™') coated anodes (Table S3 and Figure S18a,
Supporting Information). After 24 h electrolysis, the OER ac-
tivity of the unmodified and Al,O; coated anodes mostly come
from the F-doped SnO, substrate (Figure S19a, Supporting In-
formation), leading to an applied potential of over 3.2 V ver-
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sus RHE to maintain a current density of 10 mA cm~? (Figure
$19b, Supporting Information). However, the required potential
in Si0,-coated anode was still under 3.2 V versus RHE, indicat-
ing the existence of some Co;0, catalyst on the FTO substrate
to contribute to the OER activity. For this reason, the amount of
dissolved Co in the electrolyte from the SiO,-coated anode was
slightly lower than those in the unmodified and Al,O,-coated
anodes (Figure S18b, Supporting Information). For TiO,, SnO,,
and HfO, coated anodes, the corrosion rates of Co,0, signifi-
cantly increased during 24 h of electrolysis, consistent with more
pin-holes appearing on the surface of the electrode after 8 h
(Figure 4), and less catalyst materials remained on the substrate
after 24 h (Figure 5). After 32 h, the amount of etched Co from
TiO,/Co;0,/FTO and SnO,/Co;0,/FTO anodes was similar to
that from the unmodified samples after 24 h (Figure S18c, Sup-
porting Information), indicating complete dissolution of Co,0,.
For the HfO,/Co;0,/FTO anode, the dissolution rate of Co;0,
detected within 24-32 h was lower compared to those from other
electrodes, indicating the efficient protection effect of the HfO,
layer on the Co,0, electrodes. Additionally, the dissolution of the
overlayers from Al, Ti, and Hf was investigated by ICP-MS anal-
ysis (Figure S20, Supporting Information). It revealed the dis-
solved amount of the overcoating layer significantly increased
over time. Noticeably, after 24 h, the changes in the amount of

© 2023 The Authors, Small published by Wiley-VCH GmbH
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500 nm

Figure 5. Cross-sectional SEM images of a) unmodified Co3O4/FTO and Co30,/FTO anodes coated with 3—4 nm thick overlayers of b) Al, O3, c) SiO,,
d) TiOy, €) SnO;, and f) HfO, after 8 (top) and 24 h (bottom) of galvanostatic OER tests in 1M H;SO, at 10 mA cm~? (orange: Co;0, electrocatalyst,

blue: FTO, and the blue dashed line: the boundary of pristine Co;O4 layer).

TiO, and HfO, were negligible, indicating the nearly complete
dissolution of the overlayers.

Collectively, our findings suggest that HfO, is the best passi-
vation layer among the investigated dielectric materials. To deter-
mine the optimal thickness of HfO,, we varied its thickness from
3 to 20 nm. Voltammetric and chronopotentiometric analysis of
these electrodes indicate that increasing the HfO, thickness up
to 12 nm does not significantly affect the OER activity of the elec-
trode (Figure 6). The results suggest that the mass and charge
transport in anodes coated with less than 12 nm HfO, thickness
was still sufficient to catalyze the reaction. However, deposition
of a 20 nm layer substantially deteriorated the OER performance,
increasing the potential to ~2.2 V versus RHE, 20.27 V higher
than that of the unmodified Co;0,/FTO, to achieve an OER rate
of 10 mA em~2. Tt is attributed to a strong decrease in the conduc-
tivity of the anodes, which is reflected by an increase of charge
transfer resistance from 13.5 to 293.6 kQ with increasing HfO,
thickness from 0 to 20 nm in the EIS measurements (Figure S21
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and Table S4, Supporting Information). Extended durability tests
indicate that coating of Co;O, with a 12 nm thick HfO, can pro-
long the stability of the OER performance to 42 h (Figure 6b).
This is 10 h more than that with the 3 nm HfO, coating and a
3.5-time increase over that of the unmodified electrode. This is
also a considerably good stability in comparison to acidic water
oxidation at low pH (Table S5, Supporting Information). Notably,
further increasing the thickness to 20 nm did not improve the
stability. This might be attributed to the more positive potential
applied to the electrode during the test due to the lower electro-
catalytic activity (Figure 6b). Likewise, the impact of the coating
thicknesse (3, 6, 8, and 10 nm) of Al,O; and TiO, on the cat-
alytic activity and stability of the anodes was also investigated.
The chronopotentiometric results (Figure S22, Supporting Infor-
mation) indicate that the optimal Al,O; and TiO, thicknesses are
in the range of 3—6 nm. Thinner or thicker coating layers de-
crease the stability and activity of the electrodes as similarly ob-
served from the HfO, coating and reported in the literature.!**¢!

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 6. Electrochemical characterization of the Co3 O, /FTO electrodes coated with different HfO, thicknesses. a) Quasi-stabilized cyclic voltammetric
sweeps (third scan with scan rate 0.005 V s™'), and b) chronopotentiometric curves recorded at 10 mA cm™2 in 1 m H,SO,. Currents are normalized to

the geometric surface area.

Importantly, their activity could not be retained after 27 h OER,
which is by far shorter than 42 h obtained from the anode coated
with an optimized HfO, layer.

The 12 nm thick HfO, coating had the best stability and activ-
ity and thus was further investigated with an extended durability
test in0.1 M H,SO, solution with pH = 1 (Figure S23, Support-
ing Information). This anode required ~2.05 V versus RHE to
achieve an oxygen evolution rate of 10 mA cm™? and remained
stable for a duration of ~70 h. However, the applied potential
surged after 70 h of continuous electrolysis, which could be at-
tributed to the significant loss of the active electrocatalysts, leav-
ing the inactive FTO surface (Figure S24, Supporting Informa-
tion). Though the (12 nm) HfO, layer can prolong the stability
and maintain the OER activity of the electrode for nearly 70 h,
the anode still dissolved under anodic OER in strong acid, which
indeed can dissolve noble metal oxides, such as RuO, or IrO,,
to a certain extent.'®%*7%) The OER performance and stability
of the HfO,/Co;0,/FTO anodes are compared with recent sta-
ble acidic OER catalysts in Table S5, Supporting Information.
Many of these anodes achieved a prolonged lifetime due to a
higher mass loading or a thicker catalyst layer.**7"74 To com-
pare the stability of different catalysts reported in various pub-
lications, the catalyst lifetime was normalized to its mass and
thickness. The normalized stabilities of our HfO, coated anode
are 262.5 h mg,,™ and 113 h pm™" at a pH of 0, and 500 h
mg,,~' and 215 h um~" at a pH of 1, respectively, for a current
of 10 mA cm. These outperform most of the recently reported
acidic OER anodes made of earth-abundant materials (Table S5,
Supporting Information).?*774] Exclusively, the superior dura-
bility of Co,MnO, and NigsMngsSb; ;0,, achieving 208 h mg,, !
for a current of 100 mA cm~2 and 1292.3 h mg! for a current of
10 mA cm™2, respectively, can be attributed to the stability of the
Mn andjor Sb matrix.”>7¢l However, they require a more com-
plex preparation process and a precise composition. The imple-
mentation of a surface protective layer shown in this study pro-
vides a promising direction for a wide range of catalyst materials
for acidic OER.

To understand the production efficiency, the Faradaic ef-
ficiency (FE) of O, evolved from HfO,/Co0,0,/FTO and
Co40,/FTO anodes were measured (Figure S25, Supporting In-
formation). Both samples reached stable FE efficiency at nearly
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100%, confirming the ALD coating layers have negligible impacts
on the OER selectivity of the Co, O, electrocatalyst.

Our electrochemical and spectroscopic characterization
showed that ALD coating results in a slight difference in OER
activity but a significant enhancement of the stability, following
the order of HfO, > SnO, > TiO, > Si0,, Al,O,. Since the
difference in the thickness of the coating layers was minimal,
the changes in the stability can be attributed to the intrinsic
material properties of the overlayers during the OER in an acidic
environment. Such intrinsic properties can be determined by
the thermodynamic stability in connection with the underly-
ing Co;0, catalysts, which are further supplemented in the
theoretical calculations below.

2.3. Theoretical Calculations

Our experimental results show that the stability of the coated an-
odes follows the order of HfO, > SnO, > TiO, > Al,0,, SiO,.
However, when deriving the thermodynamic stability of the ox-
ide coatings from Pourbaix diagrams, SnO,, SiO,, and TiO, are
expected to be more stable at low pH conditions (Figure S26, Sup-
porting Information).””) We hypothesize that in addition to the
thermodynamic stability of the coating, the bonding strength be-
tween the Co;0, surface and the overlayer also plays an impor-
tant role. To further investigate and gain insights into such bond-
ing strength, we carried out density functional theory (DFT) cal-
culations (Figure 7).

By employing simplified models where the (110) surface of
Co;0, is bonded with the coating molecule via an oxygen atom,

e O

o Co

o A 1 ™ N I &

o Si ~ 8, 0

©® Sn .‘(} 1'001 ¢¥/ s B 7P & &

“w 8 B o o S ' "l

o Hf =® 4w 4 SR & 745

HfO, Sno, A0, TiO, Sio;

Epos -3.48eV  -3.44eV -3.34 eV -3.04eV -289eV

Figure 7. Theoretical calculations of the bonding energy (Eyonq) between
(110) facet of Co;O,4 and the coating oxides using simplified models: from
left to right, Co304-HfO,, -Sn0O,, -Al, 03, -TiO,, and -SiO;.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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our finding reveals that the Co—O—Hf bonding energy (-3.48 eV)
is the strongest, followed by Co—O—Sn (—3.44 eV), Co—O—Al
(=3.34 eV), Co—O—Ti (-3.04 eV), and Co—O—Si (-2.89 eV).
The (110) facet was used in the modeling as it is one of the
specific lattices of the Co;0, spinel reflected in XRD patterns
and high-resolution TEM analysis. It is worth noting that al-
though the Co—O—Al bonding energy is stronger than those of
Ti and Si, AL, O, is less thermodynamically stable according to
the data shown in the Pourbaix diagram at low pH compared to
TiO, and SiO, (Figure $26, Supporting Information). This in-
dicates that both the thermodynamic stability of coating oxides
and bonding strength between the underlying and coating layers
should be considered when assessing the durability of oxygen
evolution catalysts at low pH. This implies the effectiveness of
combining theoretical and experimental studies, providing direc-
tions for acidic water electrolysis studies, including self-healing
strategy2931:33.4]

3. Conclusions

In this study, we presented a systematical investigation of the
key properties of nanoscale dielectric layers to stabilize earth-
abundant Co,0, OER anode electrocatalysts in highly acidic con-
ditions. Dielectric layers of Al,0,, SiO,, TiO,, SnO,, and HfO,
were conformally deposited on Co,0, anodes by ALD. We reveal
that though the nanoscale coatings cannot prevent the ultimate
dissolution of the underlying Co;0,, they can significantly im-
prove the anode longterm stability, while maintaining the Co;0,
catalytic activity with the order of HfO, > SnO, > TiO, > Al,0,,
Si0,. Our theoretical calculations suggest that this may be at-
tributed to the stronger bonding energy of the Co,0,|HfO, in-
terface as compared to other oxide coatings, highlighting the im-
portance of the interfacial engineering between the coating and
coated layers. The optimally coated anode with a HfO, thickness
of 12 nm was able to retain a current density of 10 mA cm™
at ~1.95 V versus RHE for > 42 h in an H,SO, electrolyte pH
0. These insights provide guidelines for engineering coatings of
non-platinum group metal (non-PGM) anode catalysts for the
acidic electrolysis. While this study was conducted in conven-
tional H-cell tests at pH 0, experiments in a PEMWE, where lo-
cal pH, current densities, and temperature are higher, should be
demonstrated to assess the activity and stability of the anode cat-
alysts under practical conditions.

4. Experimental Section

Materials:  All the chemical reagents and solvents for the material syn-
thesis were used as received without any further purification. Ultrapure
deionized water (resistivity 18.2 MQ cm™') was used in preparing aque-
ous solutions in all experiments.

Substrate Preparation: The fluorine-doped tin oxide (FTO) glass sub-
strate 10 X 35 mm was purchased from OPV Tech. The substrate was first
cleaned with ethanol and water and dried. The exposed geometric area of
the substrate to the electrolyte solutions was 1cm?.

Fabrication of Co30, Catalysts: Cobalt (Co) film was deposited onto
the FTO glass substrate by DC magnetron sputtering in 1200 s at an ap-
plied bias of 600 W. Then, they were annealed at 550 °C for 2 h with a ramp
rate of 2 °C min~" to obtain the cobalt oxide (Co;Oy) layer. The mass load-
ing of the Co30, anode was estimated with the mass density extracted
from The Materials Project for cubic Co3O, materials (6.1 g cm=3).17]
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Conformal TiO;, Al,O3, SiO;, SnO,;, and HfO, films were de-
posited onto the Co;04|FTO anodes using a plasma-assisted atomic
layer deposition (PA-ALD) system (PicoSun-Sunale) with argon and oxy-
gen plasma as the co-reactants. Al, Si, Ti, Sn, and Hf sources were
trimethylaluminum (AICl3), silane (SiH,), titanium tetrachloride (TiCly),
tetrakis (dimethylamino) tin ([(CH3),N]4Sn), tetrakis (ethylmethylamido)
hafnium ([(CH3)(CHs)N]4Hf), respectively. SiO, and SnO, were de-
posited by the PA-ALD systern at 300 and 83 °C, respectively. The vessels
of three hot sources, including SiO,, SnO,, and HfO,, were heated at 45,
55, and 120 °C throughout the ALD deposition process. HfO,, Al,0;, and
TiO, were deposited at ambient temperature and the vessels of TiO; and
Al,O3 source were kept at room temperature. The thickness of the ALD
coating layer was precisely controlled by tuning the ALD deposition cycles.

Material Characterization: The morphology of the films was investi-
gated using a field-emission scanning electron microscope (FESEM) Zeiss
Ultra Plus operating at 3 kV without coating. Samples for SEM were pre-
pared by fixing the cut pieces of the electrode on the specimen stubs using
carbon tape.

XRD patterns were recorded by a D2 Phaser Bruker system with Cu Ka
radiation of average wavelength 1.54056 A ata scan rate of 1.17 deg min~.
The XRD results were obtained by direct measurement of the samples on
FTO substrates. Raman spectra were recorded at room temperature by
LabRAM HR (Horiba) evolution CCD camera 532 delta diode laser, using
grating 1800 (500 nm). The laser power was 22 mW with 100 percent in-
tensity. The spectra were collected at 50 s of acquisition time.

XPS analysis was performed using a calibrated ESCALAB250Xi spec-
trometer (Thermo Scientific, UK) with a monochromated Al Ka source at
a power of 120 W (13.8 kV x 8.7 mA). The base pressure in the main vac-
uum chamber during analysis was typically between 102 and 10~% mbar.
Survey spectra were acquired at a pass energy of 160 eV. To obtain more
detailed information about the chemical structure, oxidation states, and so
forth, high-resolution spectra were recorded at 20 eV pass energy (yield-
ing a typical peak width for polymers of &1 eV). Spectra were collected at
normal emission. The data was analyzed using CasaXPS software version
2.3.25 PR1.0. Adventitious C 1s (284.8 eV) peak was used to calibrate the
spectra.

The coating thicknesses were measured using a JA Woollam M2000D
ellipsometer. The measurements were conducted with the thin oxide layers
on the double-side polished Si wafer.

The ICP-MS was performed by Nexion5000 from PerkinElmer, USA.
Samples for ICP-MS measurements were prepared by using 3 mL elec-
trolyte in the continuous flow. The amount of Co etched in the electrolyte
was detected by Co-59 mass, Helium KED mode, internal standard-Rh-
103.

Electrochemical Characterization: All electrochemical measurements
in this study were carried out with a BioLogic electrochemical workstation
using a customized two-compartment separated by a Nafion@117 mem-
brane (sourced from FuelCellStore). In the electrochemical tests, the ALD
coating layer/Co30,4/FTO anodes, depicted as in Figure S27a, Supporting
Information, played as working electrodes. Both sides of the anode—front-
side coated with catalyst and the back side with only glass—were totally
immersed in the electrolyte. The area test of the working electrode was 1
cm?, The electrochemical performance of the electrodes was evaluated in a
three-electrode configuration using a Pt wire as the counter electrode and a
double-junction Ag|AgCI|KCl(sat.) (+0.197 V versus SHE) as the reference
electrode. The scheme of the three-electrode cell setup for electrochemi-
cal measurement is illustrated in Figure S27b, Supporting Information. 1
and 0.1 M acid sulfuric (H,SOy) solution at pH 0.08 and 1.13, respectively,
were employed as an electrolyte. The potentials were converted to the RHE
scale via the Nernst equation

Epne=Eng/aga+0-197 + 0.059 x pH M

EIS were collected at 0.3 V versus RHE and 1.8 V versus RHE over a
frequency range of 0.1 Hz—200 kHz with a 5 mV amplitude. For compar-
ison with previous publications, the overpotentials recorded in Table S5,
Supporting Information, were corrected for the iR product, using the un-
compensated resistance values for FTO from EIS in pH 0 and pH 1. ECSA

© 2023 The Authors. Small published by Wiley-VCH GmbH
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was investigated through the electrochemical capacitance currentat 0.81V
versus RHE, which was measured by scanning cyclic voltammetry curves
at different rates at the potential window of 0.76 to 0.86 V versus RHE.
ECSA was calculated by comparing the double-layer capacitance of the
Co304 anode (Cy) to the specific capacitance (C;) that ECSA = Cy /C,,
where C is the capacitance of an atomically smooth planar surface of
the material per unit area under identical electrolyte conditions, meaning
identical pH and applied potential range.[®*-6178] Here, a glassy carbon
surface sourced from PINE research (AFESTO50GC with a disk diameter
of 5 mm) was used to measure a specific capacitance of the planar elec-
trode. Faradaic efficiency for the OER was measured in a continuous-flow
set-up, in which an air-tight H-cell was connected to a gas chromatography
(GC). The high-quality argon was used as a carrier gas to pass through the
electrolyte solution and then to the GC with a flow rate of 10 mL min~".

Theoretical Calculations: DFT calculations were performed using the
projector augmented wave (PAW) method!798% as implemented in the
Vienna Ab initio Simulation Package (VASP).I182] The calculations were
completed with a plane-wave cut-off energy of 500 eV and Monkhorst—
Pack k-points mesh of 3 X 3 X 1. The electronic self-consistent calcula-
tion was converged to 1 x 10~° eV and ionic relaxation steps were per-
formed using the conjugate-gradient method (IBRION = 2) and contin-
ued until the total force on each atom dropped below a tolerance of 3 x
1072 eV A~'. The generalized gradient approximation (GGA) was used for
the exchange-correlation functionals as parameterized by Perdew—Burke—
Ernzerhof (PBE).I®3] The adsorption energy was calculated using the fol-
lowing equation

E,gs = E (slab x MO) — E (slab) — E (MO) (2)

where E(slab*MO), E(slab), and E(MO) are the electronic energies of
Co30, surface with adsorbed oxide (MO), clean Co30, surface, and MO
as adsorbate. Co30, surfaces of (011) were investigated in this study us-
ing the slab method with a vacuum thickness of 20 A, along with different
oxides of Al, Hf, Sn, Ti, and Si.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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