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Abstract: Developing effective ways to recycle rusted stainless
steel and to promote the sluggish oxygen evolution reaction
(OER), associated with water splitting and metal—air batteries,
is important for a resource-sustainable and environment-
friendly society. Herein, we propose a strategy to enable
rusted stainless steel plate to be used as an abundant and low-
cost OER catalyst, wherein a hydrothermal combined in situ
electrochemical oxidation-reduction cycle (EORC) method is
developed to mimic and expedite the corrosion process, and
thus activate stainless steel into free-standing OER electrodes.
Benefiting from the plentiful electrolyte-accessible Fe/(Ni)
oxyhydroxides, high conductivity and mechanical stability,
this electrode exhibits remarkable OER performances includ-
ing low overpotential, fast kinetics, and long-term durability.
The slight degradation in current after long-term use can be
repaired immediately in situ by an EORC.

Stainless steels is a ubiquitous material with a wide variety
of important applications, such as use in medical devices,
automotive parts, jewelry, and cooking utensils, and playing
a crucial role in social progress.!l Although the notorious
metallic corrosion is significantly restrained for stainless steel,
it cannot be completely avoided especially under environ-
ments including high humidity, pressure, temperature, and/or
seawater, still resulting in serious deterioration of stainless
steel,¥ and even endangering public and industrial safety.
Generally, rusty stainless steel can be reclaimed by either
removal of the corrosion layer or sending back to furnace,
which is favorable to preserve valuable alloying elements,
while suffering from drawbacks, such as high energy- and
time-cost and pollution emissions.!'>*!

Electrochemically splitting of water into hydrogen and
oxygen represents a very promising process to address the
ever increasing issues of energy crisis and environment
pollution.”) However, its overall efficiency is seriously
hindered by the kinetically sluggish oxygen evolution reaction
(OER).PI Currently, the state-of-the-art OER electrocatalysts
are RuO, and IrO,, but their scarcity and prohibitive cost still
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severely constrain their widespread practical applications.
In response, numerous transition-metal (Fe, Ni, Co, etc.)
based electrocatalysts have been established for their earth
abundant nature.”! Generally, their high electrical resistance
can be somewhat mitigated by immobilizing them on glass
carbon or other conductive substrates using a polymer binder
(e.g. Nafion), but at the expense of greater cost and buried
active sites (result in blocked mass/electron transport and
lower electrocatalytic activity). Adding insult to injury, the
glued catalyst can still easily peel off from the substrates
during vigorous gas evolution/bubbling, worsening the stabil-
ity.”! Furthermore, the solvent-evaporation to improve the
immobilization of the catalysts will leave them in a dehydrated
form, resulting in poor wettability and limited accessible
active sites.””] Therefore, it is urgently desirable to develop
a novel strategy to fabricate, efficient, and free-standing OER
electrodes.

Intriguingly, the surface layer of rusty stainless steel
mainly consists of Fe oxide/hydroxide, which could theoret-
ically be polished to become a readily available and efficient
OER electrocatalyst, especially on combining with Ni.'%
More importantly, the external rusty layers are usually loose
and porous, which favors the mass transport required for
OER. Furthermore, the prerequisite high conductivity is
ensured by the internal uncorroded substrate, affording
sufficient electron transfer for the external active species
and making it an ideal alternative toward efficient and
integrated OER electrode. To date, there has been little
reported on applying the rusty stainless steel in catalyzing the
OER. Therefore, to “turn waste into treasure”, developing
a facile, time- and cost-effective strategy to forge the rusty
stainless steel into highly efficient OER electrodes is of great
importance and still very challenging.

Herein, as a proof-concept experiment, we intentionally
rust the stainless steel plate by hydrothermal method to
simulate and expedite the process of natural corrosion and
directly activate it into robust OER electrode by electro-
chemical oxidation-reduction cycle (EORC) in alkaline
electrolyte, wherein stainless steel plate not only serves as
the current collector and structure scaffold, but also affords
the sources to form active species. Unexpectedly, the obtained
EORC-activated rusty stainless steel plate (SPN50) can be
directly used as an OER electrode, exhibiting low over-
potential, fast kinetics with small Tafel slope and long-term
durability as a result of abundant Fe/(Ni)OOH, high electron
conductivity, excellent wettability, and mechanical stability.
Furthermore, the slightly decreased catalytic activity after
long-term cycles can be immediately recovered by another
EORC in the same electrolyte, benefiting for reutilizing the
electrode. And other kinds of artificially rusty stainless steel
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plate and naturally rusty stainless steel spoon (RS), lid (RL),
and plate (RP), battery case (RBC), as well as Fe rod (FeR)
without or with EORC also exhibit superior OER perform-
ances.

The fabrication process of SPN50 is schematically shown
in Figure 1a—c. Briefly, newly washed stainless steel plate is

Figure 1. a)—c) schematic fabrication process of rusty stainless steel plate. 3D AFM
images of stainless steel plate (a), corroded stainless steel plate (b), and EORC-
activated rusty stainless steel plate (c); SEM images of stainless steel plate (d),
corroded stainless steel plate (e), and EORC-activated rusty stainless steel plate (f)
(inset: the corresponding photographs); TEM images of the particles on EORC-
activated stainless steel plate (SP50) (g), corroded stainless steel plate (h) and
EORC-activated rusty stainless steel plate (i) (inset: the corresponding HRTEM

images).

converted into corroded stainless steel plate (SPN) by a facile
hydrothermal treatment in ammonium solution. Along with
this process, the color of the stainless steel plate is changed
from grey to olive, indicating the successful growth of the
rusty layer. As the atom force microscopy (AFM) images and
scanning electron microscopy (SEM) images displayed, the
surface of the corroded stainless steel plate is close-packed
with uneven particles with average size of 175 nm, quite
different from the smooth surface of stainless steel plate
(Figure 1a,b,d,e and Figure S1 in the Supporting Informa-
tion). And the XRD pattern and Raman spectra identify that
the particles are mainly consisted of Fe/(Ni) oxide/hydroxide
(Figure S2-3)." Tt is worth noting that the surface of these
particles is quite smooth (Figure 1h). Subsequently, electro-
chemical oxidation-reduction cycling of corroded stainless
steel plate is undertaken to synthesize EORC-activated rusty
stainless steel plate (SPN50) in 1M KOH solution. As shown
in Figure 1f and Figure S1, varisized particles are densely
grown on the surface of EORC-activated rusty stainless steel
plate, in accompany with the decrease of average size
(122 nm) and rougher surfaces in comparison with those of
corroded stainless steel plate, due to the insitu partial
consumption of the smooth particle and growth of hierarch-
ical nanosheets along its surface via EORC. As the Raman
spectra and XRD patterns further verified, the superficial
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nanosheets induced by EORC are mainly composed of
Fe/(Ni)OOH (Figure S2-3), which is well-known as an
excellent electrocatalyst toward OER.*11>412] Gimjlarly, the
stainless steel plate, treated with EORC, denoted as SP50, is
also endowed with dense cross-linked Fe/(Ni)OOH nano-
sheets on the surface (Figure 1g and S5a). And the TEM
images of EORC-activated rusty stainless steel
plate further reveal the successful formation inter-
connected nanosheet on the particles (Figure 11).
Accordingly, the HRTEM images show that dis-
tinct lattice spacing (0.22, 0.25, and 0.268 nm) is
indexed to (101) plane of (Ni,«Fe,3;)OOH, (211)
and (400) plane of FeOOH, respectively.

The HAADF-STEM image of EORC-activated
rusty stainless steel plate further confirms the
rough surface of the particles, in accordance with
SEM results (Figure 2a,f). And the corresponding
element mapping images (Figure 2b-d, S4 and S5)
show that Fe, Ni, and O are homogeneously
distributed on the overall particle/nanosheet struc-
ture of EORC-activated stainless steel plate, cor-
roded stainless steel plate and EORC-activated
rusty stainless steel plate. To further investigate the
chemical state of the surface of the rusty stainless
steel plate, X-ray photoelectron spectroscopy
(XPS) measurement is performed. The presence
of Fe, Ni, Cr, and O is confirmed by the survey
spectra (Figure S6 and Table S1). And the high
resolution Fe 2p;, spectra can be deconvoluted into
four types, assigned to Fe (706.5eV), FeO
(709.8 eV), Fe,0O; (710.6eV), and FeOOH
(711.5 eV, Figure 2h).'¥1 As for Ni2p,,, three
fitted peaks located at 852.6, 854.7 and 855.5eV
are ascribed to metallic Ni, NiO, and NiOOH/
Ni(OH),, respectively, while the peaks located at 863.2 eV
belongs to the satellite peaks."¥ In addition, the metallic Fe
and Ni peaks of EORC-activated stainless steel plate,
corroded stainless steel plate, and EORC-activated rusty
stainless steel plate have almost disappeared due to the
successful generation of dense metal oxides and hydroxides
(Figure 2h,i). Moreover, higher contents of FeOOH and
NiOOH are harvested by EORC-activated rusty stainless
steel plate in comparison with those of EORC-activated
stainless steel plate, corroded stainless steel plate, stainless
steel plate (Figure S8a,b), which predominantly accounts for
the higher OER performance (see below). The fitted peaks of
the Ols spectrum corresponded to O*~ (529.7eV), OH™
(531 eV), and physical adsorption of water (H,O, 531.8 eV),
respectively.™) Moreover, EORC-activated rusty stainless
steel plate, having a higher percentage of OH, holds the
apparent advantage of wettability over stainless steel plate,
EORC-activated stainless steel plate and corroded stainless
steel plate, highlighting its superior in electrolyte penetration
(Figure S8c). To directly elucidate the wettability of the
samples, the contact angle of EORC-activated rusty stainless
steel plate is determined. As shown in Figure 2ef,g and
Figure S9, EORC-activated rusty stainless steel plate has the
smallest average contact angle (0°) in comparison with
corroded stainless steel plate (19.2°), EORC-activated stain-
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activated stainless steel plate
are low (0.07 and 0.08 mQ2 cm)
albeit with the growth of var-
ious particles, respectively,
completely inheriting the high
conductivity of SP
(0.07mQcm) and ensuring
fast electron transfer kinetics
for OER. Compared to cor-
roded stainless steel plate and
(9) EORC-activated stainless
steel plate, EORC-activated
rusty stainless steel plate ach-

00
— ieves much smaller overpoten-
tial (0.26 V, Figure3a and

19.2°

(h) Fe,0;Fe00R (i) NI Ni(OH)/NIOOR - 10) o o Table S3), which even outper-
o Fe 7, Nio o5, H0 forms the state-of-the-art
..s‘-:”"_ L3P st itmssssnesnsedl  RUO, (0.32 V). The effective
2z 2 SP§0 Bs .1152:::;:::,:._ improvement of OER perfor-
g SP50 g B SPE0 st e i Memmmeneeee  Mance at the EORC-activated
£ b= ! sen | £ s, rusty stainless steel plate elec-
SPN ' - “.=,-' "v;.xg::;::_"__ " trode is associated with easy
p SPNSH ' ", electrolyte penetration, inti-
W = st 1 mate contact between the
m | SPNSO oot 0 sss Mommmmemns]  active site and current collec-

pr——— T T T M T T T T T T T
704 706 708 710 712 714 852 856 860 864 526 528 530 532 534 tor, and the increased active
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) sites, as well as the low elec-
Figure 2. a) STEM image of the particles of EORC-activated rusty stainless steel plate; The corresponding tron resistance (0.07 m€2cm).
element mapping images of Fe (b), Ni (c), and O (d); Contact angle images of stainless steel plate (e), Note that the OER perfor-
corroded stainless steel plate (f), and EORC-activated rusty stainless steel plate (g); XPS spectra of Fe 2p;, mance of Cr foil via the same
2 (h), Ni2p;, () and O Ts (j) of stainless steel plate (SP), EORC-activated stainless steel plate SP50, treatment of EORC-activated

corroded stainless steel plate (SPN), and EORC-activated rusty stainless steel plate (SPN50).

less steel plate (13.2°), and stainless steel plate
(78.1°), demonstrating its excellent wettability and
much easier access of the aqueous electrolyte to
the active sites.”

The electrocatalytic OER activity of the as-
synthesized electrodes in alkaline solution is eval-
uated in a three-electrode electrochemical cell.
The rusty stainless steel plate electrode is directly
used as the working electrode, meanwhile a satu-
rated calomel electrode (SCE) and Pt mesh are
used as reference electrode and counter electrode,
respectively. For comparison, the OER perfor-
mance of commercial RuO, deposited on carbon
paper is also tested. The OER polarization curves
in Figure 3a reveal that both corroded stainless
steel plate and EORC-activated stainless steel
plate display greater current densities and lower
overpotentials of 0.28 and 0.29 V to reach the
benchmarking current density of 10 mAcm 2
respectively, in comparison to stainless steel plate
(0.33 V), suggesting that the introduction of Fe/
(Ni) oxide and/or hydroxide via the hydrothermal
and electrochemical activation plays important
role in enhancing the electrocatalytic activity
toward OER. Remarkably, the electron resistivity
of corroded stainless steel plate and EORC-

rusty stainless steel plate
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Figure 3. OER polarization curves (a) and Tafel plots (b) of stainless steel plate
(SP), EORC-activated stainless steel plate (SP50), corroded stainless steel plate
(SPN), EORC-activated rusty stainless steel plate (SPN50), and RuO,; c) EIS of
stainless steel plate (SP), EORC-activated stainless steel plate (SP50), corroded
stainless steel plate (SPN), and EORC-activated rusty stainless steel plate (SPN50);
d) Chronopotentiometry curve of rusty stainless steel plate in Tm KOH at a constant

current density of 10 mAcm ™2,
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shows poor OER performance, suggesting the Cr species
contribute little to the excellent OER performance at the
EORC-activated rusty stainless steel plate electrode (Fig-
ure S3a,b and Figure S10). Besides, Fe and Ni foil treating
with the identical procedure of EORC-activated rusty stain-
less steel plate achieve considerable OER performances,
indicating the individual Fe and Ni species also contribute to
the enhancement of the OER catalytic activity for EORC-
activated rusty stainless steel plate (Figure S23). However,
they are still lower than that of EORC-activated rusty
stainless steel plate, further demonstrating the significant
role of the generation of Fe(Ni)OOH in the excellent catalytic
activity of EORC-activated rusty stainless steel plate. Fur-
thermore, the surface concentration of redox active Ni centers
on the electrode is calculated, which is considered as the real
active sites of the Ni based catalyst.?! Accordingly, the
coverage of redox active Ni centers is 26.6, 9.64, 18.9, and
2.15 nmol cm~? for EORC-activated rusty stainless steel plate,
EORC-activated stainless steel plate, corroded stainless steel
plate, and stainless steel plate (Figure S11 and Table S3),
respectively, consistent with the XPS results. It is thus
reasonable to believe that EORC-activated rusty stainless
steel plate, possessing higher amounts of real active sites, can
obtain higher OER performance in comparison with cor-
roded stainless steel plate, EORC-activated stain-
less steel plate, and stainless steel plate. Further-
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obvious changes in the morphology and structure indicated by
the SEM images, XRD patterns, Raman and XPS spectra
(Figure 3d and S16-20). Interestingly, although SPNS50
encounters with slight decrease in OER current density
after 5000 or 10000 potential cycles due to the gradual
consumption of well-defined Fe/(Ni))OOH under large cur-
rent density and the accumulated gas bubbles, it can be
recovered or even improved after another EORC, which is of
high importance for reclaiming the electrode in the practical
application.

Inspired by the above obtained exciting OER perform-
ances, naturally rusted materials as well as other types of
artificially surface-corroded stainless steel plate are also used
for OER. Interestingly, other kinds of stainless steel plate
after hydrothermal corrosion and EORC all give greatly
higher OER performance with lower overpotential and
smaller Tafel slope as a result of the reduced charge-transfer
resistance and increased active sites in comparison with the
original ones (Figure S22-25, Table S3), further indicating the
feasibility of electrochemically catalyzing OER at rusty
stainless steel electrodes. Particularly, the naturally rusty
RP, RS, RL and RBC all achieve good OER performance
with relatively low onset potential and small Tafel slope
(Figure 4 and Table S4). It is thus clear that the rusty stainless

more, the excellent catalytic activity at the EORC- @ o] m—re BN o resflS o ®) 4 —mrs 4B —o—rsso R °
activated rusty stainless steel plate electrode is also & : : 30 g
gleaned from its good linearity of Tafel plots and  _ - S = :’_
smaller Tafel slope (32mvdec™) than that of & ‘ - ; / 3
corroded stainless steel plate (34 mvdec'), T ) j
EORC-activated stainless steel plate (37 mvdec™) A T o

and stainless steel plate(42 mvdec™'), showing

faster OER kinetics."! To further gain deep insight 12 3 = (v:,': HE] ' '8
into the kinetics during OER process, the electro- ©) @ s .

chemical impedance spectroscopy (EIS) technique 80 B n +RL50. 5 s00l-m—rBe @ e 2
is employed. As shown in Figure 3 ¢, lower internal . O.-'
and charge-transfer impedances are observed for — _ 4 . A24o H
EORC-activated rusty stainless steel plate owing to :éi o // ..‘. é . o / ..'.
its high electron conductivity ensured by internal "~ 2 e . e / C /
uncorroded substrate (Figure S12), suggesting its T z '/ &0 B

superior electron-transfer kinetics compared to 0 g

stainless steel plate, EORC-activated stainless 1:2 13 E(V1v:. RHE)”’ 1 12 3 Ew ::RHE) e 18

steel plate, and corroded stainless steel plate.[*71¢]

Additionally, the agreement of the theoretical and
experimental amount of O, suggests that the
Faradic efficiency (FE) for EORC-activated rusty
stainless steel plate is almost 100 % (Figure S13). It
is worth noting that the mass activity with large
current density (363 mAmg ' at 1.55 V) based on the amount
of the surficial Fe/(Ni)OOH particles is harvested by the
EORC-activated rusty stainless steel plate electrode (Fig-
ure Sl4c).

To assess the long-term stability of EORC-activated rusty
stainless steel plate, both chronopotentiometry and CV scans
are performed (Figure 3d and S15). Apparently, the EORC-
activated rusty stainless steel plate electrode suffers from
little potential degradation over 24 h continuous electrolysis
at 10 mA cm ? owing to its stable structure with almost no
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Figure 4. a)—d) OER polarization curves of plate (RP), rusty plate (RP50), spoon
(RS), rusty spoon (RS50), lid (RL), rusty lid (RL50), battery case (RBC) and rusty
battery case (RBC50) in 1M KOH (Inset: their corresponding Tafel plots and
photographs).

steel can be also used as active OER electrode. Furthermore,
along with activating by EORC, the color of the rusty parts is
changed to brown (Figure 4). Interestingly, more negative
onset potential and smaller Tafel slope are gained by the
activated ones because of the improved capacity of electron-
charge transfer and increased active sites (Figure4 and
Figure S25). Therefore, the rusty metal electrodes can be
effectively recycled and given new birth to the application in
water electrolysis industry, highlighting the utility value of this
stratagem.
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In summary, to turn waste into treasure, we first develop
and demonstrate a facile while time- and cost-effective
strategy to effectively turn rusty stainless steel into robust,
low-cost and free-standing OER electrode. Unexpectedly, the
characteristics including high conductivity, superior wettabil-
ity, superficial Fe/(Ni)OOH, and stable structure boost the
excellent OER catalytic activity with large current density,
low overpotential, small Tafel slope, and long-term durability
at the EORC-activated rusty stainless steel electrode. Fur-
thermore, this electrode can be recovered in situ since its
slight anode current attenuation after long term operation can
be in situ immediately recovered by another EORC. It should
be noted that the naturally rusty stainless steel materials and
surface-corroded Fe rod can be successfully recycled to
catalyze the OER effectively especially with the help of
EORC. The proposed activation and recycle strategy as well
as the obtained very promising OER performances would
open new avenue for the recycle rusty stainless steel toward
new value-added applications, which are of great importance
to assist the efforts to build a resource sustainable and
environment friendly society.
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