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So far, a clear understanding about the relationship of variable energy band structure with the corre-
sponding charge-discharge process of energy storage materials is still lacking. Here, using optical spec-
troscopy (red-green-blue (RGB) value, reflectivity, transmittance, UV-vis, XPS, UPS) to study «-Co(OH),
electrode working in KOH electrolyte as the research object, we provide direct experimental evidence
that: (1) The intercalation of OH- ions will reduce the valence/conduction band (VB and CB) and band
gap energy (Eg) values; (2) The deintercalation of OH- ions corresponds with the reversion of VB, CB and
E; to the initial values; (3) The color of Co(OH), electrode also exhibit regular variations in RGB value
during the charge-discharge process.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nowadays, with the rapid development of human society, the
exploration of green, economic and sustainable energy storage de-
vices has become an indispensable demand. At present, the most
studied energy storage devices mainly include various batteries
and capacitors, such as lithium-ion batteries, sodium-ion batteries,
zinc-ion batteries, electric double-layer capacitors, and pseudoca-
pacitors [1-9]. For energy storage devices, one of the most impor-
tant components is their various energy storage materials. Such as
for lithium-ion batteries, the energy storage materials include the
widely studied LiCoO,- or LiFePO4-based cathode materials and
the graphite or silicon-based anode materials [10-12]. For super-
capacitors, the electrode materials mainly include carbon material,
metal oxide, and conductive polymer [13-15]. To pursue energy
storage materials with greater capacity, high power, better safety
and non-pollution, it is also necessary to develop various testing
techniques to systematically evaluate the energy storage materi-
als/devices. For example, the cyclic voltammetry (CV) and galvano-
static charge-discharge (GCD) testing techniques can be used to
characterize the charge-discharge voltage, capacity, rate, cycle and
other properties of energy storage materials. The variations of mor-
phology and volume of energy storage materials before, during and
after charging and discharging process can be intuitively described
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by scanning electron microscope (SEM) and atomic force micro-
scope (AFM). Park et al. clearly characterized the volume increase
and shrinkage, and the damage of the silicon-based lithium-ion
battery anode particles during the charging and discharging pro-
cess by SEM technology [16]. The change of aliovalent cation va-
lence state and the oxygen vacancy concentration in energy stor-
age materials can be (semi-)quantitatively evaluated by XPS, EPR
and chemical titration methods [17,18]. For different charge carri-
ers charging/discharging in energy storage materials, the possible
insertion site, transport route and activation energy can be calcu-
lated by theoretical computation. For example, the voltage profile
for the discharge/charge curves can be described by the density-
of-state diagram, which is mainly based on the corresponding po-
sitions of the bottom/top band gap and the aliovalent cation redox
couples relative to the Fermi energy of lithium [19]. The possible
changes in the crystal structure, bond length/angle, phase transi-
tion, etc. of energy storage materials during the charge and dis-
charge process also can be characterized by XRD, TEM and Raman
testing techniques [20-22]. Despite much progress, as mentioned
above, has been made in the past decades to get a more accurate
assessment for energy storage materials, however, a clear under-
standing of the relationship between the charge-discharge process
of energy storage materials and the corresponding changes of en-
ergy band structure is still lacking.

In this work, an energy storage electrode cobalt hydroxide -
Co(OH), with low cost, environmentally benign and high theoreti-
cal specific capacitance was chosen as research object. We studied
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Fig. 1. XRD pattersns and SEM images of (a) Co(OH),, (b) discharged Co(OH), and (c) charged Co(OH), samples. (d) Galvanostatic charge/discharge curves of Co(OH), (PVDF

was added as a binder) at different current densities ranging from 1 A/g to 5 A/g. (

Mott-Schottky plots.

the charge-discharge process of energy storage materials by first
revealing the regular variations of colors, optical spectrum and en-
ergy band structure. Their corresponding relationships provide a
new perspective to study the insertion and removal of charge car-
riers in energy storage materials during the charge and discharge
process.

The electrochemical properties of «-Co(OH), electrode material
are tested by forming a three-electrode configuration with Pt foil
as the auxiliary electrode, Ag/AgCl as the reference electrode and
2mol/L KOH solution as the electrolyte. Here, the initial Co(OH),
electrode is fabricated with 90 wt% pristine Co(OH), powders + 10
wt% poly(vinylidene fluoride) (PVDF) coating on nickel foam. In
charge-discharge process, the Co(OH), electrode is discharged and
charged to 0V and 0.45V respectively in a 2 mol/L KOH solution.
In order to study the changes of Co(OH), during discharging and
discharging process, the pristine,discharged and charged Co(OH),
powders are collected and analyzed, respectively. As shown in Figs.
la-c, the crystal structure and morphology of the three samples
are characterized clearly. X-ray diffraction (XRD) evaluation results
prove that all of the pristine, discharged and charged Co(OH), sam-
ples appear in pure phase with characteristic peaks of Co(OH),.
And the morphologies of the three Co(OH), samples, as observed
by field-emission scanning electron microscopy (FE-SEM), all show
in hexagonal sheet structure, which is consistent with other re-
ports [23]. No apparent XRD and SEM variations were observed
from pristine to discharged and charged Co(OH),. All the GCD pro-
files are nonlinear and show obvious potential plateau (Fig. 1d),
indicating that the charge storage of «-Co(OH), electrode with
(de)intercalating OH™ ions originated predominantly from Faradaic
reaction [24]. The device exhibits a specific capacitance of 475 F/g
at 1 A/g in accordance with Eq. 1 [25].

I x At
T AVxm M

Furtherly, the shapes of GCD curves remain unchanged and
keep symmetric with current densities increasing from 1 A/g to
5 A/g, which proves the good reversibility and rate capability of
Co(OH), electrode. The CV curve of «-Co(OH), electrode with scan
voltage from -0.3V to +0.5V and scan rate at 10 mV/s also shows
obvious redox peaks (Fig. 1e), which corresponds to the potential
of charge-discharge behavior in GCD curves. By comparing the cy-
cled capacity for more than 2000 cycles, the excellent long-term
stability means the good redox reversibility while Co(OH), using as
energy storage electrode (Fig. S2 in Supporting information). In ad-
dition, adding 10 wt% super P carbon black (SP) as conductor, the

G

e) CV curve of the Co(OH), (PVDF was added as a binder) testing at 10mV/s. (f)

composite electrode demonstrates superior electrochemical perfor-
mance (Figs. S3-S6 in Supporting information). As shown in Fig.
1f, the Co(OH), coated on nickel foam is tested by electrochemi-
cal Mott-Schottky plots in 2 mol/L KOH solution. The result shows
that the Eg, values of the pristine, discharged and charged samples
are 0.2, 0.05 and 0.1V, respectively. The measured flat-band volt-
age reflects the change of valence state of the three samples, which
also proves that Co(OH), undergoes the redox reactions during the
charging and discharging process.

Furtherly, during the charging-discharging process, the color
variation of Co(OH), samples was recorded by Spectrophotomet-
ric colorimeter. As shown in Fig. 2a, its red-green-blue (RGB) value
varies regularly with the corresponding GCD curves (presented by
the black dots linked with broken black lines). For the pristine
Co(OH), powders, its RGB value is in (147, 186, 139). The ini-
tial Co(OH), electrode (90 wt% Co(OH), +10 wt% PVDF coating
on nickel foam) was infiltrated into 2mol/L KOH solution elec-
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Fig. 2. Color change, reflection and transmissivity spectrum of cobalt hydroxide
during the charging and discharging process. (a) Evaluation of Co(OH), electrode
by Galvanostatic charge/discharge curves testing at a current density of 1 A/g and
the corresponding regular variations of color RGB value of discharged and charged
Co(OH), powders. The insertion is the optical images of pristine, discharged and
charged Co(OH), powders. (b) The reflectivity of pristine, discharged and charged
Co(OH), samples in relation to emitted wavelength. (¢, d) The transmissivity of
pristine Co(OH),, discharged Co(OH), and charged Co(OH), samples in relation to
emitted wavelength.
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trolyte for 2h, and its RGB value is in (75, 70, 62). Furtherly,
the discharged Co(OH), electrode (with voltage at 0V) with sat-
urated KOH solution shows the color in RGB value (79, 79, 76). For
Co(OH), electrode charged to 0.45V, OH~ as charge carriers were
inserted into the interlayer structure of o-Co(OH),. The redox re-
action is as follows (Eq. 2) [26].

Co(OH), + OH™ = CoOOH + H,0 + e~ (2)

With the introduction of OH~ ions, Co(OH), was oxidized to
CoOOH, which leads the color of charged Co(OH), electrode vary-
ing to the RGB value (78, 78, 76). For Co(OH), electrode discharg-
ing to OV, the OH~ ions were taken off from the interlayer. The
corresponding RGB value of the discharged Co(OH), electrode was
recovered to (79, 79, 76) again. And the corresponding RGB values
of Co(OH), electrode also were recorded for 20 cycles. As shown
in Fig. 2a, the changes of the obtained color vary regularly during
the charge-discharge process, which is consistent with the excel-
lent capacitance stability.

In addition, the optical images for pristine Co(OH), powders,
discharged and charged Co(OH), electrode powders (Fig. S1 in Sup-
porting information) are inserted into Fig. 2a to compare the color
variation. The color of pristine Co(OH), powders is green, corre-
sponding with its RGB value. In the macroscopic view, the color
of discharged/charged Co(OH), electrode powders is obviously dif-
ferent from pristine powder, both showing in black gray, which
is consistent with their RGB values. For Co(OH), + PVDF + SP elec-
trode, its RGB values and optical images also vary regularly with
the GCD curves (Fig. S7 in Supporting information).

The varied colors of Co(OH), samples under the charge-
discharge process can be reflected by detecting their varied optical
properties, such as reflection, refraction and transmission [27]. For
pristine Co(OH),, the powder is pressed into circular flakes with
a certain diameter and thickness to test its reflectance, and the
reflectance is obtained by the Spectrophotometer colorimeter. As
shown in Fig. 2b, the reflectance of pristine green Co(OH), pow-
der varies from 20% to 70% with the test wavelength switching
from 400nm to 780nm. For Co(OH), electrodes, with the elec-
trode sheet (Co(OH), powder coated on nickel foam) discharg-
ing/charging to 0/0.45V, the corresponding reflectance can be
recorded. The Co(OH), electrode in black gray absorbed most of
the exciting light, herein, its reflectivity is significantly lower than
pristine Co(OH),, less than 10%. Moreover, for semiconductors, the
wider band gap corresponds with less absorbance for white excit-
ing light [28,29]. Herein, the higher reflection coefficient for dis-
charged Co(OH), electrode (than charged electrode) means bigger
band gap.

For polycrystalline semiconductor materials, their optical prop-
erties are mainly affected by scattering and reflection, and are al-
most opaque to exciting light. However, evaluating the variation of
transmittance is still an effective way to reveal the changed band
gap from pristine to discharged and charged Co(OH),. To measure
the light transmittance, 90 wt% Co(OH), and 10 wt% PVDF are
coated on FTO conductive glass to form a thin and uniform film
as working electrode, which ensures the transmission of light. The
electrode is charged and discharged to 0.45 and 0V, and then the
transmittance is measured after drying. As shown in Figs. 2c and
d, the transmittance of pristine Co(OH), varies between 1 and 10%,
while discharged Co(OH), and charged Co(OH), transmissivity is
less than 0.1%. The significantly higher transmittance for pristine
Co(OH), means larger band gap (for exciting light passing through)
than discharged and charged Co(OH),. Furtherly, the comparison
of transmittance in Fig. 2d represents that discharged Co(OH), has
the larger band gap than charged Co(OH),, which can be explained
by the higher transmittance.

For semiconductors, the color variation corresponds to the vari-
ation of band gap energy (Eg) value. Herein, the changed color (or
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RGB value) of Co(OH), samples can be evaluated by the ultraviolet-
visible spectroscopy, which can give the variation of Eg value. Fig.
3 is the UV-vis spectra of Co(OH), samples with the absorption
wavelength ranging from 300 nm to 800 nm. For pristine Co(OH),
powders (Fig. 3a), the strong absorption wavelength ranges from
560nm to 680nm, and the absorption peak at around 550 nm re-
sults in the dominant green color [30]. Then, the E; value can be
calculated by Tauc’s plot and expressed using the following Eq.
3 [31].

(ahv)" = k(hv — Eg) (3)

The calculated Eg value for pristine Co(OH), is 2.85eV, shown
in the insert chart of Fig. 3a. For PVDF binder, the calculated Eg
value is 3.54eV (Fig. 3b). For Co(OH), + PVDF electrode, the calcu-
lated UV-vis spectra shows two individual Eg values at 3.54 and
2.85eV, which means the Eg values of Co(OH), samples are un-
affected by the introduction of PVDF binder (Figs. 3c and d). For
Co(OH), + PVDF +SP electrode, the absorption peaks of Co(OH),
and PVDF are covered by the introduced SP carbon black (Fig. S8
in Supporting information). Herein, the optical spectroscopy was
conducted with Co(OH), + PVDF as the working electrode.

To obtain the Eg value of discharged and charged Co(OH),
powders, the initial Co(OH), sample was coated on FTO conduc-
tive glass as a working electrode and then the electrode was
charged/discharged in 2 mol/L KOH solution electrolyte. After the
electrode was charged and discharged to 0.45 and 0V individu-
ally, the corresponding Co(OH), electrode sheet is rinsed gently
with deionized water, subsequently dried in an oven at 75°C. The
dried charged/discharged Co(OH), powders are scraped from con-
ductive glass to test the Eg value. Figs. 3e and f show the ab-
sorption peaks and the corresponding Tauc plot of discharged and
charged Co(OH), powders. It is observed that the range of strong
absorption peaks of the two samples is much different with pris-
tine Co(OH), powders. We think the main reason is the adsorp-
tion (or chemical reaction) of OH~ ions with Co(OH), particles. The
strong absorption peaks of the two samples both appear around
680 nm, corresponding with the gray-black color. Furtherly, the cal-
culated Eg for discharged Co(OH), electrode powders is 1.94 eV. For
charged Co(OH), electrode powders, the calculated E; was reduced
furtherly to 1.75eV. This means the intercalation/deintercalation of
OH- ions during the charge and discharge process causes further
change of E; of Co(OH), electrode. From discharged to charged
Co(OH),, the smaller Eg was explained: for p-type Co(OH), semi-
conductor, we think the intercalation of OH~ ions will produce im-
purity level near the VB, which causes the further reduction of E.

In order to construct the schematic diagram of energy band
structure, the valence band potential (Eypxps) of pristine, dis-
charged and charged Co(OH), samples were measured via X-ray
photoelectron spectroscopy (XPS) analysis. And the XPS absorption
spectra of the three samples as a function of binding energy were
shown in Figs. 4a-c. The VB positions of the Co(OH), samples are
calculated by linear extrapolation of the valence band leading edge
with the corresponding baseline of the background signal [32].

According to the test results, the corresponding Eyp xps of pris-
tine, discharged and charged Co(OH), samples is measured to be
0.97, 0.09 and 0.23 eV. Then, the Eyg values of the corresponding
standard hydrogen electrode (Eypnyg) can be obtained by to the
following Eq. 4.

EvgNHE = @ + Evpxps — 4.44 (4)

@ is the work function of the instrument (4.72eV) [33]. As a re-
sult, the Eypnye of the three samples is calculated to be 1.25, 0.37
and 0.51 eV, respectively. For the sake of unity with band gap, the
Evgnue is converted into solid physical energy level scales (vac-
uum level) for comparison. Finally, the valence band value of the
pristine, discharged and charged Co(OH), is calculated to be -5.69,
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Fig. 3. (a, b) UV-vis diffuse reflectance spectra of pristine and PVDF powders and the corresponding plot of transformed Kubelka-Munk function versus the varied energy
of emitting light. (c) UV-vis diffuse reflectance spectra of Co(OH), and Co(OH), + PVDF powders. (d) Tauc plots of Co(OH), + PVDF powders. (e, f) UV-vis diffuse reflectance
spectra of discharged and charged Co(OH), powders and the corresponding plot of transformed Kubelka-Munk function versus the varied energy of emitting light.
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Fig. 4. (a-c) Valence band potential of pristine, discharged and charged Co(OH), samples evaluated by X-ray photoelectron spectroscopy. (d-f) Low-band energy slope of the

ultraviolet photon electron spectroscopy spectra of pristine, discharged and charged Co(OH), samples.

-4.81 and -4.95eV, respectively, according to the conversion Eq.
5 [34].

Evac = —4.44 — eENHE (5)

First, the valence band value of discharged/charged Co(OH),
electrodes is more positive than pristine Co(OH),, which was also
attributed to the adsorption (or chemical reaction) of OH~ ions
with Co(OH), particles. Second, the intercalation/deintercalation of
OH- ions in Co(OH), electrode will introduce new filled/empty
electronic states at or around the VB maximum, which sheds light
on the change of valence band values. Here, from the discharged
to charged electrode, the intercalation of OH~ ions will oxidize
Co2+(0OH), to Co3*OOH. So the further spillover of electrons from
Co3*t jons of Co>*OOH needs higher energy (work function, W),
which explains the more negative Ey,c of charged Co(OH), than
discharged Co(OH), (Figs. 4b and c).

To further verify the accuracy of changed Eyg xps as evaluated by
XPS technology, we also use the ultraviolet photon electron spec-
troscopy (UPS) and electrochemical Mott-Schottky equation to fur-
ther determine the band edges of Co(OH), electrode under charg-
ing and discharging process. UPS is a widely used way which
probes the electronic VB [35]. It measures the kinetic energy of
photoelectrons emitted by solid surfaces under the irradiation of
ultraviolet light, which provides the distribution of electron den-
sity in the VB as well as on the Wg. The UPS test was prepared

by coating Co(OH), on FTO conductive glass to form a thin and
uniform film electrode [36]. The charge-discharge process of the
thin film electrode is carried out in a 2mol/L KOH solution by a
three-electrode test device. Figs. 4d-f show the low binding en-
ergy slopes of pristine, discharged and charged Co(OH), samples.
The intersection of the slope curve is the VB maximum below Femi
level. It is calculated that the VB of the three samples is 0.49, 0.1
and 0.26 eV, respectively. The Wk is defined as the energy differ-
ence from the Fermi level to the vacuum energy level. In the UPS
spectrum, it can be calculated from the difference between the en-
ergy of the UV photons and the secondary electron cutoff (high-
binding energy (BE) cutoff) [37]. The cut-off energy of the three
samples is 16.01, 15.96 and 15.98eV (Fig. S9 in Supporting infor-
mation). Furthermore, the W can be calculated by the following
Eq. 6.

Wr = hv — (BEmax — Ef) (6)

hv is the energy of the He I ultraviolet photon source (21.22eV),
BEmax =Ecyoff- 1t can be assumed that Egp=0 by calibrating the
energy spectrum scale of the spectrum. Therefore, the W of the
three materials can be calculated as 5.21, 5.26 and 5.24 eV. Herein,
the energy band structure relative to the energy level of the solid
physical scale can be obtained according to the Wy and Eypyps.
The valence band positions relative to the vacuum level can be ob-
tained as -5.70, -5.36 and -5.50 eV, respectively.
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For semiconductor-like materials, the Mott-Schottky equation
can be used to measure the flat band potential (Eg,) at the
electrode-electrolyte interface, which then was used to reflect the
valence/conduction band values. Herein, the testing system for Eg,
was prepared with Co(OH), coating on nickel foam as working
electrode with Ag/AgCl as reference electrode and with 2 mol/L
KOH solution as electrolyte. In the Mott-Schottky test, the voltage
range is -0.45V to 0.5V and the frequency is 1000 Hz. As shown in
Fig. 1f, the Eg, is determined by the x-intercept (potential axis) of
the tangent line of the Mott-Schottky plot. The result shows that
the Eg, values of the pristine, discharged and charged samples are
0.2, 0.05 and 0.1V, respectively. It is evident that the slope of the
tangent line is negative, suggesting «-Co(OH), a p-type semicon-
ductor [38-40]. There is a certain relationship between the valence
band value and the varied flat band voltage (Eq. 7).

Ev = Eg, + kTIn(Na/Ny) (7)

Eg, is the flat band potential, N is the volume carrier density, Ny
is the valence band effective state density, k is the Boltzmann con-
stant and T is the temperature in absolute scale. The second term
depends on the doping concentration, which for semiconductors is
usually 0.1-0.2eV and is negligible. Herein, we ignore the second
term to compare the change of valence band values.

Then, we convert the valence bands into the solid physical level
scale (vacuum level) according to Eqgs. 5 and 8 [34,41].

Exne = Epgjagci +0.059pH + 0.199 (8)

pH value is 14.3 for 2mol/L KOH electrolyte. The calculated fi-
nal valence band value of the three samples is -5.68, -5.53 and
-5.58 eV, respectively. Herein, in the process of the Mott-Schottky
test, Co(OH), may react with KOH solution with the increase of
testing voltage, which would affect the flat band potential (valance
band) in a certain state. For example, although the trend of the ob-
tained valence band position by the Mott-Schottky equation is still
upward from pristine to charged/discharged Co(OH), samples, the
concrete data does not change much as compared with XPS and
UPS results.

Fig. 5 draws a comparison of the band diagrams for pristine,
discharged and charged Co(OH), samples based on the results of
UV-vis spectrum, XPS, UPS and Mott-Schottky plot. And the calcu-
lating formula is as follows (Eq. 9) [28].

Ecg = Evg — Eg 9)
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Fig. 5a is a schematic diagram of the energy bands obtained
by XPS and UV-vis tests. The calculated VB, CB and E; of pris-
tine Co(OH), are -5.69, -2.84 and 2.85eV, which are in line with
the existing research results [42,43]. For discharged Co(OH), elec-
trode, with the adsorption (or chemical reaction) of OH~ ions
with Co(OH), particles, the calculated VB increased to -4.81eV. At
the same time, the CB and E; values were reduced to -2.87 and
1.94eV.

For charged Co(OH), electrode, the present study has demon-
strated that the charging process of «-Co(OH), is processed by
OH~ intercalation [44]. The intercalation of OH~ ions further re-
duces the VB, CB and E; values of charged Co(OH), electrode to
-4.95, -3.20 and 1.75eV (compared with -4.81, -2.87 and 1.94eV
of discharged Co(OH),). Figs. 5b and c are the schematic band
diagrams of VB, CB and E; values obtained by UPS/UV-vis and
Mott-Schottky/UV-vis tests. The calculated results for pristine, dis-
charged and charged Co(OH), samples are basically same with
the XPS/UV-vis results. As discussed above, the apparent varia-
tion of Co(OH), energy band structure from pristine powders to
charged/discharged electrodes was attributed to the adsorption (or
chemical reaction) of OH~ ions with Co(OH), particles. The varied
energy band structure from discharged to charged Co(OH), can be
explained by the reversible Faradaic reaction. As shown in Table S1
(Supporting information), the XPS results reveal the coexistence of
Co2t and Co3* ions in discharged and charged Co(OH),. The calcu-
lated Co%*/Co3* ratios are 2.07 and 0.53 in discharged and charged
samples. During the charging and discharging process, the interca-
lation/deintercalation of OH~ ions from the interlayers of Co(OH),
electrode will oxidize/reduce more Co23+ to Co3/2+, which causes
changes in the energy band structure. Recently, Gabrelian et al.
have studied the valence-band electronic structure and main op-
tical properties of Cu,HgGeTe, materials by theoretical simulation
within a DFT framework and experimental XPS [45], and the ob-
tained trend is consistent with the varied VB and CB of Co ion as
studied in this work.

In this work, by combining optical spectroscopy characteriza-
tion with electrochemical studies, we have demonstrated that the
charge-carrier intercalation/deintercalation in energy storage ma-
terials not only governs the variations of color RGB values but
also the energy band structure. Specifically, with Co(OH), electrode
working in KOH electrolyte as an example, the VB, CB and E; val-
ues show apparent reduction/increment with OH~ ions intercalat-
ing or taking off from its interlayer structure. In addition, the in-
tercalation/deintercalation of OH~ ions also triggered the redox re-
action of Co?t and Co3* ions, resulting in the regular variation
of RGB values. This work provides a feasible way to characterize
the changes of energy band structure during the charge-discharge
process by optical spectroscopy, which is helpful for the design of
high-performance energy storage materials.
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