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Abstract
The search has been on for years to find at least, a stable, high surface area scaffold for Prussian blue (PB) and its analogs. 
If successful, PB’s vast potential applications could be practicable. This, is besides other innate issues with PB such as 
poor cycle stability, low electronic conductivity to mention a few. For the first time, a stable Prussian blue@thermally 
activated graphite felt scaffold, with cycling stability of 2100 cycles, from − 0.5 to 1.3 V, and in 1 M KCl, for at least 36 h is 
reported. At the end of 2100 CV cycles, sample capacitance more than tripled (381 mF cm−2 compared to 120 mF  cm−2 
at start of experiment). These properties suggest a practical ion-sieve for specific cation removal from contaminated 
water. Two new synthesis protocols were employed to achieve this: (a) a first time, single solution PB synthesis without 
externally applied potential, current or even elevated temperature and (b) a two-step solution-dipping process not 
involving acidic conditions. PB from both protocols exhibited similar electrochemical characteristics even though the 
electron relay paths along their charge transfer complexes are different. When probed for its HOMO characteristics, the 
PB@thermally-treated graphite showed no significant electronic difference from the thermally-treated felt scaffold, sug-
gesting non-compromise of the treated graphite by the PB. Besides cation removal, the electrochemical and electronic 
properties of these PB@treated graphites suggest multiple electrochemical, non-electrochemical and electronic applica-
tions with intact structural and functional integrity.
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Graphic abstract Thermal activation of graphite felt increases capacitance while Prussian blue formation, either by metal-
aided catalysis or the solution-dip method, further increases capacitance for the composite matrix.
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represents [Fe(CN)6]4− vacancies occupied by coordinat-
ing water (0 < x < 1; 0.75 < y < 1) [4, 5]. The “capping” cation 
 (Fe3+) in PB can be substituted for some other cation or 
polycation to tune the chemistry for application of the 
resultant PB analogue (PBA).

Due to their porosity and host–guest chemical features, 
PB, PBAs and their composites act as ion-sieve zeolites and 
membranes [6] to capture (and subsequently release) ions 
such as  Cs+,  Rb+ and  Tl+ from radioactive waste-contam-
inated lands or environments [7–9] and even from the 
human body (i.e., detoxification) [1, 9–12]. PB is electro-
chromic [13], exhibiting three stable oxidation states at 
different potentials [4, 13–15]. It also exhibits electrochem-
ical and magnetic properties [15], making PB and PBAs 
viable applicants in photoelectrochemical, photocata-
lytic, photomagnetic and magneto-optic devices [16]. Its 
electrochromic property is exploited in sensing [17, 18], 
photothermal therapy and optical imaging [19–21], pho-
toacoustic imaging [12, 22], electrocatalysis [9, 16, 23], and 
theranostics—drug delivery/release agents in sites with 
poor drug accessibility, for example in cancer therapy [12, 
24, 25]. PB, PBAs or their composites are further used as 
energy storage and conversion devices [9, 23] in batteries 
[4, 26–29], supercapacitors [30, 31], and fuel cells [28, 32].

1 Introduction

Metal coordination polymers (CPs), generated by the self-
assembly of inorganic ligands and metal ions, are attrac-
tive materials for molecular capture, deliver/release, and 
sensing in aqueous media [1]. The design of these com-
pounds is based on the formation of inorganic ligand coor-
dination networks—polycyanometalate (PCM) anions—
and “capping” metal cations. It also depends on hydrogen 
bonding between the PCMs and organic proton donors 
to transition from purely inorganic to metal–organic 
frameworks (MOFs). These transitions broaden the scope 
of MOF properties, allowing for their fine-tuning: a nec-
essary requirement for the rational design of functional 
materials [2].

One such CPs, similar to MOFs, is Prussian blue (PB), a 
cyanide-bridged coordination compound between two 
Fe species in different oxidation states. PB is traditionally 
synthesized by mixing the metal ion,  Fe3+  (Fe2+) and a 
corresponding metal octahedral complex, hexacyanofer-
rate (hexacyanoferric) in an acidic solution [3]. It has the 
general formula  AxFeIII[FeII(CN)6]y·φ1−y·nH2O (n = 14–16), 
where A is an alkali metal ion,  K+ or  Na+, (for the “soluble” 
PB which is often a dispersed yet lyophobic colloid) and φ 
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Irrespective of the current and prospective applications 
of PB and PBAs for advanced functions, some serious short-
comings limit or even eliminate their utilization potentials. 
These failings include the large interstitial voids in PB, the 
localized valence electrons of the metals, which prohibit 
full electron delocalization, and the defects in the PB(A)s 
frameworks, thus resulting in low electronic conductivity 
[4, 33, 34]. The consequences are sluggish electron trans-
fer kinetics from widening the cathodic and anodic peak 
potential differences, ∆Ep [34], and poor cycling stability 
[1, 35, 36]. Thus, proposed applications that depend, for 
example, on the above-mentioned properties would be 
severely impeded, such as in catalysis, electrochromic 
applications and, by inference, delivery/uptake systems, 
sensing, energy storage and conversion devices.

In contrast, refined, processed, or functional carbon 
materials often do not have the requisite large surface area 
and structural stability [37, 38] for efficacious PB surface 
coverage. In the case of graphite felts, their total surface 
areas are not exploited fully due to the harsh conditions 
necessary for felt activation such as boiling in concen-
trated hot acids [39] or elevated temperatures [40, 41]. 
These treatments damage the felt fibers [42, 43]. Thus, the 
use of PB/felt even as ion-sieving agents is underutilized. 
Besides, most existing porous carbon materials are gener-
ally brittle, even in the absence of any activation protocols 
[44], and are even less so after thermal or acid activation. 
Therefore, the rarer porous yet stable carbon structures 
have attracted wide attention from bioengineering to 
electrochemical devices [37]. Next-generation electron-
ics, energy storage/conversion devices and biological 
scaffolds will benefit from both the structural and func-
tional integrity of carbon materials, especially as scaffolds 
in composites involving large surface area nanomaterials 
such as PB and PBAs.

The in  situ PB formation on thermally-treated and 
fully-activated, high surface area and flat graphite materi-
als is reported herein showing substantial improvements 
in their structural and functional integrity over compa-
rable extent material systems. PB deposition onto the 
thermally-activated graphites was achieved via two new 
synthetic routes: for the first time, a one-solution PB for-
mation medium with a solid steel initiator without applied 
potential; secondly, a solution dipping approach in high 
 K+ (1 M). Both protocols circumvent the intermediary acid 
solution phases traditionally held to be necessary for PB 
synthesis and stability [3]. The electrochemical and elec-
tronic properties of these PB@treated graphite materials 
suggest multiple electrochemical, non-electrochemical 
and electronic applications without compromise to the 
structural and functional integrity of these composites.

2  Experimental section

2.1  Sample preparation

Battery Felt SIGRACELL® GFA3 (297 × 210 × 3 mm thick) 
(gifts from SGL Carbon Company GmbH, Meitingen, Ger-
many) were used as received. Pyrolytic graphite blocks, 
PG1 (32 ± 2 mm × 16 ± 2 mm × 0.75 ± 0.5 mm thick) (K&J 
Magnetics, Plumsteadville, PA, USA) were exfoliated using 
Scotch® tape to expose fresh pristine surfaces prior to 
thermal treatment and or the start of control experiments 
using these pristine surfaces. For pristine surfaces of GFA3, 
wettability was achieved by wetting in acetone and then 
rinsing with plenty of DI.

2.2  Thermal treatment

The thermal treatment protocol is as reported elsewhere 
[45]. Briefly, samples were loaded onto a ceramic block and 
inserted into a quartz tube furnace (Lindberg/Blue M type 
model, Thermo Scientific, Asheville NC, USA) pre-heated 
to 650 °C with both ends open to air. The contents were 
heated for 25 min, the tube furnace was then turned off, 
and the contents allowed to cool naturally.

2.3  Solution dip‑method for in‑situ Prussian blue 
nanoparticle (PBNP) formation on graphites

The PBNP were formed in situ onto the GFA3 and PG blocks 
by first soaking the graphites in 1 mM (Fe(CN)6

3/4− (1 M 
KCl)) (Potassium hexacyanoferrate (III) (Fe(CN)6

3/4−); ACS 
reagent, ≥ 99.0%) and potassium chloride crystal (Sig-
maUltra, > 99.0%, Sigma Chemical Co., St. Louis, MO, USA), 
prepared with DI water for 2 h. Specifically, the pristine 
GFA3 was wetted, prior to soaking in 1 mM (Fe(CN)6

3/4− (1 M 
KCl)), by soaking in acetone for 5 min and rinsing with 
plenty of DI. The graphites were then transferred immedi-
ately into a 2 mM solution of  FeCl2 (iron (II) chloride, anhy-
drous, 99.5% [metal basis] Alfa Aesar, Haverhill, MA, USA] 
to form the PBNP on the graphites. The graphites-PBNP 
were then brought out after 2 h of sitting in the 2 mM  FeCl2 
solution and air-dried. The air-dried graphites were then 
rinsed with water, acetone and plenty of water and left 
to air dry again. This cycle was repeated for the number 
of times required to obtain a given surface coverage of 
PBNP and or achieve specific electrochemistry signals. 
These reactions occurred at room temperature.
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2.4  One‑solution, metal‑catalyzed in situ 
Prussian blue nanoparticle (PBNP) formation 
on graphites

As in above, graphite samples were soaked for 2  h in 
1 mM (Fe(CN)6

3/4− (1 M KCl)) prepared with DI water. The 
pristine GFA3 was wetted as described above. The soaked 
graphites were removed from solution and stainless steel 
(General UltraTech, General tools & instruments, New York, 
USA) run over the graphite surfaces; the stainless steel and 
graphites just making contact via the electrolyte (a circuit 
if formed at this stage), until a blue solution-graphite-
stainless steel interface appeared (the yellow color of the 
1 mM (Fe(CN)6

3/4− (1 M KCl)) is changed to blue). These wet 
surfaces were air dried, rinsed with DI and allowed to air 
dry again. This process was done twice on the electrodes 
used for this work. These reactions occurred at room 
temperature.

2.5  UV–visible spectrophotometry of PBNP 
from the one‑ and two‑solution methods

The PB was formed on the graphites from the one-solu-
tion, metal (steel) catalyzed reaction as explained above. 
When the yellow coloration of Fe(CN)6

3−/4− turned to blue, 
the blue color was rinsed off the fibers into a 2 mL cuvette. 
More PBNP were formed and rinsed off into the cuvette 
until a desired volume (2 mL) was attained. This same 
approach was used to obtain PB solution from the two-
solution method. In this case, the PB formed on the GFA3 
fibers were not allowed to dry but were rinsed off into a 
cuvette. Their UV–Vis spectral scans, from 190 to 1100 nm, 
were acquired using a ThermoScientific Evolution 60S 
UV–Vis Spectrophotometer.

2.6  SEM imaging

Scanning electron microscope (SEM) images for the PBNP 
deposited on GFA3 and PG(K&J) and their corresponding 
controls were obtained, using beam voltages of 15 kV, via 
a JEOL 2010 J 200 kV Analytical TEM/STEM, with a vacuum 
of less than  10−6 Torr. Images were obtained at various 
magnifications.

2.7  Energy‑dispersive X‑ray spectroscopy (EDX)

An EDX detector fitted unto the JEOL 2010 J 200 kV Analyt-
ical TEM/STEM was used for elemental composition deter-
mination for the PBNP-graphites and their corresponding 
controls (graphites without PBNP). The probing beam, also 
used for the SEM imaging, was 15 kV.

2.8  Attenuated total reflection (ATR)‑FTIR

The infrared (IR) vibrations of the cyanido groups arising 
from the PBNP on the graphites were obtained using the 
attenuated total reflection (ATR)-Fourier transform infrared 
(FTIR) spectroscopy technique. This analytical technique was 
performed using a Thermo Scientific Nicolet™ iS™ 10 FT-IR 
spectrometer, with the Smart iTR accessory, and the instru-
ment interfaced to a Pentium operated desktop computer. 
The crystal plate for sample holding was diamond with a 
ZnSe lens. The samples were clamped down onto the crys-
tal plate and lens using the pressure tower. Spectral acquisi-
tions were averaged over 64 spectral scans to obtain a single 
spectrum. Spectral scans were recorded on both sides of the 
graphite surfaces and on a minimum of three different spots. 
For qualitative analysis, spectra to be compared were plot-
ted together after manual baseline subtraction in Origin® 
(OriginLab Corporation) for clearer inspection.

2.9  Raman spectroscopy

Raman spectroscopy as previously described [45] utilized 
a WITec™ alpha300 R(aman) instrument (GmbH, Germany) 
with a 100-mW, frequency-doubled, Nd:YAG (λ = 532.5 nm) 
laser focused through a 20× Nikon objective (NA = 0.4, 
WD = 3.9 mm) for an excitation spot of ~ 10 μm diameter. 
Laser power attenuated manually to reduce fluorescence 
and localized thermal effects during sampling produced 
a final incident irradiation power of the order of 10 mW. 
Single spectrum “spot” scans acquired through the UHT-
300 spectrometer (600 grooves/mm grating, 50-μm fiber 
core/collection aperture) used an Andor™ DU970 N-BV, 
1600 × 200-pixel CCD array detector. Each recorded Raman 
spectral plot came from an average of 10 spectral accumu-
lations at 0.50-s integration time. Optical images of the 
sample location were saved from each area interrogated.

2.10  X‑ray photoelectron spectroscopy (XPS) 
and ultraviolet photoelectron spectroscopy 
(UPS)

To interrogate the valence states of constituent elemen-
tal compositions of the PBNP@graphite, XPS, or Electron 
Spectroscopy for Chemical Analysis (ESCA), measurements 
were carried out in an ultrahigh vacuum (UHV) environ-
ment, with a base pressure < 10−10 Torr. The X-ray lamp 
was a dual anode XR 04-548 (Physical Electronics) while 
the kinetic energy of the photoelectrons was measured 
with an Omicron EA 125 hemispherical energy analyzer 
having a resolution of 0.02 eV. The X-ray source used was 
the Al-Kα source operated at 400 W. The X-ray incident 
angle was 54.7° and normal emission. A freshly exfoliated 
HOPG-ZYH sample served as the reference spectrum for 
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the C1s binding energy. Peak-fitting was carried out using 
the XPS Peak 4.1 software. The background type, using 
XPSPEAK41, was Shirley. The UPS spectra, used to inves-
tigate the nature of the valence electrons at the HOMO, 
were acquired with the same analyzer as the XPS, using 
both He I (21.2 eV) and He II (40.8 eV) excitation lines.

2.11  Cyclic voltammetry

Cyclic voltammetry with the various carbon materials as 
working electrodes operated with a VersaStat 3 poten-
tiostat/galvanostat (Princeton Applied Research), while 
the counter electrode was a graphite block 99.99% pure, 
40 mm × 40 mm × 3 mm thick (Fujiansheng, China). The 
reference electrode was a Ag/AgCl (3 M  NaCl(aq)) electrode 
(0.209 V vs. SHE) from Bioanalytical Systems Inc. (West Lafay-
ette, IN, USA). The electrolyte was a 1 mM (Fe(CN)6

3/4− (1 M 
KCl)) redox-couple solution, also used for PB growth.

2.12  Data processing

The origin version 2018b® (version 9.55) software package 
was used for plotting all graphs.

3  Results and discussion

We report the synthesis and characterization of a first-
time in situ PB from only one solution precursor (1 mM 
Fe(CN)6

3−/4− in 1 M KCl) mediated by solid steel, and an 
in situ PB formation from 1 mM Fe(CN)6

3−/4− (in 1 M KCl) 
and  Fe2+. These PB nanoparticles (PBNP) were depos-
ited onto thermally-activated yet stabilized graphites. 
The PBNP doubled the thermally-activated graphite felt 
capacitance without compromising their structural and 
functional integrity. Essentially, the steel-catalyzed and 
solution-dip cycles correlate electrochemically with each 

Fig. 1  Surface morphology images acquired via SEM of a treated 
GFA3-PBNP-2× dipped; b treated PG(K&J)-PBNP-6× dipped; and 
c GFA3-PBNP-2× metal-catalyzed showing the crystals glistening 
on various points on the graphite. d A higher magnification of the 

red highlighted region on c. The images show the cube structure 
of Prussian blue (PB). Insets of Fig.  1: the EDS plots of (a) treated-
GFA3-PBNP-2× dipped; (b) treated-PG(K&J)-PBNP-6× dipped and (c) 
treated GFA3-PBNP-2× metal catalyzed
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other in terms of their corresponding synthesis cycles and 
resultant electrochemistry.

The PBNP@thermally-treated graphite SEM micro-
graphs are shown in Fig. 1. The PB cube-like crystals are 
shown (Figs. 1a, b, d). Figure 1c shows the spatial distribu-
tion of the crystals on the fibers at lower magnification. 
On the other hand, no distinguishable morphological 
differences exist between the pristine GFA3 and the pris-
tine GFA3-PBNP-2× dipped (Figs. S1 a and b), while at 2× 
dipped, the treated GFA3-PBNP had enough PBNP surface 
coverage (Fig. S 1f ). Again, no distinguishable morpho-
logical differences exist between the pristine and treated 
GFA3, (Fig. S1a and e) to allude to morphological differ-
ences as the reason for the preferential PBNP deposition 
on the treated rather than the pristine GFA3. These results 
suggest that the thermal treatment altered the crystallinity 
and electronic properties of the graphites without any vis-
ible morphological changes, as earlier reported [45]. This 
implies that the treated GFA3 fibers are more receptive to 
the PBNP formation and growth (because of its enhanced 
crystallinity) compared to the pristine GFA3 fibers. And 
the same apply to the pyrolytic graphite (PG) and graph-
ite rods. This is so because engineering the crystallinity 
of materials has been proved to be efficient to improve 
the materials’ properties in many applications [46], which 
in this report include the adhesion of PB crystals on their 
graphite supports. The broader implication of these find-
ing is that the substrate nature for PB deposition plays a 
role in determining the eventual chemistry of the PBNP 
[47, 48]. By the third dipping cycles for both treated GFA3 
(Fig. S1; c and d) and pristine (Fig. S1; g and h), the cuboidal 
nature of the PB at the 2× dipped cycles for the treated 
GFA3 had given way to a more spherical PBNP as earlier 

reported [49]. This is most likely due to clustering, which 
forced the shapes to morph from cubes into more irregular 
shapes.

The graphite@PBNP electron dispersive X-ray spectros-
copy (EDS) results (Fig. 1 insets and S2) show elemental 
Fe, a key PB constituent, and sharp  K+ signals. The pris-
tine GFA3-PBNP-2× dipped Fe signal intensity is weak 
(Fig. S2a) compared to those of treated GFA3-PBNP-2× 
dipped. These results further support the argument that 
treated graphite fibers are more receptive to support PB 
crystallization.

The PB, UV–visible spectra, from the solution dip- and 
metal-catalyzed methods show peaks between 250 and 
300 nm and at ca. 700 nm (Fig. 2). These traits are diag-
nostic for PB. However, the PB from the metal catalysis 
had an obvious peak at 400–410 nm (*Fig. 2) not pre-
sent in the PB spectrum from the solution dip method. 
This implies an electron-relay path difference between 
PB forms for charge transfer from one metal, M, to the 
other metal, M′, in the complex. Therefore, the PB formed 
by metal catalysis probably has an electron travel path in 
its charge-transfer complex not present in that from the 
solution dip method. It is suggested from literature [50] 
that the band at ~ 400 nm depicts the electronic charge 
transfer process from iron(II) ions into high-spin sites to 
iron(III) ions into low-spin sites. Also, changes of this band 
relate to the amount of Fe(III)low-spin-CN-Fe(II)high-spin sites, 
while the shoulder at 1000 nm is the forbidden transition 
of the above charge-transfer process.

Representative ATR-FTIR results for the PBNP@GFA3 
(Figs. 3 and S3) show the ~ 2084 cm−1 peak commonly 
characterizing PB and its analogues. They correspond to 
the CN-stretching [ν(CN)] in a dinuclear compound, M-CN-
M′ [48, 51]. The magnification of this ν(CN) region is shown 
in Fig.  3b and suggests a PBA analogue,  FeII[FeII(CN)6] 
[52]. The PBNP@graphite felt spectra from the solution 
dip methods show less interstitial OH vibrations at ca 
1646 cm−1. This peak is assigned to  H2O deformation or 
bending modes (δH2O) [48, 53] and suggests a relatively 
low number concentration of coordinated water in the 
PB formed from this method. The PB FTIR spectrum from 
the one-solution method (Fig. 3c) shows δ(HOH) modes 
at 1595 cm−1 and 1673 cm−1 indicating lattice bound or 
trapped water. The peak at 2088 cm−1 for ν(CN) in a M-CN-
M′ bond structure. The magnification of the regions 
around the ν(CN) is shown in Fig. 3d. The peaks at ca. 
2088 cm−1, 2137 cm−1, and 2187 cm−1 suggest that the 
CN are bonded to Fe(II)/M(II), Fe(II)/M(III), and Fe(III)/M(II), 
respectively [16]. These findings imply that by the revers-
ible loss of an electron at each stage, these three oxidation 
states are accessed by the metal catalysis-formed PB.

The treated GFA3-PBNP and PG-PBNP micro Raman 
spectra (Figs.  4 and S4, respectively) show peaks 
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at ~ 2153 cm−1 from some sample locations, which are 
assigned to vibrational frequencies of the bridging 
CN ligands in PB [47]. These are indications of surface 
anchored or physisorbed CN containing groups [47, 54]. 
They are prominent on every scan of the PG (flat electrode) 
while being weak or not observable on the GFA3, appear-
ing clearly on only one fiber probed with the focused 
Raman laser. This strengthens the collective points above 
that the substrate nature (crystallinity and morphology) 
contributes to defining the resultant chemistry of the PB 
and the PB@substrate composite.

Other metal–ligand Raman modes at less than 650 cm−1 
are due to the presence of inorganic groups, metalorganic 
groups or lattice vibrations [55]. Generally, the peaks at 
less than 250 cm−1 are attributed to lattice mode vibra-
tions, originating from crystals [56, 57], while the Raman 
bands between 250 and 600 are from M-CN-M′ vibrations. 
These vibrations could be resolved into ν(MC), δ(MCN), 
δ(CMC), δ(CMN) and combination modes, which all appear 
in the region below 550 cm−1 [56]. These vibrational modes 
indicate the presence of PB (Figs. 4 and S4). For example, 
the treated GFA3-PBNP samples spectra have ~ 384 
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and ~ 401 cm−1 peaks, corresponding to the in-plane E1
2g

 
and the out-of-plane A

1g modes, respectively. Also, the 
519 cm−1 (E

1g) modes are evident. These results suggest 
octahedral-coordinated ligand-to-metal centers, stacked-
up in a layered fashion [58–61].

Electrochemical spectroscopy for chemical analysis 
(ESCA), or XPS, was used to determine both the chemi-
cal composition and spin states of the PB elemental con-
stituents. The wide angle XPS (“survey”) results of treated 
GFA3-PBNP-2× dipped (Fig. 5a) and other treated graphite-
PBNP (Fig. S5a and b) show elemental Fe and N not present 
in their controls. At high resolution XPS scan (Fig. 5b–d), 
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their Fe nitrides binding energy is at ~ 397 eV, indicating 
that the PB nitrogen is present as a metal-bound nitride 
[62]. The metal in this case been Fe. However, in addition 
to the 397.4 eV peaks of the nitrides of the treated GFA3-
PBNP, there is another peak at ~ 398.1 eV. In the M-CN-M′ 
charge transfer complex, overlap of the molecular orbitals 
of the cyanide complex clusters with the atomic orbitals of 
K do occur [63]. Such interaction has been reported of CN 
clusters with cations in its vicinity to result in a XPS metal-
nitride peak near 398 eV [64]. Thus, for the T-GFA3-PBNP-2× 
dipped, the ratio of the areas of the peaks at 397.4 eV 
to that of 398.2 eV is ~ 3, while the ratio for the T-GFA3-
PBNP-2× metal catalysis is approximately 1. These ratio 
values suggest that the 398.2 eV conformation is a minor 
contributor to the overall state of the N-metal interaction 
for PB in the solution dip method but is a major confor-
mational state for PB from metal catalysis. An implication 

of this finding is that the CN clusters associated with  K+ in 
the PB from solution dip method is a minor and less likely 
pathway for charge delocalization along the charge-relay 
complex of its metal-cyanide. On the other hand, these CN 
clusters-K+ association would be a probable pathway for 
charge delocalization along the M-CN-M′ of the PB from 
metal catalyzes. Additionally, Fe in the PB matrix contains 
both divalent and trivalent states, in integer proportions, 
as shown in the representative Fe 2P states in the treated 
GFA3-PBNP-2× dipped (Figs. 5e and S5c). Thus, the actual 
structure is an  FeII-CN-FeIII dinuclear compound with a 
 Fe2+/Fe3+ ~ 1 or 2.

To understand the impact of the PBNP on the electronic 
properties of the thermally-treated graphite, graphite-
PBNP Ultraviolet Photoelectron Spectroscopy (UPS) data 
were compared with those of the treated graphite (no 
PBNP) (Fig. 6). The aim was to investigate if, and how, the 
PB interaction with the treated graphite surfaces distort 
(or leave unchanged) the valence electron (HOMO level) 
properties of the treated graphites. To interrogate these 
electronic properties, an analysis of the π-band peak inten-
sities over those of the σ bands (Fig. 6) were calculated as 
already explained elsewhere [45]. The results show that 
treated graphites and graphite-PBNP had about the same 
signal intensities and peak values up to the  EF region. How-
ever, the graphite-PBNP  Iπ2/Iσ1 was higher than that with-
out PBNP. This suggests an enhancement by specific heat-
treatment of π over σ character (Fig. 6a). Additionally, the 
difference between the two σ bonds, ∆(σ2–σ3), is greater 
for the treated graphite-PBNP than without PBNP, indica-
tive of a stronger σ-bond interaction facilitated by the PB, 
while the π-bond nature of the PB@graphite is enhanced. 
This enhancement of π over σ bonds is a common trait of 
conjugation and conductivity [65]. On the other hand, the 
 He1 probed spectrum (Fig. 6b) suggests the reverse is true 
for thermally-treated graphite having a slightly enhanced 
π over σ trait  (Iπ2/Iσ1) and a shorter ∆(σ2–σ3) distance. How-
ever, the treated graphite with PB has a smaller energy well 
depth, Δh , than without PB, reflecting a stronger σ-bond 
interaction in terms of bond strength [66], stability [67], 
and molecular size [68]. In summary, the electronic proper-
ties of the PBNP@treated graphite-2× dipped are similar 
to those of the treated graphite without PBNP. The UPS of 
the treated PG and PG-PBNP (Fig. S6) show a similar trend.

The UPS data suggest that the 2× dipping cycles 
employed for PB formation did not perturb or disrupt the 
electronic nature of the treated graphite nor, by extension, 
of the PB from the metal-catalyzed phase since the UPS 
from both synthesis cycles are very similar. This suggests, 
as was earlier postulated, a Hubbard-type model charac-
teristic [69] conferred by the thermal treatment proto-
col on the graphites. Briefly, the Hubbard model implies 
that the electronic structure of the treated structure is 

(a)

(b)

Fig. 6  a the valence band spectra at the HOMO obtained from 
the  He2 and b  He1 lines of the treated GFA3-PBNP-2× dipped and 
its control, treated GFA3 (no PBNB) with highlights of the various 
intensity bands
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correlated (cannot be explained by a single electron wave-
function) and non-perturbative (not disrupted) even by 
non-native surface properties [70]. In this case, it is the PB 
on the graphite surfaces. One of the implications of these 
findings is that the electrochemistry of the heat-treated 
graphites could be improved upon without repercussions 
on the integrity of its electronics and other electronics-
dependent properties.

The CVs in 1  mM Fe(CN)6
3−/4− of treated (Fig.  7) and 

pristine GFA3 (Fig. S7) with and without PBNP show that 
thermal treatment improved both the kinetics and capaci-
tance even without PBNP. This improvement is due to the 
increased crystallinity and proper electronic tuning of the 
treated graphite as discussed [45]. In the presence of PBNP 
(2× and 3× dipped), the treated GFA3 capacitance doubled 
while those of the pristine GFA3-PBNP nearly doubled by 
the third dipping cycle (Table 1). However, the pristine 
GFA3-PBNP-3× dipped capacitance is eight times less to 
the treated GFA3-PBNP-3× dipped, even though their 

morphologies are very similar (Fig. S1; c and d). The expla-
nation for these discrepancies in the PB carrying-capacities 
on the treated and pristine graphites lies with the treated 
GFA3 crystalline nature, which is also responsible for its 
capacitance increase by making available more usable and 
more receptive surfaces for PB formation. This contrasts 
with the less crystalline and less receptive pristine GFA3 
surfaces. In other words, the PB only optimizes the sur-
faces presented to it.

Again, as in above, the substrate nature contributes in 
defining the resultant PB and or PB@graphite chemistry 
[47, 48]. Additionally, the consistency of the PB chemistry 
on both the treated and pristine GFA3 indicates the homo-
geneity of these PB forms on the carbon types employed. 
The thermally treated graphite-PBNP (3× dipped) capaci-
tance was slightly less than after only two dips. This slight 
decrease may come from PB stacking so that agglom-
eration of the octahedral structures (SEM images in Figs. 
S1; g and h) could have introduced more defects, thus 
decreasing the volume carrying capacity of the PB. Irreg-
ular to spherical PB agglomerates have more disordered 
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Table 1  Capacitance (mF cm−2) and peak potential differences (∆Ep 
(mV)) of pristine and treated GFA3 in the presence and absence of 
PBNP, deposited via different dipping cycles (n = 3 for each elec-
trode type)

Electrode type ΔEp (mV) @ 
ν = 0.05 V s−1

Capacitance 
(mF  cm−2)

Pristine GFA3 179 ± 27 8.5 ± 1.0
Pristine GFA3-PBNP_(2× dipped) 158 ± 2 10.7 ± 0.5
Pristine GFA3-PBNP_(3× dipped) 299 ± 2 15.6 ± 1.2
Treated GFA3 209 ± 17 70.6 ± 4.0
Treated GFA3-PBNP_(2× dipped) 215 ± 39 137.4 ± 7.0
Treated GFA3-PBNP_(3× dipped) 262 ± 18 125 ± 7.9
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vacancies and smaller specific surface area compared to 
cubic PB [71]. This could explain the widening cathodic 
and anodic peak potentials of the treated GFA3-PBNP-3× 
dipped, reflected also as increased ∆Ep (slower kinetics).

The PBNP@treated graphite CVs at various scan rates 
are shown in Fig. 8a. A plot of their anodic peak current 
densities to its corresponding scan rates indicates diffu-
sion-controlled kinetics at these peaks (Fig. 8b). The poor 
cycle stability of PB [1, 35], and instability in neutral and 
alkaline solutions [47, 48], impose constraints on the 
CV cycle numbers that could be performed on PB and 

its composites. For example, a comparable work involv-
ing graphite fibre-Pt-PB with CV cycles of 150 has been 
reported [72]. To investigate the PB@treated felts cycle 
stability, 2100 CV cycles ran from 1.3 to − 0.5 V in 1 M KCl. 
Initial and final CV curves (2100 cycles) show that the PB@
treated felts are highly consistent against these cycling 
conditions (Fig. 9).

The CV stabilities across the entire potential window 
range, − 0.5 to + 1.3 V (Fig. 9), indicate Prussian white (PW 
at approx. − 0.4 V) to PB at ~ 0.4 V (and vice versa) and PB to 
Berlin green (BG at ~ 1.3 V) (reversibly) transition stabilities 
[72]. These stabilities show the PB-zeolite nature stabilities 
to the constant motions of deintercalating/intercalating 
ions during the CV cycles. Thus, our results show highly 
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. -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential (V)

 Freshly_Exfoliated_PG(K&J)
 Treated PG(K&J)_No PBNP
 Treated PG(K&J)_PBNP_(2x dipped)
 Treated PG(K&J)_PBNP_(3x dipped)
 Treated PG(K&J)_PBNP_(4x dipped)
 Treated PG(K&J)_PBNP_(5x dipped)
 Treated PG(K&J)_PBNP_(6x dipped)

0.5 mA.cm-2

Increasing deposition cycles

0.2 0.3 0.4
Potential (V)

Fig. 11  The CV in 1  M KCl of freshly exfoliated, treated PG(K&J) 
and treated PG(K&J)-PBNP at various dipping cycles of the syn-
thesis reagents. Insert is the magnification of the area around the 
cathodic and anodic peak potentials



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:731 | https://doi.org/10.1007/s42452-019-0713-z

porous and stable PB structures, unlike carbon materials in 
general [44]. Besides, such low-defect PB with high capac-
ity, strong rate capability and long cycle life have been 
associated with PB synthesis in concentrated  K+ [36], such 
as was used in this work.

The electrochemistry of PB from the metal catalysis 
correlates strongly with those of the solution dip-cycles 
(Fig. 10), even though their UV–visible and IR spectra sug-
gests that the charge transfer between the metals, M and 
M′ in the complex, M-CN-M′ are via different electron relay 
paths. The PB XPS (Fig. 5) shows a  FeII-CN-FeIII dinuclear 
compound with  Fe2+/Fe3+ ~ 1 or 2. PB with an M/Fe = 1 or 
integers indicate absence of dangling bonds or defect-free 
lattices, where M is a transition metal with +2 oxidation 
state and Fe is in the +3 oxidation state [16]. Thus, their CV 
data imply defect-free PB lattices.

Also, from the UV–Vis, FTIR, and high resolution XPS N1s 
fitted spectra, the metal-catalyzed PB form has one inter-
mediary path of electron travel from the metals M to M′ in 
the M-CN-M′ complex and more interstitially coordinated 
water to that from the dipping method. Scheme 1 shows 

the paths to accessible oxidation states and  K+ coordina-
tion during a charge-relay process.

The PG electrode CVs and highlights on their peak 
potential regions are shown in Fig. 11 (and Fig. S8 for 
the treated graphite rod@PBNP). For example, the pris-
tine electrode had ∆Ep of 194 ± 23 mV and 59 ± 2 mV for 
the treated PG. The treated PG-PBNP-2× dipped rose to 
75 ± 1 mV, then dropped after subsequent dips (Table 2).

The ∆Ep increase (slow kinetics) before a decrease high-
lights the poor conductivity of PB [34], mainly because of 
large interstitial voids [4], coordination of the metals to 
water [73], and/or even defect or disordered valences [71]. 
However, since further PB formation and deposition cycles 
decreased the ∆Ep, it implies that the formed PB have very 
little or no defect valences [36] so that further stacking of 
the PB zeolite structures resulted in coordinated and inter-
acting structures with sufficient conductivities to decrease 
the ∆Ep. This inference is supported by the work that sug-
gests that zeolite-like PB with soluble  K+ (for example, as 
seen from our EDS results; Fig. 1 insets and S2) usually 
results in less defective PB with large crystallite sizes [71] 
(as seen, for example, from our SEM; Figs. 1 and the XPS 
 Fe2+/Fe3+ which suggests less defective PB) and less water 
within its lattices [29]. This could account for the apparent 
lack of ν(OH) in the PBNP@graphite IR spectra (Figs. 3 and 
S3). The  K+ located inside the lattice cavities [73] serves as a 
PB coordinating unit, increasing the PB conductivity on the 
graphites. For comparison, the two-solution dip method is 
more than 5 times more efficient than a similar synthetic 
path to deposit PB on porous alumina [74]. The PBNP@
treated PGs and PBNP@treated graphite rods have com-
parable electrochemistry to PB on Pt [72] or Au [75, 76], 
making the PBNP@treated graphites cheap and commer-
cially feasible alternatives to these other expensive ones. 
These findings are important to sensing, ion selectivity for 

Table 2  Cyclic voltammetry of pristine PG, treated PG and treated 
PG-PBNP at various deposition cycles of PBNP on the treated PG 
(n = 3)

Electrode ∆Ep (mV) @ 
ν = 0.05 V s−1

Freshly exfoliated PG 194 ± 23
Treated PG (no PBNP) 59 ± 2
Treated PG-PBNP_(2× dipped) 75 ± 1
Treated PG-PBNP_(3× dipped) 66 ± 1
Treated PG-PBNP_(4× dipped) 61 ± 2
Treated PG-PBNP_(5× dipped) 28 ± 3
Treated PG-PBNP_(6× dipped) 22 ± 2

Table 3  Comparison of the capacitance of PB and analogous structures of PB on different materials

These parameters are calculated off cyclic voltammogram data

Material Electrolyte i (mA cm−2) ν (V s−1) Capacitance 
(mF cm−2)

Potential win-
dow (V)

References

Treated GFA3-PBNP 1 M KCl 13.74 ± 3 0.05 137.4 ± 7.0 1.8 This work
Mo-PB 0.5 M  K2SO4 10 0.05 100 1.8 [77]
CoHCFe 0.5 M  Na2SO4 16 0.05 160 1.2 [30]
FTO-PB 1 M KCl 0.8 0.02 20 0.9 [4]
Carbon paper-PB 1 M  KNO3 0.4 0.0005 400 1.35 [78]
PB/N-doped Porous Carbon 1 M  KNO3 40 0.05 400 1.0 [79]
PB-composite 1.0 M  Na2SO4 0.5 0.001 250 1.6 [36]
PB-composite 0.5 M  K2SO4 22.5 0.05 225 1.2 [80]
MnOx@MHCF 1.0 M  Na2SO4 0.05 175 0.8 [81]
PB-MnHCF 0.10 M  KNO3 0.40 0.05 4 1.0 [82]
PtCu3 nanocages 0.1 M  HClO4 2.0 0.02 50 1.20 [83]
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capture/release systems, energy storage and conversion 
systems.

A comparison of the capacitance and potential win-
dows of PB/PB-composites and similarly structured ana-
logues (Table 3) suggests that the PB@thermally treated 
graphite reported herein has very competitive potential 
window and capacitance. This is unlike other PBs in the 
table that may have appreciably high capacitance but very 
limiting potential windows, and vice versa. Having high 
capacitance with a low potential window (and vice versa) 
severely limits the functional ranges and restricts applica-
tion feasibility of such PB-composites.

3.1  Metal‑catalyzed PBNP on graphite

The PB CVs from the metal catalyzed and solution dip 
methods have similar electrochemistry at the same syn-
thesis cycles (see, for example, Fig. 10). This suggests that 
about the same cation and anion concentrations were 
involved at every stage of both PB synthetic pathways. A 
common route for free or liberated iron in solution would 
be  Fe3+ from ferri-cyanide solution decomposition [84]. 
The liberated  Fe3+ can then react with the ferri-cyanide 
to form PB. However, this pathway cannot account for the 
PB formation since no PB formed by either soaking the 
graphites in Fe(CN)6

3−/4− or by running CVs of these elec-
trodes in Fe(CN)6

3−/4−. It is postulated that a closed elec-
trochemical circuit is formed between the graphite, 1 mM 
Fe(CN)6

3−/4− (1 M KCl) and the stainless steel (all three com-
ponents being congruous at the instant of PB formation). 

The stainless steel is lower on the galvanic or electropoten-
tial series to the graphite and would serve as the anode in 
this galvanic circuit. In this circuit, the graphite (cathode) 
loses electrons en route to the anode. However, the elec-
trolyte captures these electrons, disrupting the octahedral 
structure of the Fe(CN)6

3−/4− to liberate  Fe3+. The liberated 
 Fe3+ is immediately reduced to  Fe2+ by more in-streaming 
electrons from the graphite. The  Fe2+ then reacts with the 
Fe(CN)6

3−/4−, closing the vertices or “capping” the octahe-
dral structure of the Fe(CN)6

3−/4−to form PB (Scheme 2).

4  Conclusions

Since most porous carbon materials are generally brit-
tle [44], and even more so after thermal or acid activa-
tion [39–41], the PBNP@treated graphite composites is 
not commonly reported. The present work shows highly 
porous and stable PBNP composited on thermally-treated 
and activated graphite materials. These PBNP on fully-
activated, high surface area graphite materials without 
compromise to their structural and functional integrity, 
meet the demands for the next generation electronics, 
energy storage/conversion devices and biological scaf-
folds. These newly stable structure–function properties 
of PBNP on graphites are unlike carbon materials in gen-
eral [44]. An important implication of the present work is 
that the synthesis method influences the intermediacy 
of electron travel in the M-CN-M′ charge transfer com-
plex. Also, the substrate nature for PB deposition plays a 

Scheme 2  Depiction of the mechanism of PB formation from a galvanic series-based circuit formed by the Fe(CN)6
3−/4−, graphite and steel
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critical role in the eventual chemistry of the PB and PB@
substrate. The PBNP@treated graphite felts have a very 
competitive potential window, the highest capacitance in 
1 mM Fe(CN)6

3−/4− (1 M KCl), remained stable for over 2100 
CV cycles in 1 M KCl solution, and its synthesis method 
some 5 times more efficient than a similarly reported 
method [74]. Moreover, these new synthesis methods are 
green, avoiding harsh or corrosive solvents and require no 
charge or voltage applications to achieve their synthesis. 
Also, these methods circumvent the traditionally required 
low pH phases for PB synthesis. Their electrochemistry 
suggests competitive material behavior for applications 
in aqueous-based energy storage and conversion devices.

The current findings highlight carbon materials, with 
structural and functional integrity, and low-cost, for 
energy storage/conversion devices such as, in this case, 
aqueous-based supercapacitors, batteries and fuel cells. 
Also, the PBNP@treated carbon felt capacitance increases, 
relative to the bare thermally-treated felt itself, make these 
composites practical for ion selectivity in capture/release 
systems. The treated PG and graphite rod electrochemistry 
are now feasible substitutes not just for Au and Pt in elec-
trochemical and electronic devices but also for potential 
Au-PBNP and Pt-PBNP replacements. Future work would 
explore PBNP@thermally-treated graphite applications for 
sensors and other applications commonly associated with 
Au- and Pt-PBNP composite electrodes.
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