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Mesoporous K-doped NiCo,04 derived from
a Prussian blue analog: high-yielding synthesis and
assessment as oxygen evolution reaction catalysty
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The conversion and storage of clean renewable energy can be achieved using water splitting. However,
water splitting exhibits sluggish kinetics because of the high overpotentials of the oxygen evolution
reaction (OER) and the hydrogen evolution reaction (HER) and should therefore be promoted by OER
and/or HER electrocatalysts. As the kinetic barrier of the former reaction exceeds that of the latter, high-
performance OER catalysts are highly sought after. Herein, K-doped NiCo,O, (HK-NCO) was
hydrothermally prepared from a Prussian blue analog with a metal-organic framework structure and
assessed as an OER catalyst. Extensive K doping increased the number of active oxygen vacancies and
changed their intrinsic properties (e.g., binding energy), thus increasing conductivity. As a result, HK-
NCO exhibited a Tafel slope of 49.9 mV dec™ and a low overpotential of 292 mV at 10 mA cm™,
outperforming a commercial OER catalyst (Ir) and thus holding great promise as a component of high-
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Introduction

The increasing global energy demand necessitates the devel-
opment of sustainable, clean and efficient ways of harvesting
renewable energy,”> as exemplified by the production of
hydrogen by electrocatalytic water splitting. However, water
splitting suffers from sluggish kinetics due to the high over-
potentials (i.e., kinetic barriers) of the anodic oxygen evolution
reaction (OER; 2H,0 — O, + 4H" + 4e”) and the cathodic
hydrogen evolution reaction (HER; 2H' + 2e~ — H,). As the
former reaction involves the transfer of four electrons, whereas
the latter involves the transfer of only two electrons, the OER
typically has a higher kinetic barrier than the HER and is
therefore a key process determining the efficiency of water
splitting.* Noble metals such as Ir and Ru exhibit high OER
activities but are of limited use in large-scale electrochemical
water splitting because of their high cost and limited avail-
ability.>* Therefore, cheap and highly efficient OER catalysts
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performance electrode materials for metal-oxide batteries and supercapacitors.

with good stabilities in different electrolytes are highly sought
after.

Metal oxides hold great promise as water splitting catalysts,
e.g., transition metal (Mn, Fe, Co, Ni, etc.) oxides have drawn
much attention because of their high efficiencies and stabilities
in alkaline solutions.*” In particular, NiCo,0, (NCO) outper-
forms pure Ni or Co oxides as an OER catalyst.>**> The OER
activity of NCO in alkaline media is greatly influenced by the
content of Ni, which affects both the energy of oxygen species
adsorption at the active Co** surface sites and the energy barrier
of the Co®*/Co*" redox transition. The practical applications of
NCO are hindered by its moderate conductivity and the insuf-
ficient number of active sites,’'* which can be mitigated
through hybridization with carbon materials or metal
doping.">™® Other factors influencing the performance of these
catalysts include their synthetic route, morphology, and particle
size. In this regard, it is critical to control the material
morphology, number of active sites, specific surface area, active
site accessibility, and the transport of electrolyte ions while
ensuring sufficient catalyst stability.*

Prussian blue analogs (PBAs) and materials derived there-
from efficiently promote the OER because of their large specific
surface areas, abundant active sites, short ion diffusion lengths,
and high stabilities.”"*?* In addition, PBAs adopt the Mj;-
I[M"™(CN)],-nH,0 (M = Fe, Ni, Co, Mn, Cu, Zn, etc.) structure
and can be used to prepare various materials (e.g., NCO)
through M-site control.*?%**% Herein, we hydrothermally
prepare K-doped NCO with an elevated number of active sites
(and, hence, with increased OER activity) from a metal-organic
framework (MOF)-structured PBA with a large specific surface
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area and examine the effect of K doping on the oxygen vacancies
of NCO and its OER overpotential.

Experimental
Fabrication of K-doped NCO

All chemicals were used as received without further purifica-
tion. The composition of the precursor solution was determined
by the stoichiometry of the final compound, NiC0,0,.
Ni(NO3),-6H,0 (Sigma Aldrich, 99.999%) and Co(NO;),-6H,0
(Sigma Aldrich, =99%) were dissolved in distilled water (40 mL)
to concentrations of 0.333 M (3.877 g) and 0.267 M (3.104 g),
respectively, and this solution was slowly (over 3 min) poured
into a 0.400 M (5.317 g) solution of K3[Co(CN)e] (Sigma Aldrich,
=97%) in distilled water (40 mL) at room temperature (~25 °C).
After 10 min stirring, the reaction mixture was transferred to an
autoclave, heated at 100 °C for 1 h, cooled to room temperature,
and filtered. The K-Ni-Co-PBA precipitate was washed with
distilled water (5 x 100 mL), dried overnight at 60 °C, heated to
250°Cat1°C min ', and maintained at this temperature for 3 h
to induce the formation of high-concentration K-doped NCO
(HK-NCO). For comparison, low-concentration K-doped NCO
(LK-NCO) was prepared without the hydrothermal process.
When synthesis was performed using 80 mL of distilled water,
the catalyst was obtained in a high yield of 3.46 g (0.4325 g/
10 mL distilled water), which demonstrated the upscalability of
our method.

Material characterization

Microstructure and intrinsic crystallographic properties were
probed by high-resolution transmission electron microscopy
(HRTEM; JEM-ARM200F 200 kv, JEOL), while chemical
composition was probed using energy-dispersive X-ray spec-
troscopy (EDS; Quantax 400, Bruker). The morphology of K-
doped NCO nanoparticles was observed by environmental
scanning electron microscopy (Quanta FEG 650, FEI Co.) at an
accelerating voltage of 30 kV. Nanoparticle crystallinity was
determined by X-ray diffraction (XRD; Smart Lab, Rigaku Co.)
using Cu K,, radiation (A = 1.5406 A) and a scan rate of 0.2° s~ .
X-ray photoelectron spectroscopy (XPS; Sigma Probe, Thermo
VG Scientific) was employed for valence state analysis.

Electrochemical measurements

Electrocatalytic activity was assessed in a three-electrode setup
using a potentiostat (Bio-Logic, SP-150). A graphite rod, Ag/AgCl
(saturated), and Ni foam (99.5%, 0.45 g cm ) were used as
counter, reference, and working electrodes, respectively. For
catalyst ink preparation, the NCO catalyst (7 mg) and carbon
black (1.2 mg) were dispersed in a pretreated Nafion solution
(0.73 mL; 0.53 mL isopropyl alcohol + 0.13 mL distilled water +
27 puL 5 wt% Nafion), and the mixture was ultrasonicated for 3 h
to obtain a homogeneous suspension. Ni foam was sequentially
washed with acetone, methanol, and isopropyl alcohol upon
ultrasonication, coated with the catalyst ink (1 cm?) on one side,
and dried at 120 °C using a heating plate. The opposite side of
the foam was coated with epoxy resin. Each synthesized NCO
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catalyst fabricated with the NCO/Ni foam electrode exhibited
a catalytically active area of 494.29 cm” (61.79 cm?/10 mL
distilled water). Ir (Alfa Aesar, Product No. 039684, Iridium
powder, Sponge, ~325 mesh, 99.9%) was used as a benchmark
OER catalyst for comparison. All evaluations were performed
without gas purging and rotation in 1 M aqueous KOH (pH 14;
Sigma Aldrich, 99.99%) at 0-800 mV vs. the saturated calomel
electrode (SCE) using a scan rate of 1 mV s~ '. The measured
potentials were referenced to the reversible hydrogen electrode
(RHE) as Erpg = Escg + 0.197 + 0.059 pH. iR compensation was
applied to all electrochemical data. Prior to measurements, the
working electrode was activated in a steady state using 30 vol-
tammetry cycles at 50 mV s '. Electrochemical impedance
spectroscopy (EIS) measurements were performed at a bias of
147 mV vs. Ag/AgCl, while the frequency was swept from 10° to
1 Hz at an AC amplitude of 10 mV. Chronoamperometric
measurements were carried out to verify catalyst stability.
Specifically, the catalyst-coated Ni foam was activated by cyclic
voltammetry (CV) (~30 cycles) in 1 M aqueous KOH, and
measurements were then conducted for 12 h at a constant
current density of 50 or 100 mA cm 2 to achieve reasonable OER
progress.

Results and discussion
Compositional and structural characterization

Fig. 1 shows the TEM images and corresponding EDS mappings
of HK-NCO, revealing the presence of uniform NCO nano-
particles with sizes of 4-9 nm and the occasional incorporation
of KNO; agglomerates (Fig. 1b, red rectangle). The fast Fourier
transform (FFT) analysis of HK-NCO demonstrated the presence
of NiCo,0, polycrystallites and KNO; (Fig. S11). EDS analysis
(Fig. 1c-g) showed that K, Ni, Co, and O were uniformly
distributed throughout the composite. Thus, the calcination of
K-Ni-Co-PBA was concluded to successfully induce K doping
and thus produce K-doped NiCo,0, and KNO;. As shown in
Fig. S2,T we obtained 3.46 g of HK-NCO catalyst powder using
a high concentration of precursor and 80 mL of distilled water.

1 pm

Fig. 1 (a) and (b) HRTEM images and (c)-(g) EDX mappings of HK-
NCO. (c) Overall map and the (d) Ni, (e) Co, (f) O, and (g) K components.
The FFT patterns of NiCo,O,4 (white square) and KNOs (red square) are
presented in Fig. S1.f

© 2022 The Author(s). Published by the Royal Society of Chemistry
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About 3.21 g of pure NiCo,0, catalyst powder should theoreti-
cally be produced under the experimental conditions presented
by us; however, we produced 0.25 g more powder. We believe
that the higher mass is due to potassium doping in NiCo0,0,
and the generation of KNO; products. We obtained catalyst
products with higher-than-theoretical masses using high
precursor concentrations. In this way, we present a high-
yielding synthesis method that is very production-scale ideal.

Fig. 2 shows the XRD patterns of HK-NCO and LK-NCO,
revealing that all peaks could be indexed to a cubic spinel
structure with @ = 8.114 A, in good agreement with the literature
(PDF No. 01-073-1702). The crystallite size of HK-NCO (D.) was
calculated using the Debye-Scherrer equation as D. = KA/
B cos 0, where @ is the full width at half maximum of the
diffraction line, K is the shape factor (typically equaling 0.94),
and 2 (1.5406 A) is the wavelength of the X-ray source. The
average HK-NCO crystallite size was estimated as 5.27 nm (26 =
36.8, 8 = 0.02898) and agreed with the value estimated from
Fig. 1a. Despite the agglomeration of HK-NCO particles, each
individual particle approximately featured the size deduced
from XRD data.

Fig. S31 shows SEM images of HK-NCO and LK-NCO nano-
particles, revealing that doping extent had no significant effect
on morphology. However, XRD data (Fig. 2) suggested that HK-
NCO featured a higher KNO; content than LK-NCO. Specifically,
in addition to typical NCO peaks (PDF No. 01-073-1702, Fig. 2a),
we observed peaks attributable to the (104), (006), and (110)
planes of KNO; (PDF No. 01-074-1198, Fig. 2b), the intensities of
which were higher for HK-NCO. As shown in Fig. S4,7 no KNO;
crystals were present in K-Ni-Co-PBA, i.e., KNO; was produced
during calcination. Previous reports have shown that the elec-
trical conductivities of such systems increase with an increase
in the number of K' ions because of the concomitant
enhancement of ionic properties.>** Therefore, the KNO;
formed during the calcination of K-Ni-Co-PBA was expected to
provide K" ions and thus increase ion mobility and electrical
conductivity. It should be noted that we successfully observed
a calcination-induced phase change during the preparation of
PBA-derived NCO nanoparticles.

The catalyst surface compositions as well as valence and K-
doping states were probed by XPS (Fig. 3). The spectra of both
HK-NCO and LK-NCO were calibrated using the C 1s peak of
adventitious carbon at 284.8 eV (Fig. S5at).>>*° High-resolution
core-level Ni 2p (Fig. 3a) and Co 2p (Fig. 3b) spectra featured two
typical twin spin-orbital doublets flanked by two satellite peaks.

~
L3
~
~
<
~

* KNO,
HK-NCO

LK-NCO

L | - | u
10 20

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

7 80 26 38 40 4

0 32 34 36
2 Theta (degree)

040 S0 60
2 Theta (degree)

Fig. 2 (a) XRD spectra of HK-NCO and LK-NCO. (b) Expansion of the
spectra in (a) highlighting the (104), (006), and (110) peaks of KNOs.
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Fig. 3 (a) Ni 2p, (b) Co 2p, (c) O 1s, and (d) K 2p spectra of NCO

catalysts. The O 1s and K 2p spectra were fitted excluding the peaks
due to KNOs. The spectra of HK-NCO are shown at the top, while
those of LK-NCO are shown at the bottom. Black lines indicate raw
data, while red lines indicate the fitting curve, with green lines indi-
cating baselines.

The Ni 2p3/, peak of HK-NCO was deconvoluted into the signals
of Ni** (855.77 eV) and Ni*" (854.14 eV), while the corresponding
Co 2ps), peak was deconvoluted into the signals of Co** (779.76
eV) and Co>" (781.58 eV). The M**/M>" ratio on the surface of
spinel-structured species such as NCO affects their electronic
structure and catalytic performance, as these points act as OER
active sites.*** The Ni**/Ni** ratios of HK-NCO and LK-NCO
were determined as 0.948 and 0.704, respectively, whereas the
respective Co>*/Co®* ratios equaled 2.972 and 2.635. Thus,
trivalent metal ions were more abundant on the surface of HK-
NCO. Previous reports have suggested that the OER activity of
NCO catalysts is influenced by the presence of Ni at octahedral
sites, indicated that Ni valence mainly determines the OER
activity of inverse-spinel NCO.** Therefore, the OER perfor-
mance of HK-NCO was expected to be superior to that of LK-
NCO. The intensities of the N 1s peaks (Fig. S5b}) were used
to account (Fig. S5¢t) for the contributions of KNO; to O 1s and
K 2p spectra (Fig. 3c and d, respectively) and thus single out the
contributions of K-doped NCO, with the data used for this
calculation presented in Table S1.T The O 1s spectra could be
deconvoluted into the peaks of metal-oxygen bonds (O1; M-O-
M, 529.38 €V), oxygen vacancies (02; M-O-H, 531.37 eV), and
water chemically or physically adsorbed on the surface (03; H-
O-H, 532.87 €V).****% It should be noted that oxygen vacancy
adjustment significantly changes the surface electronic state,
thereby increasing the activity of catalytically active states. In
particular, catalysts with adjusted oxygen vacancies maintain
highly oxidizing conditions in the OER process and thus exhibit
elevated activities.***”*® Consequently, techniques such as pulse
laser ablation,* NaBH, treatment,**** Ar plasma treatment,*
and calcination in an Ar or N, atmosphere®”*" have been used
to form oxygen vacancies in OER catalysts. Compared to these
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methods, our approach offers the benefits of simplicity and
high speed. The oxygen vacancy fraction in K-doped catalysts
was determined as the 02/(O1 + O2) peak area ratio, which
equaled 0.447 for HK-NCO and 0.344 for LK-NCO. As HK-NCO
had a 29.9% greater oxygen vacancy fraction than LK-NCO, it
was expected to exhibit a higher OER activity. The K 2p;/, peak
of HK-NCO (292.63 eV) was located at a lower energy than that of
LK-NCO (292.84 eV), which means that K doped into HK-NCO
had a higher electron abundance than that doped into LK-
NCO. As a result, HK-NCO lost more electrons in Ni and Co
than LK-NCO, increasing the number of ions in Ni** and Co*".
Due to this effect, we think that the peaks of O1 and K of HK-
NCO shift to low binding energy levels by charge-transferring.
The extent of K doping, expressed as Knco/(Nitota * COtotal +
Knco), was 3.13 times higher for HK-NCO than for LK-NCO
(0.02964 vs. 0.00946). As a result, more M** and oxygen vacan-
cies were available in HK-NCO, as confirmed by XPS analysis,
which is believed to contribute to the enhanced OER activity of
this catalyst.
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Fig. 5 (a) OER polarization curves of HK-NCO/Ni foam, pure Ni foam,

and Ir/Ni foam electrodes. (b) Chronoamperograms of HK-NCO
recorded over 12 h at current densities of 50 and 100 mA cm™2 for
stability evaluation.

Electrochemical activity and stability

The iR-corrected results of catalyst activity and stability evalu-
ation are shown in Fig. 4. Fig. 4a shows the results of linear
sweep voltammetry (LSV) measurements performed at a scan
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(a) OER polarization curves and (b) AJ (=J, — J.) vs. scan rate plots of the investigated catalysts. ECSAs were calculated from Cy values. (c)

Tafel slopes obtained using reverse-current CV measurements and (d) Nyquist plots of the two catalysts.
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rate of 1 mV s~ . The oxidation peak was mainly attributed to
the reactions associated with M-O/M-O-OH (M = Ni or Co). In
the case of NCO, Ni**/Ni** and Co®"/Co*" oxidation peaks are
usually observed at 1.43 and 1.45 V, respectively.*” As the
oxidation peak in Fig. 4a appeared at <1.43 V, it corresponded to
an electrochemical reaction involving other ions.**** Therefore,
we considered that the more negative oxidation peak observed
for NCO may promote the production of Ni*" and Co*" species
and consequently improve OER performance.** HK-NCO
exhibited a significantly larger oxidation peak area than LK-
NCO and was therefore concluded to have a greater number
of available active sites and a greater degree of Ni** and Co**
production, which resulted in enhanced OER performance.*
The overpotentials of HK-NCO and LK-NCO at a current density
of 100 mA cm™~? were determined as 369 and 410 mV, respec-
tively. The results of reverse-current CV scanning (Fig. S671) also
indicated a low overpotential of 292 mV at a current density of
10 mA cm ™2,

The role of ions within the electrochemical surface bound-
aries of OER catalysts was probed by double-layer capacitance
(Cq1) measurements. Specifically, Cy4) values were extracted from
CV curves in non-faradaic potential regions (1.15-1.2 V vs. RHE)
by plotting the current density at 1.175 V vs. RHE against the
scan rate. The Cq; values of HK-NCO and LK-NCO were deter-
mined from the slopes of the corresponding linear fits as 0.369
and 0.263 F cm™?, respectively (Fig. 4b), indicating that the
double layer of HK-NCO contained 40% more OH™ ions than
that of LK-NCO and showing that these functional groups were
adsorbed on the catalyst surface.* In other words, HK-NCO
possessed a greater number of electrochemically active sites
capable of triggering the OER, which is consistent with the
results inferred from XPS data.

Reverse-current CV scanning (Fig. S61) was performed in
view of the difficulty of obtaining the correct Tafel slopes of HK-
NCO and LK-NCO due to the wide Ni and Co oxidation peaks
observed at a scan rate of 1 mV s~ . As a result, the Tafel slopes
of these catalysts were determined as 49.9 and 58.6 mV dec *,
respectively. These results indicate that the HK-NCO electrode
exhibited slightly faster charge transfer kinetics than the LK-
NCO electrode.***

Fig. 4d shows the Nyquist plots of HK-NCO and LK-NCO. In
these plots, the x-axis intercept in the high-frequency region is
related to the equivalent series resistance (R;), which includes
the contributions of the ionic resistance of the electrolyte, the
intrinsic resistivity of the substrate, and the contact resistance
of the active material/current collector. The diameter of the
semicircle corresponds to ionic charge transfer resistance (Re),
which is caused by the electric double-layer capacitor (Cyq;) and
faradaic reactions. The Warburg resistance (Zy), which corre-
sponds to the 45° portion of the Nyquist plot, represents the
diffusion resistance of OH™ ions within the K-doped NiCo,0,/
Ni foam collector, and CPE is the constant-phase-angle element
related to Zw.**** The fitting result is shown in Fig. S7.t The
series resistances (R;) of HK-NCO and LK-NCO were determined
as 1.132 and 1.161 Q, respectively, while the corresponding R,
values equaled 0.458 and 0.630 Q, respectively. These values
indicate faster interfacial charge and electron transfer in HK-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NCO and are directly related to OER performance. According
to previous reports,”**”**3* the electrical conductivity can be
increased by the incorporation of KNO;. Therefore, we
concluded that the KNO; present in both catalysts contributed
to their increased conductivity and decreased resistance.
Subsequently, we obtained electrochemical active surface area
(ECSA)-normalized LSV curves (Fig. S8t) to investigate the effect
of increased conductivity on intrinsic catalytic activity. ECSAs
were calculated from Cy; and the specific capacitance (Cs) of
NCO (i.e., 0.026 mF cm ™ ?) as ECSA = Cq)/Cs, as has previously
been reported for a flat substrate.* In the obtained curves, the
current increase factor of HK-NCO results from its increased
conductivity and elevated ECSA.

Next, we compared the LSV performances of Ir nano-
particles, a representative OER catalyst, and Ni foam bearing
HK-NCO. All catalysts were fabricated as electrodes under the
same conditions, and the results are shown in Fig. 5a. Notably,
HK-NCO exhibited a steep current increase and proved to be an
outstanding OER catalyst with an overpotential 76 mV lower
than that of the Ir catalyst at 100 mV cm™ >, We also demon-
strated the superiority of HK-NCO catalysts compared to other
literature electrocatalysts shown in Table S2.7 Finally, the
stability of HK-NCO was evaluated at high current densities of
50 and 100 mA cm ™. As can be seen from Fig. 5b, this catalyst
exhibited good stability over 12 h, thus holding great promise
for future applications.

Conclusions

High-concentration K-doped NCO (HK-NCO) hydrothermally
prepared from a PBA analog exhibited high performance as an
OER catalyst, outperforming a benchmark Ir catalyst and low-
concentration K-doped NCO prepared in the absence of
hydrothermal treatment. The enhanced OER performance of
HK-NCO (overpotential of 369 mV at 100 mV cm > and a Tafel
slope of 49.9 mV dec™ ") was ascribed to the increased number of
active sites due to extensive K doping. These results indicate
that K-doped NCO nanoparticles efficiently promote the OER
and are well suited for practical applications as high-
performance electrode materials of metal oxide batteries,
supercapacitors, and electrochemical catalysts.
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