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the commercially available.[7] This is why 
generic modification methods for the 
metal sites in the frameworks are highly 
promising and thus desirable for the 
development of framework-based high-
performance electrocatalysts for energy 
conversion and storage.

To maintain the advantage of the frame-
works for catalysis, it is essential that mod-
ification of the metal sites should be achieved 
without destroying the framework. However, 
selective, nondestructive modification of 
the metal sites is extremely challenging 
as most chemical modification on the 
metal sites also affects the metal–ligand 
bonding, which makes the framework 
more vulnerable. There have been many 

attempts to convert MOFs into catalysts by thermal processing, 
usually leading to framework decomposition and reassembly 
into nanostructures of metal oxides or metal–carbon compos-
ites.[8,9] Although good catalytic performance can be achieved, 
this approach results in complete collapse of the framework. 
In these cases, the high ordering and dispersion of the metal 
sites, which is the key advantage of frameworks for catalysis, is 
largely lost.

In this work, we show that nondestructive activation of the 
metal sites in a framework can be achieved by using low-tem-
perature (LT) air plasma. LT air plasma contains highly reactive 
oxygen species, including atomic oxygen and oxygen molecules 
in excited states. Importantly, these active species are non-
thermal as the equivalent temperature of the ions, radicals, and 
excited atoms/molecules remain close to room temperature.[10] 
The combination of high chemical reactivity and low thermal 
effect allows selective modification of the metal sites without 
damaging the framework structure.

The focus here is on the oxygen evolution reaction (OER) 
during the electrochemical water oxidation, which is the key 
reaction for many important applications, including sustain-
able hydrogen production, rechargeable metal–air batteries, 
and artificial photosynthesis.[11] The framework in our study is 
an Fe/Co bimetallic cyanide framework composed of cyanide 
bridged Fe and Co cations, which is a Co-based analogue to the  
well-known Prussian blue structure. Prussian blue analogues 
(PBAs) have been investigated as OER catalysts but only with 
moderate activity.[12] The highly reactive oxygen species gener-
ated by the LT-air plasma activates the metal sites in the Co-PBA 
for OER by oxygen bonding to the metal sites. Meanwhile, the 
key merit of high porosity and highly dispersed metal sites of 
the framework structures is retained due to the low thermal 
effect. The framework-based OER catalyst is featured for the 
very low overpotential of only 330 mV at high current density 
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Oxygen Evolution Reaction

1. Introduction

Custom-designed high-performance, low-cost electrocatalysts 
are of critical importance for efficient energy conversion and 
storage. A general guideline to improve the performance of het-
erogeneous catalysts is to create high density catalytic sites with 
high reactivity and stability. Metal organic frameworks (MOFs) 
contain highly dispersed metal sites with well-defined bonding 
and charge states, aimed to catalyze specific reactions with 
high selectivity and efficiency. Tremendous research efforts 
have been devoted to using MOFs for electrocatalysis, either 
directly[1,2] or after some modification.[3–6] To maximize the 
catalytic performance for a specific reaction, one could either 
custom-build the framework or modify the existing, especially 
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of 100 mA cm−2, which is attributed to the high density active 
sites in the framework. High-rate H2 generation from water 
splitting under the operation conditions close to commercial 
alkaline electrolyzers is demonstrated.

2. Results and Discussions

The Fe/Co bimetallic cyanide framework was obtained by direct 
mixing of the aqueous solution of potassium hexacyanofer-
rate (III) (K3[Fe(CN)6]) with cobalt (II) nitrate (Co(NO3)2). The 
obtained solid product is a Co-based analogue of the well-
known Prussian blue structure (designated as Co-PBA). The 
obtained Co-PBA has the composition of K0.3Co3[Fe(CN)6]2 
based on the X-ray diffraction (XRD) pattern (Joint Com-
mittee on Powder Diffraction Standards, JCPDS No. 86-0502, 
Figure 2a) and elemental analysis (Figure S1, Supporting Infor-
mation), where the K+ is incorporated into the nanoscale cubic 
pores. Transmission electron microscopy (TEM) suggests that 
the pristine Co-PBA contains aggregated nanoparticles with an 
average size of 30–40 nm (Figure 2b). The structural features are 
in very good agreement with previous results.[13]

The Co-PBA can be easily dispersed in water to give a quite 
stable colloidal suspension. For plasma treatment, the colloidal 
suspension of the Co-PBA nanoparticles were drop coated onto 
an Ni foam. The Ni foam loaded with PBA nanoparticles was 
treated by air plasma generated by a dielectric barrier discharge 
(DBD) in a quartz cell at atmospheric pressure (Figure 1). After 
the plasma treatment for 2 h, the XRD patterns of the samples 
remain almost identical (Figure 2a). The specific surface area 
even increases from 439 to 543 m2 g−1 (Figure 2d), indicating that 
the plasma treated Co-PBA remains highly porous. The reactive 
oxygen species in the air plasma may etch some unstable amor-
phous species blocking the pores, which leads to higher specific 
surface area. The TEM image shows that the aggregated Co-PBA 

particles become more dispersed after the plasma treatment. 
The particle size is also slightly reduced to ≈20 nm (Figure 2e). 
High-resolution TEM (HRTEM, Figure 2c,f) images reveal the 
lattice fringe spacing of 0.252 nm in both samples, consistent 
with the (200) plane characteristic of Co-PBA. Thus, we can 
conclude that the framework structure of the Co-PBA sample is 
largely retained after the LT air plasma treatment.

The pristine and plasma treated Co-PBA were further charac-
terized by X-ray photoelectron spectroscopy (XPS) (Figure 3a–c). 
In the O 1s spectrum, the peak at 532.3 eV is related to the sur-
face adsorbed oxygen species, which shows no obvious change 
after the plasma treatment. The plasma treated samples con-
tain another O 1s peak with a lower binding energy of 529.8 eV, 
which corresponds to oxygen binding to metal cations.[14,15] The 
intensity of this peak increased with longer treatment time, 
indicating surface metal–oxygen bond formation induced by 
the plasma treatment. The plasma treatment resulted in an 
increase of surface oxygen concentration, as suggested by the 
XPS composition analysis (Figure S3, Supporting Information).

For the pristine Co-PBA, the two dominant peaks at 709.8 
and 708.2 eV in the Fe 2p3/2 spectrum are attributed to the 
[Fe(CN)6]3− and [Fe(CN)6]4− species, respectively.[16,17] In addi-
tion, a new peak at 711.4 eV appears in the Fe 2p spectra, which 
is attributed to the Fe(III) in iron oxide.[18,19] In the Co 2p3/2 
spectrum, peaks corresponding to Co (III) 2p3/2 (781.5 eV) and 
Co (II) 2p3/2 (782.6 eV) can be observed. Although the Co-PBA 
is prepared using Fe(III) cyanide and Co(II) salt, simultaneous 
electron transfer occurs in the PBA framework, from the anti-
bonding eg* orbital of Co2+ to the bonding t2g orbital of Fe3+ 
to maximize the ligand field stabilization energy. Therefore, the 
dominant metal valence states in the pristine Co-PBA are Fe(II) 
and Co(III).[21] The plasma exposure caused an increase of the 
average oxidation state of both Fe and Co, as indicated by the 
larger M(III)/M(II) peak ratio after the treatment (Figure S3 
and Table S2, Supporting Information).
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Figure 1. Schematic illustration of plasma treatment of Co-PBA.
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Fourier transform infrared spectroscopy (FTIR) is a highly 
sensitive technique to probe the metal oxidation states in a 
metal cyanide framework (Figure 3d). The characteristic vibra-
tional bands between 2000 and 2200 cm−1 are ascribed to the 
stretching of the CN group in Co-PBA.[20] The electron transfer 
from the metal center to the antibonding π* orbital of the cya-
nide group will weaken the CN triple bond and leads to lower 
vibrational frequency (νCN). Thus, higher νCN indicates a higher 
oxidation state of the metal cations binding to the cyanide 
group, i.e., weaker metal-to-cyanide electron transfer. The corre-
lation of the metal oxidation states to νCN has been extensively 
studied in literature.[21–23] The presence of the asymmetric band 
at 2106 cm−1 in all the samples is attributed to the cyanide 
stretching in FeII-CN-CoIII configuration,[21] while the 2187 and 
2160 cm−1 bands correspond to the CN stretching in the FeIII-
CN-CoIII and FeIII-CN-CoII configurations, respectively.[20,24] 
The plasma treatment leads to an increase of the 2187 cm−1 
band together with the decrease of the 2160 cm−1 band. Impor-
tantly, the Co (II) related bands are almost completely elimi-
nated, indicating that nearly all the Co (II) is oxidized into Co 
(III).

The substantial increase of the Co oxidation states can be 
well explained by oxygen bonding to the Co sites, as a natural 
consequence of the interaction with the highly reactive oxygen 
species generated by LT air plasma. Indeed, metal–oxygen 
(M–O) bond formation on the external surface is readily con-
firmed by XPS (Figure 3a–c). Different from XPS which is 
only surface sensitive, the vibrational spectroscopy detects all 
the CN stretching in the bulk of the Co-PBA sample. Thus, 

the M–O bond formation is not only limited on the external 
surface of the Co-PBA nanocrystals but extensively occurs on 
the metal sites in the bulk. On the other hand, the framework 
structure is largely retained after the air plasma treatment. 
The question is whether such extensive modification of the 
metal sites can be achieved without damaging the framework 
structure.

To answer this question, it is illuminating to take a closer 
look at the framework structure. The ideal cubic cyanide frame-
work (with no alkaline metal cations for charge compensation) 
has the stoichiometry of CoFe(CN)6, in which the (Fe + Co)/ 
CN molar ratio is 1/3. The composition of our Co-PBA sample 
is K0.3Co3(Fe(CN)6)2, in which 1/3 of the Fe(CN)6 unit is 
missing from the ideal cubic structure and the neighboring six 
Co atoms will be coordinated by H2O molecules (Figure 4a).[25] 
The stoichiometry suggests that each Co sites are coordinated 
by four CN groups and left two open sites in cis configuration 
(Figure 4b).

In the Co-PBA structure with open sites on Co, air plasma 
induced formation of M–O bonds can be achieved either by 
substitution of the CN groups or by direct oxygen attachment to 
the open sites of Co. As each Co site is coordinated by only four 
CN groups in the pristine Co-PBA, substantial removal of the 
cyanide groups from the bulk will lead to collapse of the frame-
work structure and thus is unlikely. On the other hand, M–O 
bond formation through the direct oxygen attachment mecha-
nism is much more favorable, as the attached oxygen simply 
replaces the coordinated H2O molecules and thus causes little 
distortion of the framework structure. The structure of the Co 
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Figure 2. Plasma-targeted oxygen incorporation without framework destruction. a) XRD patterns of pristine and plasma-treated Co-PBA. b) A TEM 
image of pristine Co-PBA. c) A HRTEM image of pristine Co-PBA. d) Pore-size distribution curves of pristine and plasma treated Co-PBA. Inset:  
N2 adsorption–desorption isotherm of pristine and plasma treated Co-PBA. e) A TEM image of plasma-treated Co-PBA. f) HRTEM image of plasma-
treated Co-PBA. Inset: The corresponding fast Fourier transform pattern of the lattice image.
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sites in the pristine and LT air plasma modified Co-PBA frame-
work is shown in Figure 4.

For most solid materials, the modification effect of low-tem-
perature plasma is only limited to the surface layer. However, 
for a highly porous framework structure such as Co-PBA, the 
active oxygen species generated by plasma can diffuse into the 
framework to affect the Co sites in the bulk. The lower limit of 
the incorporated oxygen can be estimated from the stoichiom-
etry assuming that all the Fe is in the Fe(II) state, which yields 
the nominal composition of K0.3CoIII

3O0.65[FeII(CN)6]2, i.e., 
oxygen attachment occurs on more than 20% of the Co sites. 
The actual oxygen incorporation level should be even higher as 
there remains substantial Fe(III) species as suggested by the 
vibrational spectroscopy.

To examine the effect of the plasma treatment, the OER per-
formance of the pristine and plasma modified Co-PBA samples 
were tested in a 1 m KOH solution. Figure 5a shows the linear 
scanning voltammetry (LSV) at a scan rate of 1 mV s−1. Both 
bare and plasma treated Ni foams were quite inactive for OER. 
The pristine Co-PBA exhibits a large overpotential of 334 mV 
at current density of 10 mA cm−2 (η10), which is consistent 

with the previous report.[12] After the plasma treatment for 
1 and 2 h, η10 is significantly reduced to 285 and 274 mV, 
respectively. The Tafel plots are shown in Figure 5b. The 
plasma treatment also effectively lowers the Tafel slope from 
67 to 53 mV dec−1. The low Tafel slope is highly favorable for 
low overpotential at high current density. Even at a high cur-
rent density of 100 mA cm−2, the Co-PBA-plasma-2 h sample 
still shows a low overpotential of only 330 mV. The overpoten-
tial and Tafel slope of the pristine and plasma treated Co-PBA 
samples are summarized in Figure 5c. The plasma treatment 
effectively improves the OER activity in terms of the overpoten-
tial and Tafel slope. The maximum effect of the plasma treat-
ment is reached at 2 h. Further increase of the treatment time 
shows no clear improvement.

The sample with the best OER activity (Co-PBA-plasma-2 h) 
is further characterized for its Faradaic efficiency and sta-
bility. The volume of the evolved O2 during galvanostatic elec-
trolysis matches well with the volume calculated from the 
total charge (Figure S6, Supporting Information), indicating 
a near 100% Faraday efficiency of the OER process. During 
continuous water electrolysis for 16 h at a constant current of 
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Figure 3. Spectroscopic evidence of plasma-induced changes of oxidative states of Fe and Co atoms and formation of metal-oxygen bonds. a) O 1 s 
XPS spectra. b) Fe 2p3/2 XPS spectra. c) Co 2p3/2 XPS spectra. d) FTIR spectra of pristine and plasma-treated Co-PBA.
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10 and 100 mA cm−2, the increase of the overpotential is less 
than 20 mV (Figure S5, Supporting Information), indicating 
excellent stability even at a very large current density. The 
structural stability of the Co-PBA-plasma 2 h sample during 
long-time operation can be confirmed by the XRD and XPS 
results (Figures S10 and S11, Supporting Information), 
which exhibit no apparent change compared to that before 
electrolysis. Electrochemical impedance spectra (EIS) sug-
gest that air plasma treatment effectively reduces the charge 
transfer impedance of the Co-PBA sample, as suggested by 
the much smaller radius of the semicircle in the Nyquist 
plots (Figure S4 and Table S1, Supporting Information). In 
addition, we also estimate the electrochemical active surface 
area from the electrochemical double-layer capacitance (Cdl) 
derived from the cyclic voltammetry (CV) (Figure S7, Sup-
porting Information). The obtained Cdl is 1.38 ± 0.08, 3.95 ±  
0.25, and 5.92 ± 0.18 mF for the pristine Co-PBA, Co-PBA-
plasma-1 h, and Co-PBA-plasma-2 h catalysts, respectively, 
indicating that the active surface sites are enhanced after 
plasma treatment.

We further applied the Co-PBA-plasma-2 h sample in two-
electrode water electrolysis driven by a commercial polycrystal-
line silicon solar cell. The hydrogen evolution reaction (HER) 
catalyst is an Ni-based catalyst developed in our group.[26] At a 
loading of 2 mg cm−2, the Ni-based HER catalyst shows a low 
overpotential of 77 mV at 20 mA cm−2 (Figure S9, Supporting 
Information). Figure 5g shows the polarization curve of this 
electrolyzer with the non-noble metal OER and HER catalysts 
together with the I−V curve of the Si solar cell under the simu-
lated AM 1.5 conditions. The current density of 100 mA cm−2 
can be reached with the cell voltage of only 2.0 V, corresponding 
to a high electrolysis efficiency of 61.5% at the current density 
near real operation conditions of commercial alkaline electro-
lyzers (Figure 5e).

The high current density lead to a high H2 generation rate 
of 18.7 mol m−2 h−1. As shown in the photograph (Figure 5f) 
and the video (Movie S1, Supporting Information), small bub-
bles are vigorously generated and burst into the head chamber. 
As shown in Figure 5d, the cell voltage was very stable during 
long-term electrolysis with the high current density. A detailed 
split of the efficiency loss of the electrolysis system is shown in 
Figure 5g. Typically, the main efficiency loss in electrolysis is 
from OER. A key merit of the plasma modified Co-PBA is the 
low overpotential at the high current density. The overpotential 
of OER accounts for only 17% of the efficiency loss at the high 
current density condition in our electrolyzer, which is compa-
rable to that from the iR potential drop (15%) and overpoten-
tial of HER. Further optimization of the Ni-based HER cata-
lyst and the electrolyzer would increase the energy efficiency 
further.

The OER performance of the plasma treated Co-PBA sample 
is superior in terms of the several key figures of merit com-
pared to conventional cobalt and iron-based OER catalysts such 
as Co3O4,[27] CoN,[14] CoPx,[28] and CoFe2O4.[29] This perfor-
mance is also comparable to many state-of-the-art OER catalysts 
reported recently[30–32] in both three- and two-electrode elec-
trolysis configurations. The figure of merit for OER catalysts is 
commonly measured by the overpotential at 10 mA cm−2.[33–35] 
However, alkaline electrolyzers in real applications are oper-
ated at current densities higher than 100 mA cm−2.[36–38] The 
low overpotential at a high current density of our plasma modi-
fied Co-PBA is particularly attractive for high-rate H2 produc-
tion from electrolysis. A detailed comparison with the OER 
catalysts reported recently is shown in Tables S3 and S4 in the 
Supporting Information.

Next, we will discuss why the subtle structural change 
induced by LT air plasma leads to significant improvement 
of the OER performance. It is widely recognized that metal 
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Figure 4. a) The structure of Co-PBA with composition Co3(Fe(CN)6)2. The coordination structure of the Co and Fe sites are illustrated in b) and c), 
respectively. Each Co center has two open sites occupied by coordinated water molecules in cis configuration while the Fe center is fully coordinated 
by six CN groups. d) The structure of the air plasma activated Co centers. The plasma generated active oxygen species results in oxygen attachment 
to the Co centers.
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centers with open sites are favorable for catalysis. In the 
Co-PBA sample with composition of Co3(Fe(CN)6)2, each Co 
sites has two open sites available for catalysis, while the Fe sites 
are sixfold coordinated by the CN groups with no open sites 
(Figure 4b,c). Thus, the intrinsic OER activity of the pristine 
Co-PBA sample should be originated from the Co sites rather 
than the Fe sites. Indeed, moderate OER activity has been 
reported for the Co-PBA sample with composition K2xCo(2−x)-
[Fe(CN)6] (0.85 < x < 0.95), in which there are also open sites 
on Co (the molar ratio of (Fe + Co)/CN > 1/3).[25] A comparative 
study further suggested that the OER activity was from the Co 
sites.[22]

The Co sites in the Co-PBA can be further activated by the 
reactive oxygen species in the air plasma. The oxidation state of 
Co in the framework is promoted from a Co (II)/Co (III) mix-
ture to near 100% Co (III) after plasma treatment. Co (III) is 
much more active for OER compared to Co (II), as extensively 
suggested by previous study on Co-based OER catalysts.[39–41] 
Air plasma treatment also induces oxygen bonding to the Co 
sites, which occurs on more than 20% Co sites in the frame-
work. The oxygen bonding may further tune the redox poten-
tial of the Co sites. It is well known that the redox potential 
of a metal cation is strongly modulated by the ligand field. 

For instance, Co(CN)6
3− is significantly less oxidative than 

Co(H2O)6
3+, as the negatively charged CN− group effectively 

stabilizes Co3+.[42] Thus, attaching an electron withdrawing oxo-
group will make the Co sites more oxidative and more favorable 
for OER, as demonstrated in molecular complexes.[22,43] 
Moreover, the incorporated oxygen may also catalyze the OER 
process through an oxygen exchange mechanism, as recently 
reported in metal oxide catalysts.[44]

It should be emphasized that such activation of the Co sites 
is achieved without damaging the framework structure. Thus, 
the key merit of high porosity and highly dispersed Co sites 
in a framework is retained. This is a fundamental difference 
compared to most MOF-derived catalysts obtained by thermal 
process, in which the framework structures are completely 
collapsed.[8,9,45] As result of the high density active Co sites in 
the framework-based catalyst, the plasma activated Co-PBA 
apparently outperforms most oxide-based OER catalysts, 
particularly at high current density (Table S3, Supporting 
Information).

Importantly, nondestructive modification of the metal sites 
is very difficult to obtain by conventional chemical modifica-
tion. The uniqueness of the LT air plasma is that highly reactive 
oxygen species can be generated at mild conditions, allowing 
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Figure 5. Electrochemical performance in OER and water electrolysis under industry-compatible conditions. a–c) OER performance of pristine and 
plasma-treated Co-PBA samples. (a) Linear scanning polarization curves and (b) Tafel plots. (c) Comparison of η10 value (black bar) and Tafel slope 
(red bar). d–g) OER performance of the Co-PBA-plasma 2 h sample in water electrolysis. d) The cell voltage during galvanostatic electrolysis at 10 and 
100 mA cm−2. e,f) Photographs of the electrolyzer operating at 100 mA cm−2 current density, powered by a commercial polycrystalline Si solar cell  
(e) and the H2 compartment (f). g) Polarization curves of the two electrodes and the electrolyzer (with and without iR compensation) together with the 
I–V curve of the Si solar cell under AM 1.5 conditions (100 mW cm−2). The polarization curves give the energy loss of the electrolysis cell.
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modification of the metal sites without significant deformation 
of the framework. To further confirm the nondestructive nature 
of the LT air plasma, the same plasma treatment process was 
carried out on Co-PBA nanocrystals with regular cubic shape. 
The cubic shape is almost unaffected after plasma treatment 
(Figure S12, Supporting Information). LT plasma has intrinsic 
surface selectivity owing to the low thermal effect, which 
enables its wide application as a surface modification tech-
nique.[46–48] It is possible that the external surface of the Co-PBA 
nanocrystals is more significantly affected by the plasma. Using 
online mass spectroscopy, we did observe increase of the CO2 
signal when the plasma is switched on, which is originated 
from etching of the CN groups (Figure S2, Supporting Infor-
mation). The Fe 2p XPS spectrum also suggests some oxide-
like features (Figure 3b). However, such unwanted damage can 
be limited on the external surface of the nanocrystals by gen-
erating the LT plasma at atmospheric pressure rather than low 
pressure to minimize the ion bombardment effect.

Although LT plasma has been extensively used for surface 
modification, interaction of LT plasma with nanoporous frame-
works is a highly interesting yet largely unexplored field. The 
size of the nanopores (such as those in PBA) is already lower 
than the Debye length of typical LT plasma (typically in µm 
scale).[49] As a result, the majority of the bulk framework less 
affected by the sheath electric field and the ion bombardment, 
while the metal sites in the bulk of a nanoporous framework 
remains accessible by the chemically active species. Such unique 
interaction is responsible for the nondestructive modification of 
the metal sites in the nanoporous framework, which may bring 
new opportunity to develop framework-based catalysts.

3. Conclusion

In conclusion, low-temperature air plasma treatment of a Co-
based Prussian blue analogue with missing Fe(CN)6 units results  
in a highly active and stable framework-based OER catalyst. 
The reactive oxygen species generated in the plasma results in 
oxygen bonding to the open sites of Co and promotes the oxida-
tion state of Co to Co (III). Importantly, the porous framework 
structure is retained after the plasma treatment. Owing to the 
highly active and distributed metal catalytic sites in the nanopo-
rous framework, the OER catalyst is featured for a low overpo-
tential of only 330 mV at high current density of 100 mA cm−2, 
which is close to the real operation condition of commercial 
alkaline electrolyzers. The combination of highly chemical reac-
tivity, low thermal effect, and weak ion bombardment makes 
low-temperature atmospheric pressure plasma a highly prom-
ising enabling technique for the development of high perfor-
mance catalysts from nondestructive modification of widely 
available framework structures.

4. Experimental Section
Preparation of Co-PBA: 50 mL of 0.12 m Co(NO3)2 • 6H2O (1.75 g,  

6.0 mmol) solution is added dropwise into 50 mL of 0.08 m  
K3[Fe(CN)6] (1.32 g, 4.0 mmol) solution under magnetic stirring. The 
obtained precipitate was collected by centrifugation, washed with 
deionized water and ethanol several times, and dried at 80 °C in a 
vacuum oven overnight.

Plasma Treatment of Co-PBA: Ni foam was first sonicated in 0.1 m 
H2SO4, deionized water H2O, ethanol, and acetone for 20 min in each 
step then dried at room temperature for further use. 20 mg Co-PBA 
powder was dispersed in 500 µL Nafion (0.5 wt% in isopropanol) 
solution and 500 µL isopropanol by sonication for at least 30 min to 
form a homogeneous ink. Then 200 µL suspension is dropped onto 
a piece of Ni foam (1 × 2 cm2) and dried at 60 °C for 2 h. The mass 
loading of Co-PBA on Ni foam is 2.0 mg cm−2.

For plasma treatment, the Co-PBA loaded Ni foam was placed in a  
flat quart cell. The cell was placed between two electrodes with a gap of 
8 mm in the vertical direction. The plasma was ignited inside the quartz 
cell by DBD in ambient air by applying a high frequency voltage ≈10 kHz 
between the two electrodes using a high frequency power generator 
(Corona Lab, CTP-2000K). The input power for the discharge was about 
180 W. The plasma treatment duration was between 1 and 4 h. For 
comparison, bare Ni foam was treated using the same procedure.

Characterizations: The catalysts were characterized by XRD (PANalytical 
X’Pert3, Cu Kα), scanning electron microscopy, HRTEM (JEM-2100, 
200 kV), XPS (AXIS-Ultra spectrometer, Kratos Analytical, monochromatic 
Al Kα radiation), thermogravimetric analysis (Q600 SDT thermoanalyzer, 
in high purity N2), and FTIR (Nicolet iS50, ThermoFisher). The content 
of C, N, and H was obtained by the combustion method (Vario EL 
elemental analyzer). The metal content was obtained using inductively 
coupled plasma-atomic emission spectrometer (ICP-AES, PROFILE 
SPEC). The samples were first calcinated in air at 900 °C for 6 h. The 
obtained residue were dissolved in 2 m HNO3 to give the solution for 
ICP-AES analysis. Nitrogen sorption isotherms were measured on an 
Autosorb IQ gas sorption analyzer (Quantachrome) at 77 K. Before 
testing, samples were degassed at 200 °C for 2 h. The surface area and 
pore size distribution was determined by the Brunauer–Emmett–Teller 
and quenched solid density functional theory methods assuming a slit/
cylinder pores model, respectively.

Electrochemical Measurements: Electrochemical measurements 
were carried out in 1 m KOH in a standard three-electrode cell using  
a potentiostat (CHI 760B). The Ni foam loaded with Co-PBA with or 
without plasma treatment was directly used as the working electrode. 
The reference and counter electrodes were a saturated calomel electrode 
and a platinum sheet, respectively. All potential data was calibrated 
to the reversible hydrogen electrode (RHE) scale. Before testing, 
the working electrode is subjected to at least 50 cyclic voltammetry 
cycles between 1.2 and 1.5 V (vs RHE) to reach a stable state. LSV 
was performed at scan rate of 1 mV s−1 in the same potential region. 
The electrochemical impedance spectroscopy (EIS) was tested at 
the potential which corresponded to the current at 10 mA cm−2 in a 
frequency range from 100 kHz to 0.01 Hz with an AC amplitude of 5 mV. 
The Faradaic efficiency was calculated by measuring the volume of O2 
generated on the electrode via water displacement.

Solar Cell Powered Electrolysis: Water electrolysis was performed on 
a home-designed electrolyzer driven by a commercial polycrystalline 
silicon solar cell (5.5 × 5.5 cm2). Both the OER and HER catalysts were 
loaded on a 0.9 × 2.0 cm2 Ni foam as the electrodes. The two electrodes 
were separated by a Nafion membrane. The electrolyte was 1 m KOH. 
The solar cell operated at AM 1.5 using an Xe lamp as the light source. 
IR compensation was performed using the current interrupt method by 
the potentiostat.
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