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Abstract:  Prussian Blue (PB) nanoparticles can be obtained by reacting the hexacyanometal center
with  metal  ions  in  the  existence  of  polymers  such as  polyethyleneglycol  (PEG).  In  this  study,  a
pentacyanometal complex, [Fe(CN)5NO]2-, was used in addition to hexacyanometal ion, [Fe(CN)6]3-, to
obtain  nanoparticles  coated  with  PEG.  PB  nanoparticles  have  been  prepared,  characterized,  and
comprehensive electrochemical  studies were performed to investigate  their  performance for water
oxidation electrocatalysis.  The effect the ratio  of PEG to the morphology and the water oxidation
electrocatalytic performance have also been interrogated. Overall, the study clearly indicates that Co-
FeNO@PEG  with  1:10  and  1:25  Co:PEG  rate  show  the  best  electrocatalytic  activity  with  an
overpotential of 472 and 489 mV for current density of 1 mA cm-1, respectively.
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INTRODUCTION

Due  to  the  increasing  energy  demand  and
environmental  problems  based  on  using  fossil
fuels,  it  has  been  necessary  to  find  alternative
energy resources (1). Water splitting is one of the
cheap  and  promising  ways  to  provide
environmentally friendly future energy needs (2).
There  occurs  two half  reactions:  water  oxidation
(oxygen  evolution  reaction  (OER))  and  water
reduction (hydrogen evolution reaction (HER)). The
OER  (2H2O  → 4H+ +  4e- +  O2)  is  considerably
more complex and the rate-limiting step because it
requires a 4e- process. Hence, the robust, efficient
and low-cost water oxidation catalysts (WOCs) are
necessary  to  oxidize  water  with  low  kinetic
overpotential (3).

Although metal oxides such as IrO2 and RuO2 have
excellent  catalytic  activity  for  OER,  their  scarcity

and  high-cost  limit  the  usability  for  large-scale
applications  (4).  Therefore,  various  materials
including non-noble 3d metal ions such as metal
oxides  (5–7),  Prussian  Blue  derivatives  (8,9),
perovskite  structures  (10,11)  and  amorphous
materials (12,13) have also been investigated for
WOCs  with  competing  activities  those  of  noble-
metal  catalysts.  Because  of  the  high  catalytic
activities,  cobalt  oxides  stand  out  among  them.
However, they are inefficient at neutral or unstable
at  acidic  medium.  Furthermore,  it  is  difficult  to
determine correlation of the catalytic activities with
structure due to their amorphous nature (8).

In  2008,  Kanan  et  al.  reported  that  cobalt
phosphate  (Co-Pi)  film  easily  prepared  by
electrodeposition  of  Co2+ salts  in  neutral  water
containing phosphate as a new area of exploration
for  non-noble  catalysts  that  oxidize  water  (14).
After this research, many studies have been focus
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on Co-Pi catalysts (15–17).

Prussian  Blue  (PB)  structure  is  a  mixed  valence
iron hexacyanoferrate  with  a  face-centered cubic
structure (FCC) that is two different iron centers as
Fe2+ and Fe3+ and CN- groups that bridge them.
Prussian  Blue  and  its  analogues  draw  attention
because  of  their  porous  structure.  Cobalt
hexacyanoferrate,  members  of  the  well-known
Prussian Blue analogue (PBA) family, was coated
on  fluoride-doped  tin  oxide  (FTO)  electrode  by
electrochemical method and investigated as WOCs
by Galán-Mascarós et al (9). This study shows that
PBA  extraordinary  candidates  for  electrocatalytic
WOCs due to their high electrocatalytic activities,
robustness,  and  durability  at  neutral  pH  and  an
alternative  to  cobalt  oxide  matrices.  Galán-
Mascarós et al.  also prepared thin films of  PBAs
with  a  new  synthetic  method,  which  involves
chemical  etching  of  cobalt  oxides  with  a
hexacyanoferrate  solution.  This  new  method
provided  an  impressive  improvement  on  the
stability  of  the  electrode and the electrocatalytic
performance in a wide pH value(18). Karadas et al.
have been investigated electrocatalytic activity of a
group  of  cobalt  hexacyanometallates,  (CoHCMs)
including various M(CN)6 units (M=Co3+, Cr3+ and
Fe2+/3+), and impact of the metal and its oxidation
state in the M(CN)6 unit on the catalytic efficiencies
of PBAs (8). In addition, Karadas shows the cobalt
hexacyanocobaltate,  as  an  ideal  composition  of
metal  hexacyanocobaltates,  exhibits  the  highest
electrocatalytic activity toward the OER (19). 

In  this  study,  it  is  aimed  to  obtain  PB
nanoparticles’  presences  of  polyethylene  glycol
(PEG)  as  stabilizing  agent.  The  synthesis  and
characterization  of  PB  nanoparticles@PEG  hybrid
compounds are presented. Cyclic voltammetric and
chronoamperometric studies were performed with
catalyst-coated FTO electrode in phosphate buffer
(KPi) solution (pH 7). Also, effect of PEG amount
on  electrocatalytic  water  oxidation  activity  was
investigated. 

EXPERIMENTAL SECTION

Chemicals
All  chemicals,  including  Co(CH3COO)2.4H2O,
K4[Fe(CN)6].3H2O,  Na2[Fe[CN)5NO],  PEG  (used
molecular weight of PEG8000), KH2PO4  (>99.0%),
K2HPO4  (>99.0%),  orthophosphoric  acid  (H3PO4,
85%), KOH, fluorine-doped tin oxide, and solvents
were  supplied  from  Sigma  or  Merck  and  used
without purification.

Instrumentation
XRD  studies  were  performed  by  PanAnalytical
X’PertPro multipurpose X-ray diffractometer (MPD)
operating  CuKa  radiation  (λ=1.5418  Å).  FTIR
spectra  were  performed  with  a  Bruker  Alpha

Platinum-ATR spectrometer over the wavenumber
range  4000–400  cm-1.  Dynamic  light  scattering
(DLS)  measurements  were  performed  with  a
photon  correlation  spectroscopy  using  a  Malvern
Nano ZS ZEN3600 (Malvern Instruments Inc.) at a
fixed  scattering  angle  of  173°  to  specify  the
particle sizes of samples. A transmission electron
microscope  (TEM,  Tecnai  G2-F30,  FEI)  was
performed  at  200  kV.  All  electrochemical
measurements  were  carried  out  by  Gamry
Instrument  Interface  1000
Potentiostat/Galvanostat  with  a  conventional
three-electrode  electrochemical  cell  used  with
Ag/AgCl  electrode  (satd.  KCl)  as  the  reference
electrode, Pt as a counter electrode, and catalyst
loaded fluorine-doped tin oxide (FTO) as a working
electrode.  All  potentials  were  reported  versus
Ag/AgCl reference electrode.

Instrumentation
FTO electrodes were obtained from Sigma-Aldrich
(with 1 × 2 cm, 2 mm slides with 7 Ω/sq−1 surface
resistivity  and ~ 80% transmittance).  Electrodes
were cleaned by sonication for 10 minutes in basic
soapy solution,  deionized water  and isopropanol,
respectively. Then they were annealed at 400 °C
for 30 minutes. Catalyst-modified electrodes were
prepared by drop-casting method. A mixture of 5
mg of  PBA  catalyst,  500  µL  of  DMF,  500  µL  of
water, and 100 µL of Nafion solution were mixed
and  sonicated  for  30  minutes.  After  making  a
stable  suspension,  50  µL  of  it  was  taken  and
dropped onto the mixture by covering 1 cm2 of the
FTO electrode. Electrodes were then dried at room
temperature for 10 min followed by 80 °C for 10
min in an oven. They were then left in desiccator
until  further  use  for  electrochemical  experiments
and characterization.

Electrochemical Methods
Cyclic voltammograms (CV) were recorded with a
scan  rate  of  50  mV s-1 in  potassium phosphate
buffer (KPi)  solution with  1M KNO3 between 0 V
and 1.5 V vs Ag/AgCl reference electrode. Surface
concentration of active metal site was determined
by CV taken in the region of Co2+/3+ redox couple
with  different  scan rates.  Bulk  water  electrolysis
was performed with a two compartment cell with
separation  of  a  glass  frit.  The  electrolysis  and
steady  state  chronoamperometric  experiments
were performed in KPi buffer solution containing 1
M  KNO3 as  a  supporting  electrolyte  and  the
potential was increased with 0.02 V increments to
obtain a Tafel plot. Tafel data were collected using
equilibrium current density after 600 s at applied
potentials. All experiments were performed under
nitrogen atmosphere. 
Potassium phosphate buffers (0.05 M KPi, pH 7.0)
including 1 M KNO3  were prepared using K2HPO4,
KH2PO4, KNO3, and deionized water and then set
by adding H3PO4 or KOH to the desired pH. The
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solution  was  prepared  with  Millipore  Milli-Q
deionized water with a resistivity of 18.2 MΩ cm. 

RESULTS AND DISCUSSION

Synthesis of Prussian Blue Nanoparticles with
PEG
K4[Fe(CN)6].3H2O and [Fe(CN)5NO] were used as
initiators  in  the  presence  of  Co(CH3COO)2.4H2O.
The existence of a stabilizing agent prevents the
growth  of  an  unlimited  number  of  three-
dimensional  cyano-bridged  coordination  polymer
networks by providing the formation of metal ions
on the surface and stable colloidal (20). Therefore,
the particle size was controlled by using PEG as a
stabilizing agent of molecular weight of PEG8000.
PEG was added to both of two aqueous precursor
solutions  separately.  These  two  solutions  were
mixed with each other dropwise until a solid form
formation was observed and centrifuged at 9000
rpm for 25 minutes (Figure 1).

Figure 1. Schematic representation of PBn@PEG
formation.

The liquid  layer  is  taken and modest  amount of
solution  pulled  away  in  order  to  use  for  DLS
measurements. Acetone was added to separate the
nano-sized products and stored at 4 °C for a day.
Table 1 shows the experimental condition to obtain
the structures.

Table 1. Experimental condition to obtain the 
structures.

Sample Co/PEG
Ratio

Co-Fe@PEG 1/10
Co-Fe@PEG 1/25
Co-FeNO@PEG 1/10
Co-FeNO@PEG 1/25
1Co/Fe ratio is 1/1. +
2[Co2+] / M = 10-2

Synthesis of Prussian Blue Nanoparticles with
PEG
Powder  XRD studies  were  performed  on  powder

samples  of  derivatives  to  investigate  their
crystalline nature. XRD patterns displayed in Figure
2 clearly indicate that all  samples adopt identical
Prussian Blue nanoparticle structure (20–22).

Figure 2. XRD patterns for samples.

PBAs structures exhibit characteristic bands related
with PB- structure systems in infrared spectrum: i)
HOH bending and OH stretching are observed as a
sharp band at around 1610 cm-1 and a broad band
at 3200– 3500 cm-1  respectively. ii) CN stretching
is observed as a sharp band at around 2000-2200
cm-1.  Therefore,  FTIR  is  one  of  the  reliable
techniques for the characterization of PBAs. FTIR
spectra  of  each  sample  exhibit  sharp  peak  at
around 2080 cm-1 attributed to CN stretching. Also,
each  compound  has  a  sharp  stretch  at  around
1580 cm-1 and a broad one at 3400 cm-1, which
correspond  to  H-OH  bending  and  O-H  stretch,
respectively (Figure 3).

Figure 3. FTIR spectra of the samples.

Dynamic light  scattering  (DLS)  measurements
were  carried  out  to specify  particle  size  of  Co-
Fe@PEG  and  Co-FeNO@PEG.  According  to  DLS
measurements, uniform distribution was observed
in  the  sample  and  it  indicates  the  formation  of
particles with diameters of around 15 nm (Figure
4).  Transmission  Electron  Microscopy  (TEM)
measurements were also performed to determine
the  size  and  morphology  of  the  nanoparticles
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(Figure 5). The mean particle size for both samples
was approximately obtained 20 nm. This result is

consistent with DLS measurements.

Figure 4. DLS diagrams of a) Co-Fe@PEG b) Co-FeNO@PEG

Figure 5. TEM images of a) Co-Fe@PEG and b) Co-FeNO@PEG

Electrochemical Studies
Electrochemical  properties  of  FTO  (PBn@FTO)
electrodes coated with Prussian Blue nanoparticles
are  investigated  by  cyclic  voltammetry  (CV)
performed in KPi solution (pH 7) containing 1 M
KNO3 as an electrolyte in the range of 0–1.5 V vs.
Ag/AgCl reference electrode at a scan rate of 50
mV s-1  (Figure  6).  All  catalysts  show the  higher
irreversible  peak  attributed  to  water  oxidation
process  than  blank  FTO  electrode.  According  to
Figure  6a,  Co-FeNO@PEG  (1:10)  exhibits  the

lowest  overpotential,  highest  current  density  and
thus the highest catalytic activity, among all.

It is also observed that the overpotential value for
water oxidation process shifted to more negative
regions with the addition of PEG. Figure 6b shows
the  effect  of  PEG  amount  on  Co-FeNO catalyst.
Co:PEG  rate  of  1:25  exhibits  the  best  catalytic
activity towards the water oxidation.

Both  structures  exhibit  quasi-reversible  peaks  at
around ~ 0.9 V (vs Ag/AgCl), which is attributed to
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the  Co2+/3+ redox  process.  Redox-active  metal
concentration on electrode surface was detected by
CV performed with various scan rates in the region
of  Co2+/3+ redox  couple  (19,23).  The  surface
concentrations  (Γ)  of  Co-FeNO@PEG10 and  Co-
FeNO@PEG25 were  obtained  from  the  slope  of
current density (j) vs. scan rate plots according to
Equation 1:

slope=n
2F 2 AΓ
4 RT

(Eq. 1)

where n is the number of electrons involved in the
redox process, F is the Faraday constant, A is the
electrode  area,  Γ  is  the  electroactive  surface
concentration, R is the gas constant and T is the
temperature. For calculated surface concentration,
CVs  at  different  scan  rates  were  recorded  at
potential  ranges  of  0.4  V-1.1  V  (vs.  Ag/AgCl).
electroactive  surface  concentration  of  Co-
FeNO@PEG10 and Co-FeNO@PEG25  were calculated
as 7.8 and 9.3 nmol cm-2 (Figure 7). This result
suggests that surface concentration of redox-active
metal increased with the increase in the amount of
PEG. 

Figure 6. a) CV comparison of PBn modified FTO electrodes at pH 7.0 with a 50 mV s-1 scan rate; b) CV
of the Co-FeNO@PEG10 (red line), Co-FeNO@PEG25 (blue line) in the same conditions.

The catalytic  activity  of  the catalysts  toward the
OER is  investigated  by corresponding Tafel  plots
(log  j−η)  obtained  chronoamperometric
measurements.  The experiments  were  performed
in 50 mM KPi solution with 1 M KNO3 as supporting
electrolyte,  at  pH  7,  and  the  potential  was
increased with 0.02 V increments to obtain a Tafel
slope for each catalysts (Figure 8). A linear trend
was  obtained  in  the  280–400  mV  region.  Tafel
slope  of  Co-FeNO@PEG10 and  Co-FeNO@PEG25

were found to be 96 and 95 mV dec-1, respectively.
The  similarity  in  Tafel  slopes  indicate  that  the
mechanism  of  water  oxidation  with  these
electrodes  are  similar,  however,  it  is  difficult  to
determine which pathway occurs for the reaction
from  this  analysis.  The  slopes  are  similar  with
previously  reported  Prussian  Blue  catalysts
(8,9,19), metal dicyanamides [Mdca2] (24), cobalt-
sulfide catalyst (25), while it is higher than CoPi
catalyst film (26). 
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Figure 7. Cyclic voltammograms of a) Co-FeNO@PEG10 and b) Co-FeNO@PEG25 coated FTO electrodes
at different scan rates in 50 mM KPi solution containing 1 M KNO3, pH 7; inset shows the linear trend
between the scan rate and the Co2+/3+ peak current density.
Catalytic  current  densities  of  55  µA  cm-2 (ηonset)
and 1 mA cm-2 (η1mA) for Co-FeNO@PEG10 and Co-
FeNO@PEG25 were  calculated from Tafel  linearity
as  351,  369,  472  and  489  mV.  Onset
overpotentials  are  similar  with  [CoFe(CN)5-
PVP@FTO;  360  mV)  (27)  and  other  Co-based
catalysts (η: 310 mV for Co(PO3)2, η: 434 mV for
Co3O4, and η: 480 mV for CoNCN) (26,28,29). The
catalytic  onset  overpotentials  of  Co-FeNO@PEG10

and Co-FeNO@PEG25 are also lower than previous
reported  [Fe-Co]-coated  FTO  electrode  (η:  475
mV)(19).  In  addition,  catalysts  require  lower
overpotential for 1 mA cm-2 than previous reported
Prussian Blue catalysts  of [CoFe(CN)6@FTO; η >
600  mV]  (9),  [Co-Co]@  FTO   (η:  531  mV),
[Co0.9Fe0.1 -Co]@ FTO (η: 569 mV), [Co0.5Fe0.5 -
Co]@ FTO (η: 591 mV), [Fe-Co]@ FTO ( η: 730
mV) (19) and [CoFe(CN)5-PVP@ FTO; η : 510 mV]
(27) fundamentally as a result of the change in the
number of active metal sites on electrode surface.

Figure 8. Tafel plots for Co-FeNO@PEG10 and Co-
FeNO@PEG25 coated FTO electrode at pH 7.

To  further  evaluate  the  catalytic  activity  of  Co-
FeNO@PEG10 and  Co-FeNO@PEG25,  turnover
frequency  (TOF)  values  calculated  using  surface
concentration  and  current  density  obtained  from

chronoamperometric  measurement  were  plotted
versus overpotential (Figure 9). TOF of 2 × 10-3 s-1

can be reached at overpotentials of 251 and 287
mV,  respectively.  These  values  are  lower  than
reported for CoFe(CN)6@FTO (η = 300)(9) and Co-
Pi  catalysts  (η  =  410)(16),  as  a  result  of  the
surface concentration.

Figure 9. log TOF vs. overpotential plots for Co-
FeNO@PEG10  and  Co-FeNO@PEG25  extracted
from Tafel plots at pH 7.

To  determine  the  long-term  stability  of  Co-
FeNO@PEG10 and  Co-FeNO@PEG25 coated  FTO
electrodes, chronoamperometric measurement was
carried out at 1.2 V for 16 hours at pH 7 (Figure
10). The current density increased for the first 2
hours over Co-FeNO@PEG10 coated FTO electrode
and remained constant at 0.3 mA cm-2 during the
electrolysis.  A  beginning  increase  in  the  current
density can be assigned to morphological changes
on the electrode surface like those of  previously
reported  Cu-based  catalysts  (30,31).  Over  Co-
FeNO@PEG25 coated  FTO  electrode,  the  current
density decreases gradually with time and it stable
at  0.2  mA  cm-1 during  the  electrolysis.  This
observation is similar to previous reported Prussian
Blue catalysts (9,19).
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Figure 10. Long-term studies of electrolysis for a) Co-FeNO@PEG10 and b) Co-FeNO@PEG25 coated FTO
electrode performed at 1.2 V (vs Ag/AgCl) at pH 7.0. The insets display the CVs obtained pristine and

post-catalytic electrode.

In addition, the long-term stability of the catalysts
was  assessed  by  comparison  of  CVs  performed
before  and after  16  hours  of  electrolysis  (Figure
10, inset). An increment in the current density was
obtained in the voltammogram of Co-FeNO@PEG10

performed  after  electrolysis,  which  is  consistent
with  the  chronoamperometric  measurement.  The
similarity  in  the  cyclic  voltammetric  profiles
obtained  before  and  after  chronoamperometric
experiments  also  supports  the  stability  of  both
catalysts.

CONCLUSION

Prussian Blue nanoparticles have been synthesized
in  the  presence  of  PEG  as  a  stabilizing  agent,
which  were  used  for  electrocatalytic  water
oxidation studies.  The effect  of  the  ratio  of  PEG
and  the  type  of  cyanide  precursor  to  the
electrocatalytic  activity  were  investigated.  It  is
known  that  the  crystallinity  of  the  PB  structure
decreases formed penta-cyanometal complexes by
removing the one CN group from the PB structure,
and  thus  a  significant  increase  in  the  surface
concentration of Co sites. It is observed that the
overpotential  value  for  water  oxidation  process
shifted  to  more  negative  regions  and  current
density increased by replacing the CN group with
the NO group and also with increase in the ratio of
PEG,  suggesting  that  surface  concentration  of
redox-active metal increases as a result of increase
in the surface area. The current density of 1 mA
cm-1 was reached at an overpotential of 472 and
489 mV for Co-FeNO@PEG10 and Co-FeNO@PEG25,
respectively. The catalysts offer a TOF = 2×10-3 s-1

at  an  overpotential  of  262  and  298  mV.  The
similarity of CVs obtained for the before and after
electrolysis  suggest  the stability of  Prussian blue
nanocubes during electrocatalysis.
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