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ABSTRACT

Prussian blue analogues (PBAs) with inherent ordered structures and abundant metal ion sites are widely
explored as precursors for various electrochemical applications, including oxygen evolution reaction
(OER). Using a range of characterization techniques including Fourier-transform infrared spectroscopy
(FT-IR), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and energy dispersive spec-
troscopy (EDS), this work discloses the process of replacement of K* by NHj in the interstitial spaces of
the CoFe PBA by a hot aqueous urea solution, which influences the transformation of PBAs under further
heat treatment and the OER performance of the derivatives. After heat treatment at 400 °C under Ar flow,
high-resolution transmission electron microscopy (HRTEM) images reveal that CoFe alloy nanoparticles
grew on the crystalline cubes of CoFe PBA with K*, while CoFe PBA cubes with NH; become amorphous.
Besides, the derivative of CoFe PBA with NH} (Ar-U-CoFe PBA) performs better than the derivative of CoFe
PBA with K* (Ar-CoFe PBA) in OER, registering a lower overpotential of 305 mV at 10 mA cm~2, a smaller
Tafel slope of 36.1 mV dec™, and better stability over a testing course of 20 h in 1.0 M KOH. A single-cell
alkaline electrolyzer, using Ar-U-CoFe PBA and Pt/C for the anodic and cathodic catalyst, respectively,
requires an initial cell voltage of 1.66 V to achieve 100 mA cm~2 at 80 °C, with negligible degradation after

100 h.
© 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY license (http://creati-
vecommons.org/licenses/by/4.0/).

1. Introduction

batteries which employ alkali metal ions (e.g., Li*, Na*, and K"),
alkaline earth metal ions, and other multivalent ions (e.g., Mg?*,

Prussian blue analogues (PBAs) represent a family of metal-
cyanide frameworks sharing a chemical formula A;M[M’(CN)s];_y,
vy nH,0 (where A represents alkali metal ions such as Na* and
K", M and M’ correspond to different transition metals (e.g., Fe,
Co, Ni, and Cu), and vy represents the [M’(CN)g] vacancy) [1,2].
These materials can refer to MM’ PBAs. The rich metal variety with
a wide range of ratios of metal elements enables a large PBA family,
featuring a series of properties and applications [3]. For example,
CoFe PBAs with a face-centred cubic structure show photomag-
netic effects, which are sensitive to the species of alkali metal ions
[4,5]. PBAs are widely reported cathodic materials of secondary
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(X. Xiao).
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Ca%*, Zn?*, and AI**), because their open channels and interstitial
space (3.2 A in diameter for the open (100) channels; 4.6 A in
diameter for the interstitial space) constructed by M'-C=N-M
are large enough for the insertion/de-insertion of cations [3,6].
Some small ions or molecules can also be accommodated in the
interstitial space of PBAs. For instance, PBAs are good candidates
for ammonium-ion aqueous rechargeable batteries, attracting
growing attention for large-scale electricity storage due to their
advantages of low cost and high safety [7,8]. Prussian blue (PB)
and PBAs behave well in gas absorption applications with gases
like H,, CO,, and NH3 [9-12]. Takahashi et al. found that PB and
PBAs (CoCo PBA and CuFe PBA) can capture ammonia in ambient
air at interstitial and vacancy sites, and the absorbed ammonia pre-
fers to transform into NH in the presence of H,0 with prolonged
exposure time [12]. The above literature highlights that the alkali
metal ions in PBAs can be exchanged with other cations.

2095-4956/© 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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PBAs and their derivatives are also promising candidates for
oxygen evolution reaction (OER) catalysts, featuring low-cost, sim-
ple synthesis, ease of scale-up, adjustable metal species, etc.
[13,14]. Lee and coworkers used Na,M[Fe (CN)s];_, v,-nH,0 (MFe
PBA, M =V, Fe, Co, and Ni) as platform materials to compare their
OER activities, with NiFe PBA showing the highest current density
of 59 mA cm~2 at a working potential of 1.7 V, but only 3.2 mA cm
for VFe PBA. The authors attributed such an OER activity difference
to the distinctive binding energy difference between *O and *OH on
their surfaces [15]. Han et al. studied the OER performance of Co4(-
Fe(CN)g)2.67-(H20)15.33 growing on fluorine-doped tin oxide (FTO)
coated glass in a wide pH range, which shows excellent activity,
stability, and corrosion resistance even in strong acidic condition
(pH = 2) [16]. Heat treatment is a versatile method to fabricate
PBA derivatives including metal oxides, metal sulfides, metal phos-
phides, and alloys by adjusting the atmosphere, temperature, and
other experimental parameters. It can also introduce defects to
PBAs. For example, Zeng et al. reported a heat treatment method
with an additional salt-encapsulation pre-step, which converted
NiFe PBA cubes into a composite of nanoparticle-connected NiFe
PBA, amorphous carbon, and metal oxides, exposing more active
sites for OER performance. The sample prepared at 400 °C, requir-
ing an overpotential of 285 mV at 50 mA cm 2 and showing a Tafel
slope of 53.1 mV dec™!, which outperformed that of RuO, [17].
PBAs can also be transformed into metal nitrides in the co-
atmosphere of N, and NH; flow at 450 °C [18,19]. Kwag et al. suc-
cessfully synthesized nanocrystalline Fe;Ni,N/rGO nanohybrid
sheets through ammonolysis of NiFe PBA/rGO precursors [18].
Kang et al. prepared mesoporous CosN@amorphous N-doped car-
bon nanocubes, exhibiting a low Tafel plot of 69.6 mV dec™! and
a low overpotential of 280 mV at 10 mA cm~2 [19]. However, the
role of the species in the interstitial space in PBAs’ structural and
compositional evolution during heat treatment, as well as their

[Fe(CN)qJ*
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corresponding influence on derivatives’ OER performance, has
received little attention.

In this contribution, we have prepared four samples including
CoFe PBA synthesized via a facile co-precipitation method, the
urea-treated CoFe PBA (U-CoFe PBA), heat-treated CoFe PBA (Ar-
CoFe PBA), and heat-treated U-CoFe PBA (Ar-U-CoFe PBA)
(Scheme 1). Through comprehensive characterization, it is found
that a hydrothermal step with an aqueous urea solution can effec-
tively replace K* in the interstitial space of CoFe PBA with NHJ. This
exchange leads to the completely different behaviours of the heat-
treated derivatives and the corresponding OER performance. Ar-
CoFe PBA and Ar-U-CoFe PBA show superior activity to their pre-
cursors, with Ar-U-CoFe PBA showing higher stability over Ar-
CoFe PBA.

2. Methods
2.1. Chemicals and materials

All chemicals were used as received without further purification
unless otherwise mentioned. Sodium citrate dihydrate (Na3CgHs-
07-2H,0, >99%), cobalt (II) nitrate hexahydrate (Co(NOs),-6H,0,
>98%), urea (NH,CONH,, >99.0%), potassium hexacyanoferrate
(II) (Ks[Fe(CN)gl, >99%), 2-propanol ((CH3),CHOH, anhydrous,
>99.5%), hydrochloric acid (HCl, 37 wt%, 1.2 g mL™! at 25 °C),
and Nafion™ perfluorinated ion-exchange resin (10 wt% in H,0)
were purchased from Sigma-Aldrich. Ethanol absolute (>99.5%)
was provided by VWR Chemical BDH. Carbon black (75 m? g1,
>99.9%) and 10 wt% platinum on carbon black (Pt/C) were bought
from Alfa Aesar. 1.0 M potassium hydroxide (KOH, pH = 14) solu-
tion was purchased from Fisher Chemical. Aemion+™ High IEC
membrane (AF2-HLE8-40-X, thickness: 40 um) was supplied by

- PBA nanocrystals

Scheme 1. Synthesis route. Schematic illustration of the synthesis route for CoFe PBA, U-CoFe PBA, Ar-CoFe PBA, and Ar-U-CoFe PBA.
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Tonomr Innovations, which was immersed in 1.0 M KOH for 24 h
before usage. Aemion+™ High IEC ionomer (AP2-HNNS-00-X,
Ionomr Innovations) was received in powder. Ni foam (thickness:
300 wm) was purchased from Suzhou Jiashide Metal Foam Co.,
Itd., China, which was cleaned with ethanol, 1.0 M HCI solution,
and water successively before usage. Ultrapure water was pre-
pared with Arium® Pro VF Ultrapure Water System (Sartorius AG,
Germany, 18.2 MQ cm).

2.2. Preparation of CoFe PBA, U-CoFe PBA, and their derivatives

(i) Preparation of CoFe PBA. CoFe PBA cubes were synthesized
by a facile co-precipitation method [20]. 100 mL aqueous solution
with 2.0 mmol K;[Fe(CN)s] was slowly poured into 100 mL aque-
ous solution containing 3.0 mmol Co(NOs),-6H,0 and 4.5 mmol
Na3CgH507-2H,0 under stirring. The obtained solution was stirred
for another 20 min and then aged in an oven at 40 °C for 24 h.
Finally, the precipitate was collected via centrifugation, washed
with water three times, and dried in a vacuum oven at 80 °C for
24 h.

(ii) Preparation of U-CoFe PBA. 0.300 g CoFe PBA was dis-
persed in a 90 mL aqueous solution containing 0.901 g urea. The
mixed solution was sonicated for at least 20 min and transferred
to a 150 mL Teflon-lined autoclave and treated at 150 °C for 6 h.
After the autoclave cooled naturally down to the room tempera-
ture, the U-CoFe PBA powder was collected and washed with water
three times by centrifugation. The sample was finally dried in a
vacuum oven at 80 °C for 24 h.

(iii) Heat-treatment of CoFe PBA and U-CoFe PBA. Obtained
CoFe PBA and U-CoFe PBA were treated in a tube furnace at
400 °C for 2 h with a heating rate of 2 °C min~! under an Ar atmo-
sphere. After natural cooling to room temperature, samples were
collected and labelled as Ar-CoFe PBA and Ar-U-CoFe PBA, respec-
tively. Control samples treated at other temperatures (200, 300,
and 600 °C) were named as Ar-CoFe PBA T °C and Ar-U-CoFe PBA
T °C, respectively, where T represents the heat treatment
temperature.

2.3. Characterization methods

Powder X-ray diffraction (XRD) patterns were acquired with a
Huber G670 Guinier camera using Cu K, radiation (4 = 1.54056 A)
with 40 kV and 40 mA. X-ray photoelectron spectroscopy (XPS)
results were collected on a Thermo Fisher Scientific Nexsa XPS sys-
tem. Fourier transform infrared (FT-IR) spectra were collected on a
Bruker Alpha-P FT-IR spectrophotometer. The material morphology
was characterized with a scanning electron microscope (SEM, FEI
Quanta FEG 250 Analytical ESEM). Transmission electron micro-
scopy (TEM) images, high-resolution TEM (HRTEM) images, and
the corresponding energy dispersive spectroscopy (EDS) analysis
were collected with a Tecnai T20 G2 at 200 kV equipped with a
TVIPS XF416 4 k x 4 k camera. Thermal gravimetric analysis
(TGA) was measured at a heating rate of 2 °C min~! in N, and heated
up to 700 °C on a thermogravimetric analyzer (Mettler Toledo). The
specific surface area was measured using nitrogen adsorption at
77 K by the Brunauer-Emmett-Teller (BET) method with a
Micromeritics ASAP 2020.

2.4. Electrochemical measurements

Primary electrochemical tests were carried out in a three-
electrode cell containing O,-saturated 1.0 M KOH at room temper-
ature on a CHI 760C electrochemical workstation (CH Instruments,
Inc. USA), or an Autolab potentiostat (Eco Chemie, the Nether-
lands). A carbon rod and a Hg/HgO (1.0 M KOH) electrode were
used as the counter and reference electrodes, respectively. All
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potentials were calibrated to the reversible hydrogen electrode
(RHE) (Eys. RuE = Evs. ngngo + 0.098 + 0.059 pH). The catalyst ink
was prepared by dispersing 4.0 mg of the sample and 2.0 mg of car-
bon black in a mixture of 25 pL Nafion solution, 250 pL water, and
750 pL 2-propanol. After ultrasonication for 1 h, 10 pL of the pre-
pared ink was drop-cast onto the polished rotating disk glassy car-
bon electrode (RDE, disk area: 0.1963 cm?) and dried in the air,
leading to a final catalyst loading of ~0.20 mg cm 2. Linear sweep
voltammetry (LSV) and cyclic voltammetry (CV) curves without iR
compensation were collected at a scan rate of 5 mV s~! after curves
have been stabilized. LSV and CV curves are presented as collected
without iR compensation unless specified. The overpotential (#) at
a specific current density (i) is calculated by the equation: » = E(i) -
1.23 V, where E(i) represents the potential at the current density of
i in mA cm~2. Electrochemical impedance spectroscopy (EIS) mea-
surements were carried out at 1.60 V in a frequency range of
10 kHz - 0.01 Hz, with an amplitude of 5 mV.

The operational stability of OER was preliminarily studied with
the chronopotentiometry (CP) method at 10 mA cm~2 for 20 h on
RDE at 1600 r min~! to remove generated gas bubbles. Ar-CoFe
PBA and Ar-U-CoFe PBA were also pasted on the Ni foam (mass
loading: 2.0 mg cm™2, without the addition of carbon black) for a
40 h CP test at 10 mA cm 2 in 1.0 M KOH at room temperature.
The samples after stability test were dried in vacuum for further
XPS and TEM analysis.

A two-electrode water electrolysis test was performed in a
single-cell alkaline electrolyzer. 1.0 M aqueous KOH solution was
circulated throughout the cell at a flow rate of 80 mL min~'. The
electrolyte temperature was controlled by heating elements and
thermocouples in the flow-field plates. The Aemion + membrane
was used as the separator. Ar-U-CoFe PBA (~8.6 mg cm™2) and
Pt/C (~3.7 mg cm 2) were sprayed on Ni foam by airbrushing,
and employed as the anode and cathode, respectively. Specifically,
the catalyst ink was prepared by adding 0.04 g catalyst into a
mixed solution of 1.40 g 2-propanol and 1.00 g 1 wt% ionomer
solution (volume ratio of ethanol: H,O = 1:1) under sonication at
room temperature to obtain a homogenous ink. The total solid con-
tent (catalyst and ionomer, with a weight ratio of 4:1) in the cata-
lysts ink was 2.05 wt%. During spraying, Ni foam was placed on a
hotplate at 120 °C. Polarization curves at various operational tem-
peratures of 40, 60, and 80 °C, alongside CP curve at 100 mA cm 2
and 80 °C over a time course of 100 h, were obtained.

3. Results and discussion
3.1. Synthesis method and structural characterization

3.1.1. CoFe PBA

CoFe PBA, U-CoFe PBA, and their derivatives are fabricated fol-
lowing the route as illustrated in Scheme 1. CoFe PBA is synthe-
sized via a co-precipitation method where Co?* and [Fe(CN)s]**
in the solution react to form the CoFe PBA precipitate. During this
process, citrate ions are also involved by coordinating with Co?*,
posing control over the nucleation and crystal growth [20]. After
the reaction, a deep purple precipitate is collected by centrifuga-
tion, displaying a uniformly cubic morphology (side length:
127 + 9 nm) and smooth surfaces as confirmed by SEM and TEM
(Fig. S1a and Fig. 1a). The selected area electron diffraction (SAED)
pattern (Fig. 1b) of an ensemble of CoFe PBA cubes shows a poly-
crystalline feature, with circles from the inside to the outside that
are attributed to the plane (2 0 0), (2 2 0), and (4 0 0), respectively.
These planes are in accordance with peaks at 17.6°, 25.1°, and 35.7°
of the corresponding XRD pattern (Fig. 2a) (Inorganic Crystal Struc-
ture Database (ICSD) Collection Code: 164830) [21]. The lattice
parameter of CoFe PBA is calculated to be 10.06 A from the XRD
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Fig. 1. Morphology characterization of the samples. TEM images, SAED patterns, and HRTEM images of CoFe PBA (a-c) and U-CoFe PBA (d-f). TEM image (g), HRTEM image
and the corresponding FFT pattern of the lattice on the cube (h), and HRTEM image of the nanoparticle on the surface (i) of Ar-CoFe PBA. TEM images (j, k) and the magnified
HRTEM images (1) of Ar-U-CoFe PBA. Insets of (c, f, h, and i) are the magnified HRTEM images of the corresponding samples.

pattern, consistent with the lattice fringe spacing measured from
the HRTEM image (Fig. 1c¢). With the assistance of EDS (Fig. S2),
the final formula of CoFe PBA is determined to be K;,Co[Fe
(CN)slo.8Yo.2'nH,0. Chemical bonds in CoFe PBA are further exam-
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ined by FT-IR (Fig. 2b). Broad bands at around 3387 and
1608 cm™! correspond to the O—H stretching mode and H—O—H
bending vibration from water, respectively [22]. The band at
3624 cm~! can be explained by the —OH stretching mode in
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Fig. 2. Compositional characterization and structural illustration. XRD patterns (a), and FT-IR spectra (b) of CoFe PBA, U-CoFe PBA, Ar-CoFe PBA, and Ar-U-CoFe PBA. Inset of
(a) is the magnified image of the peak around 45.2 degree of the XRD pattern of Ar-CoFe PBA. Illustrated crystal structure of U-CoFe PBA (c) and illustrated composition of Ar-

U-CoFe PBA (d).

Metal-OH (Metal refers to Co and Fe in CoFe PBA, -OH is from
absorbed H,0) [23,24]. This observation further confirms the pres-
ence of water molecules in CoFe PBA. The band at 2087 cm™! is
assigned to the stretching vibration of the CN groups in Fe-CN-Co
units. In the far-IR region, two bands appear at 592 and
471 cm™ !, representing Fe-CN and Co-CN flexural vibration absorp-
tion, respectively [25].

3.1.2. U-CoFe PBA

U-CoFe PBA, a brown powder, is obtained by the hydrothermal
treatment of CoFe PBA in an aqueous urea solution at 150 °C. Such
a hydrothermal procedure retains the cubic shape of the pristine
PBA with a similar particle size (130 + 9 nm) and smooth surfaces,
as indicated by SEM and TEM images (Fig. S1b and Fig. 1d). Based
on the sample powder XRD pattern and SAED pattern (Fig. 2a and
Fig. 1e), U-CoFe PBA also shares the same crystalline characteristics
as CoFe PBA. Notably, XRD peaks of U-CoFe PBA shift to a smaller
angle in comparison with CoFe PBA, relative to the expansion of
its cell parameter (a = 10.07 A). As shown in Fig. 1(f), the HRTEM
image of the U-CoFe PBA cube further demonstrates its crystalline
structure. The atomic ratio of Co to Fe in U-CoFe PBA (Co:Fe = 1:0.8)
obtained by EDS analysis is identical to that of CoFe PBA (Figs. S2
and S3). Differences between U-CoFe PBA and the pristine CoFe
PBA are further revealed by EDS, XPS and FT-IR spectra. In compar-
ison to the EDS spectrum of CoFe PBA, U-CoFe PBA finds the disap-
pearance of K, which is further validated by the XPS spectra
(Fig. S4a). Furthermore, a new peak at around 1412 cm™! appears

in the FT-IR spectrum of U-CoFe PBA (Fig. 2b), suggesting that
the hydrothermal process introduces new species into U-CoFe
PBA to maintain the overall charge neutrality.

During the hydrothermal process at 150 °C, urea reacts with
water, producing CO, and NH; (Eq. (1)). NH3 combines with H,O
to form NHs-H,0O, which dissociates in water to form NHj; and
OH™ (Eq. (2)).

CO(NH,), + H,0 — CO, + 2NH; (1)

NH; + H,0 — NH3-H,O < NH;*+OH™ (2)

Ultimately, NH} in the solution replaces K" in the interstitial
space of CoFe PBA. NHj is also likely to replace partial zeolitic
water molecules as U-CoFe PBA registers a smaller weight loss by
3.3 wt% around 150 °C than that of CoFe PBA on their TGA curves
(Fig. S5) [26,27]. The characteristic FT-IR peaks of urea are mainly
located at 1400-1700 cm™!, including the peak of C=0 at about
1675 cm™!, and C—N at about 1455 cm™! (Fig. S6), quite different
from that of U-CoFe PBA [28,29]. They are not observed in the
FT-IR spectrum of U-CoFe PBA. Instead, new bands located at
around 3220 and 1412 cm™! are assigned to triply degenerate
stretching vibration and bending vibration of NHj, respectively,
indicating the incorporation of NH} in the U-CoFe PBA structure
[12,30-33]. In the N 1s XPS spectra of CoFe PBA (Fig. S4b), a new
peak around 402.5 eV corresponding to NHj further supports this
speculation [34,35]. The proposed structure of U-CoFe PBA is illus-
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trated in Fig. 2(c). The formula of U-CoFe PBA is estimated to be
(NHg4)1.9Co[Fe(CN)s]o.sYo2-mH,0 based on the elemental analysis
by EDS (Fig. S3).

3.1.3. Ar-CoFe PBA

Two derivatives, Ar-CoFe PBA and Ar-U-CoFe PBA, are obtained
by the heat treatment of CoFe PBA and U-CoFe PBA under Ar flow
at 400 °C for 2 h, respectively. Ar-CoFe PBA maintains the cubic
morphology as examined by SEM and TEM (Fig. S1c and Fig. 1g).
Nanoparticles of approximately 20 nm in diameter, can be found
on the surface of Ar-CoFe PBA cubes by TEM (Fig. 1i and Fig. S7).
The HRTEM image of Ar-CoFe PBA (Fig. 1h) exhibits a clear lattice
fringe with a spacing of 0.51 nm, corresponding to the (2 0 0) plane
of CoFe PBA crystal. The associated fast Fourier transform (FFT)
pattern (inset of Fig. 1h) indicates the angular relationships of dif-
ferent planes, which are also in agreement with the cubic crystal
structure. Major peaks on the XRD pattern of Ar-CoFe PBA
(Fig. 2a) are consistent with CoFe PBA, with a tiny decrease of 20,
representing a larger cell parameter (a = 10.25 A). These results
indicate that the cubes of Ar-CoFe PBA maintain the PBA feature
after heat treatment. The HRTEM image of the nanoparticle on
the cube (inset of Fig. 1i) shows lattice fringes spacing of about
0.205 nm. The corresponding EDS (Figs. S7b and c) shows the pre-
sent Co and Fe (no K and N), and a higher Co/Fe atomic ratio than
CoFe PBA. Besides, the XRD pattern of Ar-CoFe PBA witnesses the
appearance of a new peak at around 45.2° compared to CoFe
PBA, which is in accordance with the plane (1 1 0) of CoFe alloy
(ICSD Coll. Code of 102381) [17]. Therefore, it can be deduced that
Co and Fe atoms combine to form CoFe alloy nanoparticles after
losing CN ligands during heat treatment. The FT-IR spectrum of
Ar-CoFe PBA (Fig. 2b) registers the disappearance of broad bands
in the range of 3700-3000 cm™! of CoFe PBA, suggesting the loss
of water molecules. Two bands at around 2072 and 2169 cm ™' cor-
respond to the stretching of CN ligands in the Fe'-CN-Co and Fe'!-
CN-Co, respectively [25,36,37]. Based on the above analysis, the
heat treatment process at 400 °C is believed to effectively remove
water molecules, and a part of CN groups in CoFe PBA, resulting in
under-coordinated Co and Fe forming CoFe alloy nanoparticles.

3.1.4. Ar-U-CoFe PBA

TEM image of Ar-U-CoFe PBA (Fig. 1j) shows the maintained
cubic morphology, with an average particle size of 117 £ 9 nm.
Nanoparticle-like dark spots form and disperse in cubes after heat
treatment (Fig. 1k). Besides this, atoms in some areas of the cube
are disordered under HRTEM with a few of areas (diameter:
<15 nm) displaying clear lattice fringes as shown in Fig. 1(1), which
is different from U-CoFe PBA. XRD pattern of Ar-U-CoFe PBA
(Fig. 2a) also shows an amorphous feature, without evident peaks.
Therefore, it can be concluded that Ar-U-CoFe PBA consists of a lar-
gely amorphous structure with sporadic nanocrystals. FT-IR spec-
trum of Ar-U-CoFe PBA in Fig. 2(b) sees the disappearance of the
band at around 1412 cm™!, indicating the release of NH} during
heat treatment. The comparison of FT-IR spectra of various Ar-U-
CoFe PBA T °C (T = 200, 300, 600) (Fig. S8b) indicates that the
release of NHZ happens at 200-300 °C. Ar-U-CoFe PBA 300 °C main-
tains the crystalline structure, however, Ar-U-CoFe PBA 600 °C dis-
plays a completely different XRD pattern from PBA and deformed
morphology (Fig. S8d and Fig. S9b). 400 °C is selected as an optimal
temperature with moderate deformation. EDS mapping of Ar-U-
CoFe PBA 400 °C (simplified as Ar-U-CoFe PBA unless otherwise
stated) (Fig. S10) shows the homogeneous dispersion of Co, Fe, N,
and C in a single cube, while the atomic ratio of Co, Fe, and N is
around 1:0.8:3.9, with a higher N content than in Ar-CoFe PBA
(Co:Fe:N = 1:0.8:2.8) (Fig. S11 and S7a). The broad band at around
1850-2240 cm™! in the FT-IR spectrum of Ar-U-CoFe PBA contains
four peaks (Fig. 2b), which are assigned to the stretching vibration
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of the remaining disordered Fe'-CN-Co and Fe'-CN-Co [24,38].
Besides, there is only one peak in the N 1s spectra of Ar-U-CoFe
PBA at around 398.1 eV, originating from cyanide groups
(Fig. S12), further confirming the removal of NH} [39,40]. Without
the filling species in the interstitial space of the metal-cyanide
framework, heat treatment process at 400 °C in Ar atmosphere
on U-CoFe PBA can cause the collapse of its crystalline structure
and lead to the amorphous characteristic of Ar-U-CoFe PBA after
removing CN groups from lots of Fe-CN-Co units. The d-spacings
of these clear lattice fringes in Ar-U-CoFe PBA are 0.494 and
0.248 nm, which well match with planes (2 0 0) and (4 0 0) of cubic
CoFe PBA, respectively. The reduction of their d-spacing is attribu-
ted to the rearrangement of Fe-CN-Co units and the lack of fillings
in the interstitial space. Besides, heat treatment process at 400 °C
also removes the coordinated H,O in U-CoFe PBA. These reactions
could create a lot of edges and defects in the cube. In conclusion,
Ar-U-CoFe PBA is a composite of disordered Fe-CN-Co units and
PBA nanocrystals, as illustrated in Fig. 2(d).

3.1.5. Chemical valence states of Co and Fe

Chemical valence states of Co and Fe of the four samples are fur-
ther investigated by XPS. Fe 2p and Co 2p high-resolution XPS spec-
tra of CoFe PBA and U-CoFe PBA are similar in shape and position of
the peaks. Two peaks at 708.5 and 721.3 eV of CoFe PBA and U-
CoFe PBA in Fig. 3(a) are ascribed to Fe" 2ps, and Fe" 2p, 5, respec-
tively. In Fig. 3(b), two doublets, corresponding to Co** 2ps; and
Co®* 2py, at around 780.8 and 796.4 eV, respectively, and Co**
2p3p2 and Co** 2p1j2 at 782.4 and 797.6 eV, respectively, can be
observed for both CoFe PBA and U-CoFe PBA. Charge transfer hap-
pens from the antibonding e,* orbital of Co** to the bonding ty,
orbital of Fe" to maximize the ligand field stabilization energy,
while the CoFe PBA is prepared with Ks[Fe(CN)g]un and Co**
[5,41,42]. The hydrothermal process does not alter the chemical
state of Fe and Co. Therefore, the shared band at around
2087 cm~! on FT-IR spectra of CoFe PBA and U-CoFe PBA originates
from Fe"-CN-Co?*/** units. Chemical valences of Fe and Co in the
two heat-treatment derivatives Ar-CoFe PBA and Ar-U-CoFe PBA
are different from their precursors. The high-resolution spectra of
Fe 2p of Ar-CoFe PBA and Ar-U-CoFe PBA exhibit peaks represent-
ing Fe"" (708.4 and 721.2 eV) and Fe' (710.8 and 723.6 eV) (Fig. 3a),
respectively. Besides this, a larger portion of Fe on the surface of
Ar-U-CoFe PBA exhibits a higher chemical valence (Fe'" = 68 at%)
compared to Ar-CoFe PBA (Fe'' = 37 at%) (Fig. S13a), which is
believed to be beneficial to the OER performance [43]. There are
two spin-orbit peaks at 781.7 and 796.9 eV in the high-
resolution Co 2p XPS spectra of Ar-CoFe PBA and Ar-U-CoFe PBA
(Fig. 3b), representing a mixed oxidation state of Co** and Co*,
similar to previously reported Co 2p XPS spectra of Co304 [44-
47]. The changes in the chemical states of Fe and Co are due to a
thermally activated charge transfer along with the Fe-CN-Co link-
age, which usually occurs in CoFe PBAs containing alkaline ions
in the lattice [4,48]. One additional peak in the Co 2p XPS spectrum
of Ar-CoFe PBA at 778.3 eV (Fig. 3 and Fig. S13b) is assigned to
metallic Co in the cobalt-rich CoFe alloy nanoparticles on the sur-
face. These results are consistent with the above discussion on
samples’ composition.

3.2. OER performance and analysis

3.2.1. OER activity

Electrocatalytic OER performance of CoFe PBA, U-CoFe PBA, Ar-
CoFe PBA, and Ar-U-CoFe PBA is initially evaluated in 1.0 M KOH at
room temperature with a standard three-electrode setup. The cat-
alyst loading is optimized with a medium loading of 0.2 mg cm 2
displaying the best performance (Fig. S14), which is adopted for all
the remaining tests on the RDE. Fig. 4(a) presents the iR-corrected
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Fig. 3. Chemical states of Fe and Co. High-resolution XPS spectra of Fe 2p (a) and Co 2p (b) of CoFe PBA, U-CoFe PBA, Ar-CoFe PBA, and Ar-U-CoFe PBA.
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Fig. 4. OER performance evaluation. OER performance in 1.0 M KOH electrolyte using three-electrode system. (a) iR-corrected LSV curves and (b) corresponding Tafel plots of
CoFe PBA, U-CoFe PBA, Ar-CoFe PBA, and Ar-U-CoFe PBA at room temperature. (c) Nyquist plots of CoFe PBA, U-CoFe PBA, Ar-CoFe PBA, and Ar-U-CoFe PBA, recorded at 1.60 V
vs RHE. Inset is the equivalent circuit model used for fitting the EIS results. (d) Nitrogen adsorption (dot) - desorption (circle) isotherms of CoFe PBA, U-CoFe PBA, Ar-CoFe PBA,
and Ar-U-CoFe PBA. (e) CV curves of CoFe PBA, U-CoFe PBA, Ar-CoFe PBA, Ar-U-CoFe PBA performed in the potential range of 0.80-1.60 V vs RHE at 5 mV s~ . (f) Stability test
at 10 mA cm~? of Ar-CoFe PBA and Ar-U-CoFe PBA on RDE for 20 h at room temperature.

(85% iR compensation) LSV curves. Ar-U-CoFe PBA exhibits the best
OER performance among the four samples with the smallest onset
potential of ~ 1.46 V and a fast current rise with the applied poten-
tial. Ar-U-CoFe PBA requires overpotentials (#) of 270 and 305 mV
to obtain 1 and 10 mA cm 2, respectively, 280 and 316 mV for Ar-
CoFe PBA, whereas 369 and 422 mV for U-CoFe PBA, 339 and
387 mV for CoFe PBA, 405 and 477 mV for carbon black only
(Fig. S16), separately. In comparison to their derivatives, U-CoFe
PBA and CoFe PBA, requiring much higher overpotentials to deliver
the same current densities, are not active for electrocatalytic OER
in alkaline condition. Comparison of the OER performance of Ar-
U-CoFe PBA T °C (T = 300, 400, and 600) is shown in Fig. S15, with
Ar-U-CoFe PBA 400 °C registering the highest current density at the
same applied potential. The OER activity of Ar-U-CoFe PBA and Ar-

CoFe PBA is comparable with other reported catalysts, such as por-
ous CoFe PBA nanocubes fabricated by calcinating CoFe PBA in N,
at 200 °C for 1 h (1710 = 316 mV) [49], FeCo oxide derived from CoFe
PBA (Cos[Fe(CN)gla, #7110 = 310 mV) [50], and other electrocatalysts
listed in Table S1.

The OER pathway in alkaline electrolytes is generally described
as the following reaction steps [43,51].

M + OH =MOH + e~ Step1
MOH + OH =MO + H,0 + e~ Step2
MO + OH™=MOOH + e~ Step3
MOOH + OH™=MOO™ + H,0 Step4
MOO =M + 0, + e~ Step5
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M represents the active sites. In step 1, an OH™ is adsorbed on the
active site (M), forming MOH with one-electron oxidation. MOH
reacts with another OH™, resulting in MO (step 2). In steps 3 and
4 . MO continues being oxidized to MOOHand MOO™, following
by O, desorption (step 5). The reaction rate of OER is influenced
by multiple reaction steps including continuing OH~ adsorption,
O—H bond breaking, and O, desorption. Tafel plots are profiled by
plotting the overpotential (#) vs log current density (j) to analyze
the OER kinetics. Tafel slope (b) can be determined by linear fitting
of the Tafel plot (# = a + b x logj). The measured Tafel slopes can be
used to analyze the possible rate-determining step (RDS) [43,52,53].
As shown in Fig. 4(b), Tafel plots mainly consist of two regions of
different Tafel slopes, with one around 40 mV dec™! at the low over-
potential and the other one at the high overpotential tending to be
higher to about 100 mV dec'. Based on the case study proposed by
Shinagawa et al., we speculate that Step 5 is likely to be the RDS for
OER. Besides, a small Tafel slope implies a favourable surface struc-
ture and composition for OER, which indicates that the intermedi-
ate forming at the early steps remains fast [43]. Ar-U-CoFe PBA
possesses a smaller Tafel slope (36.1 mV dec™') than those of Ar-
CoFe PBA (38.3 mV dec!), CoFe PBA (51.3 mV dec™ '), and U-CoFe
PBA (56.8 mV dec™!) at the low overpotential range. The Tafel
slopes of Ar-U-CoFe PBA, Ar-CoFe PBA and CoFe PBA increase to
74.9, 100 and 94.1 mV dec™!, respectively, at the high overpotential
range up to 0.45 V. Therefore, Ar-U-CoFe PBA shows considerable
OER kinetics.

EIS is an important characterization method to explore the elec-
trochemical resistance during OER. Fig. 4(c) displays Nyquist plots
of the four samples, which are simulated by the proposed equiva-
lent circuit as inserted in the figure. Nyquist plots of Ar-U-CoFe PBA
(3.8 Q) and Ar-CoFe PBA (4.5 Q) show visibly smaller semi-circular
diameters, which represents charge-transfer resistance (R.) at the
electrode-electrolyte interface, in contrast to those of U-CoFe PBA
(41.0 Q) and CoFe PBA (19.6 Q) (Table S2). Overall, Ar-U-CoFe PBA
possesses the smallest Tafel slope and fastest charge-transfer pro-
cess among the four samples, which is consistent to its best OER
performance among all the samples.

Electrochemical active surface area (ECSA) of the electrode is
commonly evaluated by the double-layer capacitance (Cg;) calcu-
lated from CV curves performed at different current densities in
the non-faradaic potential region (Figs. S17 and S18) [54]. How-
ever, we find that Cg, in our case, does not necessarily correlate
with the OER performance of the four materials due to their con-
siderable distinctions with regard to chemical states and ion
absorption in solution. Instead, we find a good correlation between
the BET measured specific surface area and the OER performance
(Fig. 4d). The specific surface area of U-CoFe PBA is around
313 m? g !, which is 81 m? g~! larger than that of CoFe PBA
(222 m? g ). This is likely due to the limited surface etching dur-
ing the hydrothermal procedure. After heat treatment, the specific
surface area of Ar-CoFe PBA decreases remarkably to ~ 66 m? g,
which could be explained by the growth of alloy nanoparticles and
the aggregation of cubes. The specific surface area of Ar-U-CoFe
PBA (277 m? g!) is slightly less than that of U-CoFe PBA
(313 m? g 1), and much larger than that of Ar-CoFe PBA, implying
the different structural evolution during heat treatment leading to
less aggregation. A large surface area, usually regarded as an
advantage for catalysis, provides more active sites for the reaction
[55,56].

Fig. 4(e) displays CV curves in a potential window of 0.80-
1.60 V, showing the pre-oxidation/reduction behaviour of electro-
catalysts (scan rate: 5 mV s~ '), which is believed to reflect the OER
performance [15,57,58]. CoFe PBA exhibits two pairs of peaks
at ~1.137/1.110 V (midpoint redox potential (E;;3): 1.124 V; peak
separation: 27 mV) and ~1.460/1.453 V (Eqj2: 1.457 V; peak sepa-
ration: 7 mV), originating from the redox reaction of a high spin
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system Co?*3* and the low spin Fe''(CN)& /Fe(CN)2~, respectively
[59]. In the same potential window, U-CoFe PBA displays only a
pair of peaks at ~1.327/1.268 V (E;j: 1.298 V, but with a larger
peak separation (AE;) of 59 mV) at 5 mV s~! (Fig. S19). The poor
redox behaviour of U-CoFe PBA is believed to be caused by the
NH; node in interstitial sites, requiring higher energy to pass
through the channels in comparison to that of K* in CoFe PBA’s
structure [60]. Ar-CoFe PBA has a pair of redox peaks at ~1.189/1
.108 V (Eqj2: 1.149 V, 25 mV higher than that of CoFe PBA; AE,:
81 mV), regarded as the joint redox wave of the Co and Fe species
in the CoFe alloys nanoparticles. CV of Ar-U-CoFe PBA shows a sim-
ilar characteristic with Ar-CoFe PBA with a pair of redox peaks
at ~1.188/1.098 V (Eyj2: 1.143 V; AE,: 90 mV). The redox peaks
in the four samples’ CV curves are in good agreement with chem-
ical states of Co and Fe by XPS analysis.

Based on the above results and analysis, the improved OER per-
formance of Ar-U-CoFe and Ar-CoFe PBA is very likely due to the
chemical state change of Co and Fe during heat treatment. The
metal species in Fe-CN-Co units are inert in OER due to the strong
coordination with CN groups. Heat treatment efficiently causes the
removal of partial CN groups and thus the reorganization of the
material, liberating CoFe alloy nanoparticles in Ar-CoFe PBA and
causing an amorphous structure with a large amount of
unsaturated-coordinated Co and Fe atoms in Ar-U-CoFe PBA, which
are more active for OER. Therefore, Ar-CoFe PBA and Ar-U-CoFe
PBA require lower overpotentials and show smaller Tafel slopes
and R values than CoFe PBA and U-CoFe PBA.

3.2.2. OFR stability

The long-term operational stability of Ar-U-CoFe PBA and Ar-
CoFe PBA is characterized by CP method (Fig. 4f). Ar-U-CoFe PBA
shows excellent stability at 10 mA cm~2 without visible potential
shift for 20 h. The overpotential required by Ar-CoFe PBA at the
same condition exhibits a slight increase of ~7 mV. The LSV curves
of Ar-CoFe PBA and Ar-U-CoFe PBA after stability test (Fig. S20) fur-
ther indicates the slight overpotential increase. Samples pasted on
the Ni foam exhibit a similar trend during a 40 h CP test (Fig. S21).
Fig. 5(a) shows that the long-term OER test destroyed the cubic
structure of Ar-CoFe PBA greatly, which turned into typical transi-
tion metals (like Ni, Fe, and Co) (oxy)hydroxides’ layered structure
[61,62]. In sharp contrast, Ar-U-CoFe PBA remains its initial cubic
shape after the long-term OER test, as indicated in Fig. 5(d). The
layered structure of metal (oxy)hydroxides, smaller than those
from Ar-CoFe PBA, can also be observed at the outmost of the cube
(Fig. 5b and e). HRTEM images of both samples after a long-term
test (Fig. 5¢ and f) show some spots with a lattice fringe spacing
determined to be 0.297 nm, which can be ascribed to the (2 2 0)
plane of CoFe oxide (ICSD Coll. Code of 17714). Elemental chemical
states analysis of Ar-U-CoFe PBA and Ar-CoFe PBA after 40 h stabil-
ity test by XPS is displayed in Fig. S22. High-resolution XPS spectra
of Fe 2p and Co 2p of these 2 samples (Fig. S22a and b) exhibit sim-
ilar shapes and both contain Co?*, Co®*, Fe?*, and Fe", indicative of
the similar chemical environment of Co and Fe on the surface.
High-resolution XPS spectra of O 1s (Fig. S22c¢) are composed of
three peaks attributed to M—0O, M—OH, and absorbed water (M
represents Co and Fe), respectively. Based on the TEM and XPS
analysis, the surface of Ar-CoFe PBA and Ar-U-CoFe PBA is con-
verted to CoFe (oxy)hydroxides and oxides during continuous
OER [26,63]. Besides, both XPS (Fig. S22) and EDS (Fig. S23) indicate
that there is no element N on the surface and lots of Co and Fe,
indicative of the complete dissolution of CN groups and suppressed
leaching of Fe during the stability test. These phenomena are com-
mon and reported when using PBAs as OER catalysts [23,64]. Ar-U-
CoFe PBA presenting better stability than Ar-CoFe PBA is largely
attributed to its amorphous structure and enriched defects after
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Fig. 5. Sample characterization after stability test. TEM and HRTEM images of Ar-CoFe PBA after 40 h OER stability test (a—c) and Ar-U-CoFe PBA (d-f) after 40 h OER stability
test. Inset of (c) and (f) are the magnified HRTEM images of the corresponding samples.

heat treatment. In other words, a large amount of disordered Fe-
CN-Co units and PBA nanoparticles in Ar-U-CoFe PBA hamper the
morphology’s acute transformation and provide superior stability.

Finally, a single-cell electrolyzer is assembled as Fig. 6(a), with
Ar-U-CoFe PBA sprayed on Ni foam as the anode and a Pt/C based
cathode. The electrolyzer requires a cell voltage of 1.66 V to
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Fig. 6. Performance evaluation of Ar-U-CoFe PBA as the anode of an alkaline electrolyzer. (a) Cartoon and the digital photo of the alkaline electrolyzer used for the two-
electrode test. (b) Chronopotentiometry (CP) test of the electrolyzer at 100 mA cm~2 and 80 °C for about 100 h. The noises at the start and end are due to the polarization

curves testing. (c) Polarization curves at 40, 60, and 80 °C before (dot) and after (circle) the CP stability test in a course of about 100 h. (d) The corresponding Arrhenius plots at
the cell voltage of 1.70 V based on the polarization curves in (c).
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achieve 100 mA cm~2 at 80 °C and exhibits excellent stability with
a negligible cell voltage increase of ~0.01 V after the 100 h test
(Fig. 6b). At 40 and 60 °C, it needs higher initial cell voltages of
1.76 and 1.70 V, respectively, to deliver 100 mA cm2, separately
requiring higher cell voltage increases of 0.09 and 0.05 V after
the stability test as shown in Fig. 6(c). The apparent activation
energy of OER for a catalyst can be determined by the Arrhenius
plot: log(j) = — 0.434E,/(RT) + const, where R represents the Boltz-
mann constant (8.315 ] g7! mol~! K™') and E, is the activation
energy (J g~ ! mol~!) [65,66]. Based on derived Arrhenius plots at
the cell voltage of 1.70 V (Fig. 6d), the initial E, is 14.4 k] mol~?,
which slightly increases to 19.2 k] mol~! after the stability test, fur-
ther indicating good activity and stability of Ar-U-CoFe PBA
towards OER. Note that the E, obtained here is from a full elec-
trolyzer, and such values are comparable to other reported OER
catalysts like FeCoW oxyhydroxides (49 k] mol™'), CoOy
(11.1 k] mol™"), and NiFeO, (25 k] mol~') [65-67].

4. Conclusions

Overall, we have explored the composition, crystalline struc-
ture, and morphology of CoFe PBA, U-CoFe PBA, and their deriva-
tives Ar-CoFe PBA, and Ar-U-CoFe PBA. It is confirmed by various
characterization techniques (FT-IR, XPS, EDS, TGA, XRD, and
HRTEM) that K* in the interstitial space can be completely replaced
by NH; without destroying the cubic morphology and changing the
chemical state of Fe and Co by a hydrothermal procedure in the
aqueous urea solution. Heat treatment of PBAs at high tempera-
tures (200-600 °C) in an Ar atmosphere can remove H,0, NH,
and CN groups, and change materials’ phase and composition.
400 °C is a moderate heat-treatment temperature. CoFe alloy
nanoparticles grow on the surface of CoFe PBA, while U-CoFe PBA’s
framework collapses and becomes amorphous with PBA nanocrys-
tals. Electrochemical OER performance of these four samples in
alkaline solution varies, showing that heat-treatment derivatives
behave favourably over the pristine PBAs due to the moderated
composition and chemical environment and states of Co and Fe
in Ar-CoFe PBA and Ar-U-CoFe PBA. Ar-U-CoFe PBA
(110 = 305 mV, Tafel slope = 36.1 mV dec™!) outperforms Ar-CoFe
PBA (1710 = 316 mV, Tafel slope = 38.3 mV dec™!) in terms of elec-
trochemical activity and operational stability, exhibiting a promis-
ing anode material in an assembled alkaline electrolyzer, beneficial
from the amorphous structure embedded with tiny PBA crystals.
This work is meaningful to the development of new PBAs and
derivatives and their application in the electrocatalysis of water
oxidation.
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