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observed, the indexation leads to a face centered cubic structure (space group Fm3m)
with unit cell parameter about 10.3 A.55 The XRD pattern of original CoOy sample
shows the characteristics of typical cobalt-hydroxyl-carbonate phase, which is in
good agreement with a reported compound, Co(OH)10(C0O3)05- 0.11H,0 (space
group P2212). The hkl reflections shown in Figure 2.6 can be indexed perfectly to

orthorhombic structure.51.52,56

Figure 2.7 | EELS chemical composition maps obtained from the indigo rectangle
area of the ADF-STEM micrograph. Individual C (red), N (yellow), Co (green), Fe
(blue) maps and their composite. We have used K-edges for O, C and N and L edges
for Co and Fe maps during the EELS studies. C signal is strong in the entire sample

due to the presence of holey carbon grid beneath PBA nanoparticles.

We characterized the CoFe electrode by EELS, using the K-edges for O, C and N and
L edges for Co and Fe maps. As observed in the chemical composition maps (Figure
2.7), C, N, Fe and Co elements were homogeneously distributed throughout the
nanocube structures, in good agreement with the presence of homogeneous CoFe

Prussian blue, and absence of any other phases.
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Figure 2.8 | (a) HRTEM micrograph of as-prepared CoFe showing a general view of
a nanocubic structure. (b) Corresponding power spectrum indicating cubic [FM-
3M]-space group, with lattice parameters: a=1.02794,b = 1.02794, and c = 1.02794
nm, as visualized along the [100] direction. (c) Atomic resolution TEM image of the
red rectangle area in (a). (d) Periodic structure extracted by Inverse Fourier Filtering.
Yellow rectangle area inset: Co and Fe atomic positions. Dark spots marked with
orange stars are the centers of the Co-Fe cubic lattices. Bright spots correspond to
the Wyckoff site 8 of the Fm3m space group. (e,f) TEM intensity profile along the
(002) and (020) planes, respectively, corresponding to the indigo and green regions

in (c).
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Figure 2.9 | HRTEM micrograph of as-prepared CoFe showing a detailed view of a
nanocubic structure. On the right, the corresponding power spectra are displayed,
indicating its nature of Cubic Cos(Fe(CN)¢)2.67(H20)1533 PBA, [FM-3M]-Space group
225, as visualized along the [100] direction.

Direct TEM analysis of local atomic structure has proved to be critical for
understanding the relationship between lattice microstructure and microscopic
behavior57 However, the coordination polymers are especially susceptible to
electron beam damage, even at very short exposure times, which makes difficult to
reach stable atomic-level TEM observation of Fe and Co atom arrays within the CoFe
lattice. Itoi and Talham et.al have succeeded in exploring ionic liquid to stabilize CoFe
PB nanoparticles for electron microscopy for the first time and gives spatial
information on the local microstructure at the atomic level.>8 In our case, after 15
minutes electron beam shower at 200 kV to remove possible adventitious organic
impurities at room temperature, clear TEM images can still be obtained without
degradation, showing the fringes associated with the cubic structure. Figure 2.8 and
2.9 display HRTEM images and a general power spectrum image of as-prepared
CoFe at room temperature. A coherent shepherd-check pattern is related to the
alternating Co atom and Fe atom arrays. We measured the mean Co-Fe distance to
be about 5.15 A&, which is consistent with the value determined by X-ray diffraction
in crystalline samples (5.15 A) corresponding to the half-cell parameter a= 10.3 A
determined by PXRD. The bottom images in Figure 2.8 show the TEM intensity
profiles obtained along (002) and (020) planes. Remarkably, the observation of

inhomogeneous peak densities further demonstrates the presence of vacancies, as
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expected in these non-stoichiometric compounds. We compared the simulated
HRTEM, temperature colored HRTEM images and power spectrum of different
models with experimental data (Figure A-D in the Appendix), identifying our CoFe
phase as very close to Cos(Fe(CN)¢)267(H20)1533-[FM3-M]-225 (PBA-4 model,
Figure 2.10).

PBA

E YR AR
R RRAREER
LEL I L I L L R
IR ATAER
O RN T
Pt e

Figure 2.10 | The experimental HRTEM, temperature colored HRTEM images and
power spectra of the indigo squared area are displayed in the first row. And the
simulated HRTEM images of different PBAs in the [100] projection at the optimized
functions of the specimen thickness (t) and defocus (Af): PBA-1 (t = 200 A, Af = 60
A), PBA-2 (t =400 A, Af= 60 A), PBA-3 (t = 400 A, Af = 60 A), PBA-4 (t =500 A, Af=
0 A) are displayed in the bottom panel, with their corresponding colored
temperature TEM image and power spectrum (The simulated PBA-1, PBA-2, PBA-3
and PBA-4 models were detailed in Figure A-D in the AppendiXx).

2.4.2 Electrocatalysis
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Figure 2.11 | Cyclic Votammograms of CoFe (blue curve), CoOx after acid
pretreatment (red curve), and bare FTO (black curve). Inset is enlarged region [0.6
V - 1.3 V]. Conditions are as follows: 50 mL 0.1 M PKi + 1 M KNO3 phosphate buffer,

pH =7, scan rate 5 mV s-1.

The water oxidation catalytic activity of as-prepared CoFe was firstly appraised via
CVs in neutral aqueous solution buffered at pH = 7 using a 0.1 M phosphate solution
containing 1 M KNOs3 as supporting electrolyte. As shown in Figure 2.11, at more
positive potentials a pronounced catalytic wave appeared with a sharp onset at 1.15
V vs NHE (334 mV overpotential). During the oxidative process (in the positive
direction), a substantial amount of oxygen bubbles was observed. In the inset, there
is a small reversible redox couples at an equilibrium potential of 0.94 V (=[0.89V +
0.98 V]/2), which can be assigned to the Co!'/Co!! redox process. Once the catalytic
event starts, there is a change in slope above 1.5 V that we assign to mass-transport
limitations to OER. This plateau disappears above 1.8 V. This reactivation of the
electrocatalytic process at high potentials could also be related to a change in the
redox state of the PBA, into a Co!!!/Felll phase, that might be more active. In operando

experiments would be useful to determine the origin of this feature.
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Figure 2.12 | (a) 0z amounts monitored by fluorescence-quench probe (red trace)

and theoretical O; calculated assuming

100 % Faradaic efficiency (black trace): (a) 1

mA cm-2 in 0.1 M KPi buffer at pH 7, (b) 0.3 mA cm-2 in 0.1 M KPi buffer at pH 2.

We monitored the evolved oxygen from a CoFe catalyst film by a florescence O

sensor in a gas-tight cell during sustained electrolysis at a constant current density

at neutral (pH 7) and acidic (pH 2) media (red line in Figure 2.12), respectively. The

theoretical oxygen yield was calculated from the total charge passed during

electrolysis (black line). Almost full efficiencies were found, indicating that the

catalytic current density is mainly originated from water oxidation process.
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Figure 2.13 | Overpotential versus time data, under a constant current density of 1
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mA cm-2 in pH 7 0.1 M KPi buffer, of as-synthesized CoFe catalyst (red curve), CoFe
a (black curve), Scratched (magenta curve) and one original CoOx (blue curve) which
was directly used after hydrothermal preparation without any acid pre-treatment,

respectively.

The catalytic stability was evaluated by tracking the applied potential over time
using galvanostatic measurements at constant current density of 1 mA cm-2 in KPi
electrolyte at pH 7 (Figure 2.13). CoFe electrodes have an excellent stability. After

30 min induction time, the potential remains constant over 8 h, without any sign of

degradation.
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Figure 2.14 | (a) Chronamperometry at 0.3 mA cm-2 for as-prepared CoFe and one
original CoOy electrode in 0.1 M KPi buffer at pH 2. Following that, both electrodes
were soaked in pH 1 H,S0. solution for several hours and then were re-examined
again under the same conditions. (b) Galvanostatic measurements of CoFe under 1
mA cm-2 in phosphate buffer with different pH values of pH = 1 (blue curve), pH = 2
(red curve), pH = 3 (green curve). For comparison, one piece of original CoOx without

acidic treatment was measured at pH 2.
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Figure 2.15 | Stability of CoFe in basic media at pH 12: (a) Step 1, three successive

CV cycles were performed in KPi buffer (pH 12) at 5 mV s-1. (b) Step 2, galvanostatic

measurement at 1 mA cm-2 was performed in H-cell for 6 h by using the same

electrode; (c) Step 3, another two CV cylces (red line) were recorded and then the

same electrode was placed in 60 mL H2SO4 solution (pH 1) without cell bias over 13

hours. Following that, one segment CV measurement was carried out (green line);

(d) Step 4, the electrode was re-examined again by CP for 3 days (red line). After

being immersed in pH 1 sulfuric acid solution for 27 hours (without any color

changes or detachment), this electrode shows an extremely stable within 3 days

(green line).
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Figure 2.16 | Stability of CoFe in basic media at pH 13: Step 1, three consecutive CVs
cycles were recorded in KPi buffer (pH 13) at 5 mV s-! (denoted as “First turn”). Step
2, after three full scan, galvanostatic measurement at 1 mA cm-2was performed over
the course of 7 h (denoted as “Before acid treatment”). Step 3, two CV cycles (denoted
as “Second turn”) were measured and then the same electrode was placed in H,SO4
solution (pH = 1) without cell bias over 17 hours. Step 4, three segment CVs (denoted
as “Third turn”) and CP curve (denoted as “After 17h acid treatment”) at 1 mA cm-2

was re-examined sequentially.

In order to investigate the effect of pH on the electrochemical stability of CoFe, we
carried out bulk water electrolysis as a function of pH. CoFe remains both chemically
and electrochemically stable (Figure 2.14 - 2.16), not showing any significant

changes in performance with time in the 2 < pH < 13. Additionally, at pH 1, durability
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is an issue, since the catalytic activity decreases apparently for a long period of time.
Significantly higher overpotential is needed to maintain the desired current density
after long-term operation. However, it is worthy to mention that CoFe is not
intrinsically unstable in strong acid. For instance, this was confirmed by placing a
CoFe electrode in pH = 1 H,S04 solution for 13 h without bias, after performing water
electrolysis at pH 12. The chronopotentiometry experiments confirm identical

electrocatalytic activity before and after the acid treatment (Figure 2.15).
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Figure 2.17 | Stability of CoFe in basic media at pH 14: Galvanostatic measurement
was performed at 1 mA cm-2 at pH 14 for 12 hours (black line). Following that, the
electrode was placed in pH 1 H,SO4 solution without cell bias over 12 hours and lots
of film dissolves into pieces and falls off FTO surface, then the electrode was re-
examined again by CP again (red line). The results show that CoFe is quite unstable

in phosphate solution at pH 14.

At pH 14 CoFe is partially unstable. After 12 hours electrolysis at pH 14, the CoFe film
is not robust any more to acid bath (delamination), this suggests that the crystallites
of the PB analog transform in water oxidation conditions, probably to an
oxo/hydroxo derivative (Figure 2.17). We did not pursue the identification of this

process, because we considered it out of the scope of the prevent work. It is
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important to note that this process was exclusively observed at pH 14, indicating that

our CoFe electrodes are genuine electrocatalysts up to pH 13.
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Figure 2.18 | (a) The 2 hours stability plot of the overpotential required to achieve
a current density of 10 mA cm-2 at pH = 2 (blue curve), pH = 3 (red curve), pH = 4
(black curve); Overpotential values required to achieve 10 mA cm-2 at time =2 h is
about 0.83~0.86 V from pH 2 to 4. The 2 hours stability of original CoOx is also
plotted here for comparison. (b and c) Analogous comparative chronoamperometry
in pH 7 (b) and pH 9 (c) phosphate buffer, of as-synthesized CoFe catalyst (red curve)
and one original CoOy (blue curve) under a constant current density of 10 mA cm-2.
Following that, each of electrodes was soaked in 50.0 mL pH = 1 H,SO4 solution for 2
hours and then was re-examined again under the same conditions. It can be seen

that there is almost no change in the overpotentials required to achieve 10 mA cm-2
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after acid treatment. (d) CP of CoFe was performed at 10 mA cm-2in 0.1 M KPi buffer
solution at pH 12 for 6 hours. The overpotential after holding the electrode at 10 mA
cm-2 for 2 hours in pH 12 buffer solutions is 0.69 V, which is high when compared to
that of most OER catalysts performed in alkaline solution reported by Jaramillo

group_10,14

We also carried out stability tests at moderate current densities (10 mA cm-2),
following the benchmarking protocol proposed by Jaramillo et al (Figure 2.18).10
Remarkably, the CoFe electrodes maintain stable current densities down to pH = 2
(Figure 2.18a). In these conditions, we also observed good stability for the CoFe
electrodes. At neutral pH, the stability/activity is comparable to that of CoOy, but
again the CoFe electrode keeps the performance after washing the electrode with

concentrated sulfuric acid (Figure 2.18b).
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Figure 2.19 | (a) Representative CVs of as-prepared CoFe electrode at a scan rate of
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5mVs-1in 0.1 M KPi + 1 M KNOs3 solution at various pH values. (b) pH dependent of

the peak potentials for precatalytic redox couples obtained in Figure 2.19 in

phosphate buffer from pH 1 to 13.

CVs of CoFe were collected in the 1 < pH < 13 range (Figure 2.19a). The appearance

of the water oxidation wave, as expected, is significantly pH dependent. The

reversible Co!'/Co!!! redox couple also shows pH dependence that could be related to

electronic changes at the water coordinated Co sites, due to the higher proton

concentration (Figure 2.19b). At high pH, the redox wave splits in two reversible

processes. This could be related to different protonation of water molecules bound

to active sites, at intermediate hydroxyl concentrations.
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Figure 2.20 | The plots of log j with respect to E (vs. NHE) for as-prepared CoFe

operated in 0.1 M KPi + 1 M KNOs buffer solution over a wide pH region, going from

right to left, from pH 1 to 12. A straightforward horizontal slice through 0.2 mA cm-

2 js remarked by grey dotted line.



