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ABSTRACT: Cobalt carbonate hydroxide (CCH) is a pseudoca-
pacitive material with remarkably high capacitance and cycle
stability. Previously, it was reported that CCH pseudocapacitive
materials are orthorhombic in nature. Recent structural character-
ization has revealed that they are hexagonal in nature; however,
their H positions still remain unclear. In this work, we carried out
first-principles simulations to identify the H positions. We then
considered various fundamental deprotonation reactions inside the
crystal and computationally evaluated the electromotive forces
(EMF) of deprotonation (Vdp). Compared with the experimental
potential window of the reaction (<0.6 V (vs saturated calomel
electrode (SCE)), the computed Vg, (vs SCE) value (3.05 V) was
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beyond the potential window, indicating that deprotonation never occurred inside the crystal. This may be attributed to the strong
hydrogen bonds (H-bonds) that formed in the crystal, leading to structural stabilization. We further investigated the crystal
anisotropy in an actual capacitive material by considering the growth mechanism of the CCH crystal. By associating our X-ray
diffraction (XRD) peak simulations with experimental structural analysis, we found that the H-bonds formed between CCH
{(IT1), (211), (2T1)} planes (approximately parallel to the ab-plane) can result in 1-D growth (stacked along the c-axis). This
anisotropic growth controls the balance between the total “non-reactive” CCH phases (inside the material) and the “reactive”
hydroxide (Co(OH),) phases (surface layers); the former stabilizes the structure, whereas the latter contributes to the
electrochemical reaction. The balanced phases in the actual material can realize high capacity and cycle stability. The results obtained
highlight the possibility of regulating the ratio of the CCH phase versus the Co(OH), phase by controlling the reaction surface area.

1. INTRODUCTION

For clean energy applications, pseudocapacitors with Co-based
anodes can be applied to large-scale power storage devices with
excellent characteristics, such as fast charge—discharge
behavior, long life, and high capacity.l’2 Because of the balance
between high capacity and cycle stability, cobalt carbonate
hydroxide (CCH)™>* has recently attracted increasing attention
compared to conventional Co-based anode materials, such as
cobalt oxide (C0;0,),”° cobalt hydroxide (Co(OH),),”*
mixtures of cobalt carbonate and cobalt oxide (CoCO,/
C00),” and hybrid materials of ionic liquids and Co(OH),."
In fact, it has been reported that a pristine CCH anode exhibits
low capacity.'' In addition, the “high-capacity CCH anode” is
not obtained from CCH itself, but from Co(OH), formed in the
CCH via calcination,>' """ although the CCH contributes to
high cycle stability due to its robust/resilient structure against
the electrochemical reaction. XRD experiments have suggested
the existence of mixed phases consisting of CCH and
Co(OH),.”"" In charge—discharge cycles of the “high-capacity
CCH anode,” Co(II) and Co(III) states have been observed
alternatively, suggesting that Co(OH), is deprotonated to
CoOOH, followed by deprotonation to CoO,, and vice versa.
© 2023 The Authors. Published by
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The electrochemical reaction in Co(OH), has been investigated
through first-principles simulations,” thus providing atomistic
insights into the detailed mechanism. Analogous to this, it has
been proposed that the above-mentioned two-step reaction is
attributed to the high capacity of the CCH anode.”""'* The
above-mentioned reaction mechanism can be considered as
plausible, but hypothetical; that is, there is no evidence of
electrochemical reactions in the CCH anode at the atomic level
because the CCH crystal structure still remains unclear.”"’
Therefore, similar first-principles/atomic-level simulations have
not yet been applied.

In high-capacity CCH anodes, their morphologies strongly
affect their capacitance, i.e., capacity and cycle life. The best
capacitance, so far, has been achieved with a CCH anode
possessing an umbrella-like morphology controlled by the
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crystal growth time.”* This anode material has a well-controlled
1-D anisotropic morphology, including well-balanced CCH and
Co(OH), phases; the former is responsible for the structural
stability (i.e., long life cycle), while the latter is responsible for
the high capacity. Therefore, the morphology of the CCH anode
balancing CCH and Co(OH), phases is critical for achieving
outstanding capacitance properties. The morphology of CCH
can be controlled by the crystal growth direction; more 1-D
anisotropic morphology results in less CCH phase/more
Co(OH), phase, thereby leading to a larger reactive area and,
hence, higher capacity. This anisotropy can be controlled by the
packing ratio of carbonate ions in the crystal. However, the
reason behind the carbonate ion’s contribution to crystal growth
is still unclear, because there is no detailed information on the
atomic positions in the CCH crystal structure at present.

Thus, accurately identifying the CCH crystal structure is the
first step toward achieving a deeper understanding of “high-
capacity” CCH anodes.

For instance, if the position of carbonate ions is known, we
should be able to consider the deprotonation site of the
hydroxide phase formed by calcination. The CCH compound
includes carbonate and hydroxide ions as well as hydrated water;
its crystal structure is much more complex than those of oxides
and hydroxides. Previously, an XRD analysis assuming an
orthorhombic lattice identified the CCH compound as Co-
(OH)(CO04),5:0.11H,0 (JCPDS 48—0083).14 However, recent
sophisticated experiments have suggested that CCH is actually
Co4(C0O;),(OH)¢-H,0 with a hexagonal lattice.*"” The crystal
system has been identified, but detailed information about
atomic positions has yet to be explored as it is quite difficult to
identify hydrogen (by neutron diffraction) and Co vacancy
positions.

This study aims (i) to accurately identify the CCH crystal
structure and (ii) to elucidate the relationship between the
material morphology and the crystal growth; the first addresses
the “bulk” aspect, whereas the second addresses the “material”
aspect in a pseudocapacitor. Based on the resulting structures,
we systematically investigated the capacitance properties of the
CCH anodes (reductant), referring to those reported in
previous studies. The EMF of the CCH anodes was evaluated
via first-principles simulations to investigate electrochemical
reactivity. We found that the CCH crystal forms H-bond
networks that contribute to cyclic stability; the H-bond inhibits
the deprotonation reaction in the CCH crystal. Eventually, we
concluded that the reaction site cannot be attributed to the
CCH phase but is attributed to the Co(OH), phase; CCH can
be considered as the precursor of the Co(OH), phase, with a
wire-like morphology. To identify the crystal planes that
contribute toward crystal growth, we performed XRD peak
simulations on the resultant crystal structure with a hexagonal
lattice and assigned the plane indices. We found that the H-
bonds formed between the {(1171), (21T1), (211)} planes
contribute toward 1-D crystal growth.

This paper is organized as follows: Section 2 starts with the
modeling of the CCH crystal structure to identify hydrogen and
Co defect positions therein; to evaluate the EMF of the reaction
using first-principles simulations, we hypothesized the CCH
electrode reaction (deprotonation) based on the structural
modeling of the oxide (dehydrogenation location identifica-
tion), followed by the present first-principles simulations. In
Section 3, the results of this work are presented, i.e.,
identification of the reductant structure, the oxidant structure
to evaluate the EMFs of the deprotonation, and the XRD
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simulation to assign the peaks to the correct Miller indices.
According to the results obtained, Section 4 provides new
insights into the storage performance of CCH-based electrodes.
The conclusions drawn from the findings are provided in Section
S.

2. METHODOLOGIES

2.1. Outline. Exhaustive first-principles simulations for all
possible atomic configurations were carried out, and the CCH
structures in reduced and oxidized forms were identified as the
most stable structures. The electrochemical reactivity of the
CCH anode was evaluated from the EMF value, which is defined
as the energy difference between the reductant and oxidant.
Furthermore, their structural changes provide critical informa-
tion for understanding the cycle performance because they
correlate well with each other.®'>'® The structural and
computational modeling are outlined as follows:

(i) According to the recent experiments on structural
characterization of CCH anodes,”'® we considered the
CCH reductant to be Co4(CO;),(OH)gH,O in the
hexagonal P62m space group (No. 189); however, its Co
defect (Vc,) and H positions have not yet been
determined experimentally. (See Subsection 3.1.) This
indicates that there are several possible arrangements of
the V¢, and H positions therein. First-principles
simulations are well-known for identifyin7g unknown
atomic positions in disordered structures.'” Therefore,
we exhaustively applied first-principles simulations to all
the possible arrangements, identifying the reductant
structure as the most stable one. (See Subsection 2.5.)

(ii) To theoretically elucidate the electrochemical properties

of the CCH anode, the most reliable approach is first-

principles reaction dynamics simulations. However, due
to their high computational cost, such simulations are not
feasible. Instead, the present study adopted a static
approach; that is, we evaluated the EMF. To evaluate the
oxidant energy, the oxidant structure should be modeled,
but this modeling involves assuming a plausible electro-
chemical reaction. Before modeling the oxidant structure,
we reviewed the electrochemical reactions, which are
hypothetically assumed as deprotonation reac-
tions.”™'"'* (See Subsection 2.3.)

(iii) According to the hypothetical reaction mechanism, we
can model the oxidant structure by deprotonating the
reductant structure. (See Subsection 2.4.) By applying
first-principles simulations to both the reductant and
oxidant structures, the EMF (Vy,) can be calculated from
their energy difference computed using first-principles
geometry optimization. (See Subsection 2.5.) Upon
comparing the predicted V,, with the experimental
values, we verified the reaction hypothesis.

(iv) Actual CCH anodes have 1-D wire structures rather than
3-D bulk structures.”®'"'* Therefore, we considered the
anisotropic morphologies of the CCH anodes to under-
stand “actual” capacitor properties from a more realistic
viewpoint. The crystal growth mechanism can govern the
morphology. The anisotropy of the crystal growth can be
measured from the XRD pattern; the crystal grows toward
crystal planes that correspond to higher peak intensities in
its XRD pattern.18 In fact, previous characterizations of
the CCH anodes were incorrect because they were
characterized by assuming a lattice structure with an

https://doi.org/10.1021/acsomega.2c07362
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incorrect space group.'* Therefore, we performed XRD
simulations'” for our predicted CCH reductant structure
to obtain the accurate attribution of the XRD patterns to
crystal planes. (See Subsection 2.6.) This revised XRD
attribution can lead to the correct crystal growth
mechanism. In addition, the detailed structural informa-
tion about carbonate ions and surrounding atoms clarifies
the interactions between them. This detailed information
can provide new insights into the morphology of the CCH
anode and hence its electrochemical reactivity governing
the capacitor properties, i.e., high capacity and cycle
stability.

2.2. Modeling of CCH Reductant Structure. Figure 1
shows a unit cell of Co4(CO;),(OH)s-H,O obtained from

Figure 1. Unit cell in the ab plane. Atomic positions colored by light
blue and red are six Co-defective (V) sites with a site occupancy
number of 0.5 and nine O sites that bond with H atoms, respectively.
Three of the Vi, sites and one of the O sites exist as vacancies and
structural water, respectively.

experimental characterization,"® which was the starting point of
our structural modeling. Its lattice information (lattice
parameters and space group) was identified, but the atomic
positions therein are incomplete from the viewpoint of the Co-
defect (V¢,) and H positions. The atomic positions of Co, O,
and C were identified, but there exist six Co positions with site
occupancy numbers of 0.5 (light blue). This means that three Co
positions are fully occupied and the remaining three are V¢,
positions. Ten H atomic positions were categorized into eight
OH sites and one structural water (H,O) site. Through first-
principles simulations shown later, the structural model of the
reductant was determined by choosing the most stable structure
from all the possible arrangements of the V¢, and H positions.
As shown below, we identified (i) the V, and (ii) H positions
considering physicochemically reasonable arrangements.

(i) Identification of the V, positions: The vacancy patterns
can be divided into two categories: (1) delocalized and (2)
localized. According to the symmetry of the V., patterns, we
have two delocalized patterns, (1-1) V,(2/3/S) and (1-2)
Vo (1/2/3), and two localized ones, (2-1) V,(2/3/4) and (2-
2) V¢ (3/5/6), where the three V, positions are described in
parentheses as numbers in Figure 1.

(ii) Identification of the H positions: For each of the above
four V¢, patterns (1-1) ~ (2-2), the H positions can be
automatically determined if one H,O position is chosen from
nine O positions, Wy(I) (I = 1-9), appearing in Figure 1.
Furthermore, as explained below, we consider their symmetries
and impose constraint conditions from the viewpoint of the local
charge neutrality such that isolated anions are ruled out in the
reductant, and thus, 14 candidate structures are left, described as

VCO(i/j/k)-WO(l):
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(1-1) Vo (2/3/5)-Wo (1) (I=1-9): As can be seen from Figure
2(a), this case allows all the nine O sites because neither
symmetry nor local charge neutrality rules out any Wq
possibility.

(c) Vo(2/3/4)-W(6) (d)V(3/5/6)-W(7)

Figure 2. Possible structural models of V¢ (i/j/k)-W(1), where V¢,
and structural water positions are colored by light blue and red,
respectively: (a) nine possible patterns, Vi (2/3/5)-Wo (1) (I=1-9),
(b) three possible patterns, V,(1/2/3)-Wo(1) (I =1, 2, 3), (c) one
unique pattern, V,(2/3/6)-W(6), and (d) V,(3/5/6)-W(7).

(1-2) Vo (1/2/3)-Wo () (I=1, 2, 3): Figure 2(b) shows that
Veo(1/2/3) has a 3-fold symmetry; therefore, Wo(l) are
classified into three equivalences: {Wg(1), W (6),
Wo(7)}y {WO(Z)) Wo(s); WO(S)}) and {Wo(3);
Wo(4), Wi(9)}. Therefore, we may consider only three
inequivalent Wy (1) (I =1, 2, 3).

(2-1) Vo(2/3/4)-Wo(6): Looking at Figure 2(c) and then
comparing every O valency with the V¢, valencies, the
local charge neutrality restricts possible candidates for the
structural water site to only one O site, W (6). Otherwise,
the O6 atom becomes isolated OH™.

(2-2) Vo (3/5/6)-W(7): Similar to the V,(2/3/4) case, the
Wq(7) is the only possible O site for structural water,
looking at the valencies of the Co3 and Co6 vacancies.
(See Figure 2(d).)

Note that when optimizing these initial structural models by
first-principles simulations (Subsection 2.5), the degree of
spatial freedom is restricted such that H atoms in OH™/H,O are
placed parallel/perpendicular to the ab plane, which avoids
undesirable steric hindrance.

2.3. Hypothesis of the Deprotonation Reaction and
EMF. The electrochemical reaction of the CCH anode has been
inferred from experiments based on cyclic voltammetry (CV)
measurements.” The CV measurements have provided the
reaction EMF by observing the CV peaks appearing in the
potential window, V < 0.6 V versus the SCE potential reference.
The result suggests the following deprotonation reaction:

Co(OH), = CoOOH + H" + e~ (1)
Equation 1 is an electrochemical (elementary) reaction of
Co(OH), rather than CCH itself, indicating that Co(OH),
forms in the CCH anode. The corresponding half-reaction in the
CCH anode for n deprotons per unit cell (1 < n < 6) is given as

https://doi.org/10.1021/acsomega.2c07362
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CosC,0H,, + nOH™

= Co04C,0,:H,,_, + nH,0 + ne” + Vg (vs SHE)

()
where Vcy (vs SHE) is the CCH electrode potential versus the
standard hydrogen electrode (SHE). Hereafter, all the electro-
chemical potentials are measured by referring to the SHE. For n
= 6, all the Co*" ions are oxidized to Co>, with the reaction rate
being 1. The cathodic half-reaction is assumed to be the Pt
electrode reaction in an alkaline solution (KOH):

nH,O + ne” = nOH™ + gHz + Vp, (vs SHE) )
where Vp, is the Pt electrode potential. Eventually, the overall
reaction is obtained:

n
CocC,0,H,y = CosC,0,H,o_, + EHZ + Vi (vs SHE)
4)

where Vy, is the deprotonation potential.

Herein, we establish relationships between the electro-
chemical potentials. The deprotonation potential in eq 4 is a
sum of the anodic potential in eq 2 and the cathodic potential in
eq 3:

Vip = Vocu + Ve (vs SHE) ()

The Vcy has been measured through the CV experiment as the
peak of EMF, referring to the SCE potential.”’ We convert the
experimentally set V¢ (vs SCE) to a computationally tractable
Veen (vs SHE) via

Veen (vs SHE) = Viyy (vs SCE) + Vg (vs SHE) — (6)

where Ve (vs SHE) is the SCE electrode potential measured
via SHE. Substituting eq S with experimental values (Vgcg =
0.2681 V and Vy, = —0.8277 V)*’ into eq 6, we obtain the EMF
(vs SCE) for the CCH anode as

Veey (vs SCE) = <‘/dp — 1.0958) V (vs SHE) (7)

Thus, the V¢yy (vs SCE) value can be evaluated from the Vg, (vs
SHE) value that can be computed via first-principles
simulations, as shown in the next subsection.

2.4. First-Principles Evaluation of Deprotonation EMF
and Oxidant Modeling. The Vg, value can be converted into
the deprotonation energy, AEccy, for n deprotons, using

Ay, = nF-Va ®)
where F is the Faraday’s constant. Referring to the overall
reaction in eq 4, the AEccy is given as

n
AE;, = Ecent — |Ecopom + —E
dp CCH ccH-nH T S EH, )
where Eccy and Eccy_, are the total energies of the reductant
(CCH) and the oxidant (CCH—nH) with n deprotons,

respectively, and %EHZ is the chemical potential of the hydrogen

atom.

Although the above three energies are computable, as shown
in the next subsection, the evaluation of Eccy_,y involves
modeling the oxidant structure. In this study, we modeled the
oxidant by removing one hydrogen atom (n = 1) from the most
stable reductant, V,(2/3/5). Ten possible deprotonation sites
are shown in Figure 3. For our purpose, as shown later, the n = 1
case suffices to evaluate V,. Note that our concern is whether or
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Figure 3. Deprotonation sites (H1~H10) in the unit cell on the ab
plane. Co, O, C, and H atoms are colored in blue, red, brown, and white,
respectively.

not the deprotonation reaction occurs inside the CCH bulk. In
other words, we are investigating whether or not Vcy lies in the
range of the experimental potential window, V,,, < 0.6 V (vs
SCE).

2.5. First-Principles Geometry Optimization. Our first-
principles simulations based on density functional theory
(DFT) were performed using the Vienna ab initio simulation
package (VASP).”"** The valence electron—core interactions
were described by projector augmented wave (PAW),”” where
the valence electrons were treated as Co(3s"4s), O(2s%2p*),
C(2s*2p?), and H(1s'). We adopted the GGA-PBE exchange-
correlation functional’* and applied the GGA+U method to
describe the localized Co-3d orbitals with the Hubbard
correction value Uy = 6.1 eV obtained from the value applied
to cobalt oxide;>® we also added the Grimme D3 correction’®
with the Beck—Johnson damping”” to the GGA+U functional to
reproduce the noncovalent interactions. The cutoff energy of the
plane-wave basis expansion was set to 700 eV; a k-point mesh of
2 X 2 X 6 was used for integration in the reciprocal lattice space
using the Monkhorst—Pack scheme.”® These values were found
to converge within 1 meV/atom. The convergence criteria for
the geometry optimization were set to 1 X 107 eV and 0.01 eV/
A for energy and force, respectively. All the lattice parameters
were fixed to be the experimental values'® during the geometry
optimization; that is, only the atomic positions were optimized
by our first-principles simulations. To accelerate the con-
vergence in the geometry optimization, we first optimized the H
positions, followed by all the atomic positions, which suppresses
a high degree of spatial freedom in geometry optimization.

2.6. XRD Pattern Prediction. Previously, the XRD peaks of
the CCH electrodes were incorrectly assigned to crystal plane
indices because the CCH crystal structure was assumed to be an
orthorhombic lattice."* To reassign the XRD peaks to plane
indices of the hexagonal lattice, we performed XRD simulations
for the computationally determined CCH hexagonal structure
using the VESTA software.'” As the strongest XRD peaks
indicate the direction of the crystal growth, new XRD
alignments can provide new insight into 1-D anisotropic CCH
electrodes exhibiting high capacity.”'”

3. RESULTS

3.1. Identification of Reductant. To identify the reductant
structure, we performed DFT simulations for all the possible
arrangements of V¢, and H,0O, i.e,, for the 14 patterns of V., (i/
j/k)-Wo(1) shown in Figure 2, followed by exploring the most
stable one. Table 1 lists four pairs of the V., and W, positions,

https://doi.org/10.1021/acsomega.2c07362
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Table 1. Four V¢, Patterns in Figure 4 and the Corresponding
Most Stable W, Sites, Together with Their Relative Energies
(AE)*

category Veo(i/j/k) Wo(l) AE/eV
1-1 2/3/s 9 +0.00
1-2 1/2/3 1 +0.47
2-1 3/5/6 7 +0.89
2-2 2/3/4 6 +5.42

“AE is set to be zero for V,(2/3/5)-Ws(9).

and each of them provided the most stable structure among each
category. The most stable structure among the four arrange-
ments is set to be zero energy; the corresponding structures are
shown in Figure 4. The most stable structure was (1-1) V,(2/

(d) Vo(2/ 3/4)—W0()

Figure 4. Four reductant structures with delocalized (1-1/1-2) and
localized (2-1/2-2) arrangements of Co vacancies, each of which is the
most stable among their categories: (a) (1-1) V,(2/3/5)-Wo(9), (b)
(1-2) Vo(1/2/3)-Wo(1), (¢) (2-1) Vo (3/5/6)-Wo(7), and (d) (2-2)
Veo(2/3/4)-Wo(6). Positions of structural waters are encircled by
orange-colored ellipses.

3/5)-Wo(9), where the V., positions are delocalized, as shown
in Figure 4(a). This structure is stabilized by three hydrogen
bonds: two are formed between two H atoms in OH and two O
atoms in CO3", and one is formed around V, surrounded by
two CO3". The second most stable structure is (1-2) V,(1/2/
3)-Wo(1), with only one hydrogen bond formed around one
CO;™. which is shown in Figure 4(b). Therefore, the energy of
Vo(1/2/3)-Wo(1) is higher than that of V,(2/3/5)-Wo(9)
by 0.47 eV; as a result, it cannot be thermodynamically
synthesized because of its synthesis temperature (368 K).” The
other two localized structures, (2-1) V,(3/5/6)-W(7) and (2-
2) V(2/3/4)-Wq(6), have much higher energies than the
most stable structure, (1-1) V¢,(2/3/5)-Wq(9). This can be
attributed to the fact that Coulomb repulsions between more
localized V¢, pairs are greater than those between delocalized
ones, irrespective of H-bonds.

Herein, we investigated the relative stability of V,(2/3/5)
with respect to different sites of H,0, W (1) (I=1-9), listed in
Table 2. The three structures, V,(2/3/5)-Wq(6)/-Wq(1)/-
Wo(5), are more stable than (1-2) V,(1/2/3)-W(1), but less
stable than (1-1) V,(2/3/5)-Wq(9). V¢, (2/3/5)-Wq(6)/-
W (1)/-Wo(S) have higher energies than V,(2/3/5)-Wq(9)
by 0.15/0.32/0.42 eV, respectively. Similar to V,(1/2/3)-
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Table 2. Relative Stability of V,(2/3/5) with Respect to
Different Sites of H,0, W(I) (1= 1-9)“

Wo (D) AE/eV
9 +0.00
6 +0.15
1 +0.32
S +0.42
3 +0.51
7 +0.68
8 +0.96
2 +1.37
4 +5.47

“The relative energy AE is given in eV, setting the most stable V,(2/
3/5)-Wo(9) pattern to be zero.

Wo(1), these metastable phases are not synthesized thermody-
namically due to their synthesis temperatures. Three delocalized
Ve, patterns, Vi, (2/3/5)-Wq(2)/-Wo(4)/-Wi(8), are less
stable than the localized V,(3/5/6)-W(7) due to the presence
of highly sterically hindered structural water sites. Thus, we
conclude that the CCH reductant has the V,(2/3/5)-Wo(9)
structure, which is thermodynamically synthesizable. Its
structural stability can be attributed to the above-mentioned
H-bonds.

A validation of the V, and W, arrangements in our predicted
stable structure, V,(2/3/5)-W(9), can be made by comparing
with neutron diffraction (ND) experimental data. The W,
positions can be directly compared with the ND analysis,”’
whereas a reverse Monte Carlo analysis with the ND data is
required to accurately determine the V¢, positions.”® These
ND-based analyses are required for validating our computa-
tional results, but ND experiments have yet to be reported,
which we expect to appear in the near future.

3.2. Identification of Oxidant. To investigate the electro-
chemical reactivity of CCH, we obtained oxidant structures by
removing H atoms from the reductant structure, V,(2/3/5)-
W (9), where the deprotonation sites (Hg,,) are numbered as
H,~H,, in Figure 3. For computing the oxidant and reductant
energies through DFT simulations, eq 8 is applied to evaluate
the DFT-evaluated electromotive forces (EMFs) of the
deprotonation reactions (VdDeFPT) occurring inside CCH crystals,
which are listed in Table 3. According to these computational
results, all the deprotonation reactions require deiT >3V
Compared with the computed EMFs, the experimental EMFs
(Vﬁ’g};) are estimated to be less than +0.6 V because the CV
measurements for the CCH capacitors report a potential

Table 3. DFT-Evaluated EMFs Required for the
Deprotonation Reactions (V?::,T) at Deprotonation Sites,
Hg, (See Figure 3)

Hgep Vel /V (vs SCE)
7 3.08
10 3.08
3 3.08
2 3.26
1 327
8 3.30
6 3.34
9 3.52
4 4.06
5 4.89
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window of Vgl < +0.6 V when the deprotonation reaction
occurs.

The difference between Vg;T and V3l implies that the
deprotonation reaction occurs not inside the CCH crystal, but
on the surface. Note that deli,T approximates to a definite EMF
(Vigep) because V,, should be defined as the energy difference
between the reductant and transition state in the electro-
chemical reaction (i.e., activation energy), whereas d;T is just
the energy difference between the reductant (before reaction)
and oxidant (after reaction) energies, according to eq 8.
However, because VdDel;T necessarily underestimates Vj, the
present de}:,T values are sufficient to prove whether or not the
deprotonation reaction occurs inside the CCH crystal. Actually,
it is quite hard to perform exhaustive first-principles transition
state calculations'” for all the Hgy, sites due to their
computational costs.

Here we make a remark on our structural modeling for
evaluating VdDeI;,T. The present study adopted only a unit cell of
CCH to evaluate VdDeFPT. This indicates that possible atomic
configurations are quite limited. So one may wonder if other
possible configurations could reduce the VdDeFPT values. To verify
this, we need to extend a simulation cell to supercell models
involving many more possible atomic configurations, but such
supercell simulations are impossible to run because of the
computational cost. Such configurations are likely to reduce the
VdDel;T values, but the reduction cannot reach V&, ~ +0.6 V (vs
SCE) because the deprotonation inside the CCH bulk
necessitates breaking both the H-bond and the O—H covalent
bond, which involves high energy of an eV order. By inference,
we may conclude that deprotonation rarely occurs inside the
CCH bulk, compared to the surface.

Our computational results further suggest that a single phase
of pristine CCH electrode has a low capacitance, which is
consistent with experimental observations.” Although there is no
direct experimental evidence that deprotonation rarely occurs
inside the CCH bulk, our computational finding in the
deprotonation is also likely in terms of the capacitance. To
confirm if deprotonation occurs only on the surface from the
computational viewpoint, deprotonation simulations on surfa-
ces should be performed, which involves determining the stable
surface of CCH and evaluating the EMFs based on the stable
surface. As the CCH crystal structure including the Co vacancies
and H atoms has a P1 symmetry, it is quite hard to cleave its
typical surfaces. In addition, the resultant surfaces have too many
atoms in their simulation cells to simulate because of
computational costs. Thus, surface deprotonation simulations
remain our future challenge. To summarize, the CCH bulk itself
is stable against an electrochemical reaction; the electrochemical
stability in the CCH bulk can be augmented by the H-bonds
formed between all the H atoms and the neighboring O atoms,
as shown in Figure 3.

In contrast to the pristine CCH electrode with low capacity,
some CCH-based electrodes have been reported to exhibit high
capacity.”'? The difference between high- and low-capacity
CCH electrodes can be attributed to their different morphol-
ogies and constituent phases. According to experimental
characterization,” high-capacity CCH electrodes consist of a
pristine CCH phase and a hydroxide (Co(OH),) phase. Thus,
we investigated the crystal growth mechanism of CCH based on
XRD analysis, which is the key to understanding how actual
CCH electrodes are synthesized.

3.3. Crystal Growth Designated by XRD Peaks. In terms
of capacity, there are two types of CCH-based electrodes: CCH-
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based electrodes with high capacity’ and low capacity™'' are
synthesized with NO3 and Cl~ counterions for cobalt ions (NA-
and CA-CCH), respectively. They exhibit different morpholo-
gies that arise from different crystal growth directions and
degrees of crystallinity. Differences in the crystal growth
directions and degrees of crystallinity for CCH can be explained
using the observed XRD patterns.

In fact, previous studies characterized XRD patterns of the
CCH-based electrodes, but their XRD analyses were based on
an incorrect lattice ansatz, an orthorhombic lattice.'* The
correct lattice of CCH was recently found to be a hexagonal
lattice."> Note that the crystal growth direction of a pristine
CCH crystal was found to be the c-axis. Thus, the XRD patterns
of the actual CCH electrodes should be reassigned into Miller
indices.

In order to correctly assign XRD peaks to Miller indices, we
performed an XRD simulation based on the correct CCH crystal
structure obtained computationally, where its unit cell came
from NA-CCH,"? and the occupancy of the structural water site
was set to be 1.0. Note that our assignment of lattice planes
differed from the previous study,'® because the correct CCH
structure is different than that previously characterized. Then,
we examined which plane contributes to the morphology
difference of NA- and CA-CCH electrodes from the XRD
simulation results. It is well-known that an XRD peak position
(20) identifies certain lattice planes, whereas the relative peak
intensity shows the amount of said planes formed in a sample
material. Figure 5 shows the XRD peaks in terms of relative
intensity, where the strongest value is set to 100.
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Figure 5. XRD peak pattern obtained from the XRD simulation for the
computed hexagonal CCH crystal structure (3-D NA-CCH). The
peaks at 26 9.885 and 33.515 include plane sets
{(100), (T10), (1T0)} and {(11T), (211), (2T1)}, respectively.
They were incorrectly assigned in previous studies, because the crystal
structure was assumed to be orthorhombic and not hexagonal.

Here we focus on the two peaks at 20 = 9.885 and 33.515; the
former is related to the crystal growth direction almost parallel to
the c-axis, whereas the latter was toward the ab-plane, as shown
below. Note that each of the peaks consists of several lattice
planes with different intensities, but our concern is only the main
peaks with intensities higher than 20% of the strongest intensity.
Eventually, the peaks at 20 = 9.885 and 33.515 correspond to
sets of lattice planes (1) {(100), (T10), (1T0)} and (2)
{(TTT1), (211), (2T1)}, respectively; their structures are
given in the Supporting Information (SI). Note that only
representative lattice planes appear in Figure 5, whereas their
equivalent planes are omitted. (1) Looking at the former planes,
we can see that H-bonds (encompassed with green rectangles)
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formed on the ab-planes connecting the (100) planes (Figure
S1). These H-bonds can promote 2-D crystal growth (a- and b-
axis directions). The above finding is similar to the (110) and
(110) planes. (2) For the latter, H-bonds are formed so as to
connect the (11 1) planes, whose direction is almost parallel to
the c-axis (Figure S2). These H-bonds can work for 1-D crystal
growth (c-axis direction), which can be called “H-bond-driven 1-
D crystal growth”. This holds for the (2T 1) and (2T11) planes as
well. Thus, a comparison between 1(9.885) and I(33.515) can
provide insights into the crystal growth direction.

The NA- and CA-CCH electrodes have different surfaces with
specific lattice planes, which is caused by the difference in their
different crystal growth directions. To investigate this difference,
we make a comparison of their intensities. For that purpose, we
adopt a ratio of the peak intensity at 26 = 33.515 to that at 260 =
9.88S:

_1(33.515)

©1(9.885) (10)

Recall that the simulated XRD peaks are computed for an
isotropic CCH bulk. By contrast, anisotropic CCH electrodes
have differing I(26) values from the bulk, though they have the
same 20 as the bulk. Thus, the NA-CCH and CA-CCH
electrodes have different R values from the bulk. Table 4 lists

Table 4. Peak Intensities I(260) at 260 = 9.885 and 33.515, and
the Corresponding Intensity Ratio R for the NA- and CA-
CCH Electrode Materials and the Bulk”

1(9.885) 1(33.515) R
NA-CCH"'® ~60 ~100 ~1.7
CA-CCH"® ~80 ~35 ~0.44
bulk NA-CCH (present study) 100 44 0.44

“The I(20) values for the NA- and CA-CCH materials were obtained
from ref 18, whereas the corresponding bulk NA-CCH values are
from the present XRD simulations.

1(20) at 20 = 9.885 and 33.515 and R for the bulk and the NA-
and CA-CCH electrodes (obtained from Figure 1(b) in ref 18).
It was found that the NA- and CA-CCH electrodes have R~ 1.7
and ~0.44, respectively. As we mentioned previously, relatively
stronger peaks correspond to a higher amount of the
corresponding planes compared to the others formed in a
material. Thus, the plane set {(1171), (211), (211)} formed
more than the set {(100), (110), (110)} in NA-CCH. This
means that NA-CCH exhibits 1-D crystal growth toward the c-
axis. By contrast, {(100), (110), (110)} formed more than
{(IT1), 211), (2T1)} in CA-CCH, indicating that the
crystal growth direction of CA-CCH is more 2-D than that of
NA-CCH. Here, we also see that the R value of CA-CCH is
almost the same as that of the bulk NA-CCH. This indicates that
in CA-CCH, the 1-D crystal growth toward the c-axis is balanced
with the 2-D growth inside ab-planes. In other words, the CA-
CCH structure is 3-D, similar to the bulk NA-CCH structure.
To sum up, the NA-CCH electrode is 1-D, whereas the CA-
CCH electrode is 3-D, which can be attributed to the H-bonds
formed therein.

We have investigated why the directions of H-bonds in NA-
CCH are different from those in CA-CCH. NOj3 and CI are
used as cobalt counteranions to synthesize NA- and CA-CCH,
respectively. Their difference in reactants gives rise to that in the
occupancy of structural water groups'® It has been observed
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experimentally that NA-/CA-CCH with a higher/lower H,O
occupancy grows one-/two-dimensionally, implying that the
structural water groups inhibit 2-D crystal growth."® As shown in
Figure S2, a structural water group (encompassed with an
orange ellipse) forms two H-bonds between the (11 1) planes.
The c-axis H-bond involving the structural water group is
considered to promote one-dimensional crystal growth of NA-
CCH. By contrast, the structural water group in CCH can be
regarded as a growth inhibitor in the 2-D direction.

In addition to the peak intensities, peak broadening provides
an insight into the capacitance difference between the NA- and
CA-CCH electrodes. NA-CCH was found to have broad peaks
in the overall angle range.'® The presence of these broad peaks
can be attributed to the size of the crystals and defects in the NA-
CCH electrodes. The Co(OH), phase is present in the NA-
CCH electrode.” As the NA-CCH crystal growth direction is
toward the c-axis,"” Co(OH), layers are anisotropically stacked
along the c-axis direction when synthesizing the NA-CCH
electrode with CCH precursors. The Co(OH), is considered to
be the ff phase: it has two polymorphs, a/f-Co(OH),, where the
a phase is metastable and transformed easily into the /3 phase.’’
This indicates that $-Co(OH), rather than a-Co(OH), is
synthesized using the CCH precursor. Thus, we focused on the
crystal growth and electrochemical reaction of the pristine f-
Co(OH), phase as well. The pristine f-Co(OH), crystal has
pore layers, and hence, OH™ ions enter through these pore
layers, thereby leading to the deprotonation reaction in the
crystal. By contrast, it has been observed from TEM images that
plate surfaces come in contact with interlayers during crystal
growth to form the aggregated bulk electrode; that is, thick plate
structures of f-Co(OH), aggregate into the f-Co(OH), bulk
electrode.® The contact site of the interlayer and plate surface
can prevent OH™ ions from entering into the interlayer where
the deprotonation reaction occurs. The Co(OH), phase is
formed from the crystal surface via a decarboxylation reaction
between CCH and OH™. The pore layers of the deprotonation
sites in the f-Co(OH), are oriented toward the electrolyte.
Eventually, more anisotropic #-Co(OH), is synthesized than
pristine 5-Co(OH),.

4. DISCUSSION

4.1. Morphology-Driven Storage Properties. Table S
lists storage properties (capacity and cycle life) of high- and low-
capacity CCH electrodes, NA-CCH? and CA-CCH,*"" as well
as pristine a/f-Co(OH), electrodes for comparison, which have
been reported in previous studies. Their differences can be
interpreted in terms of their morphologies, as shown below.

First, we investigated the CA-CCH electrodes. As mentioned
previously, the CA-CCH electrodes are composed of single
crystals, where the Co(OH), phases hardly exist inside the
crystal. In addition, the CA-CCH electrodes have fewer defects
and smaller surface areas (relative to the bulk region) than NA-
CCH. This implies that OH™ ions in the electrolytic solution are
hindered from diffusing into the inside region in the CCH
crystal. In other words, the OH™ ion diffusions only occur in
restricted surface areas. These conjectures would give rise to the
low capacitance of 165 F/g in the CCH electrode aggregated on
a stainless-steel substrate, forming nanorod-assembled hier-
archical structures,” as shown in Table 5. This assembled
structure consists of a 1-D aggregated rod, whereas each rod unit
is two-dimensionally grown. The 2-D morphology causes the
deprotonation reaction to occur only on the surface regions;
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Table 5. Capacitance and Cycle Characteristics of Co-Based
Electrode Materials, Associated with Morphologies”

capacity@| electron cycle life@
density]/ [charge density]/
electrode  morphology Fg'@Ag™ (cycles)/%@Ag ™"
NA-CCH@  umbrella- 1227[@2.25] 93.7[@4.0](10000)
NE’ like NWA
NA-CCH@  umbrella- 1381[@2.0] 93.5[@40.0](5000)
NF* like NWA
CA-CCH@  nanorod- 165.6(@0.1] ~100.0[@0.5](1000)
sse assembled
a- porous film 1473[@2.0] 88.0[@6](1000)
Co(OH),@
NF°¢
p- nano plate 800[@2.0] 95.7[@2](8000)
Co(OH),@
CFP/

“CFP, NF, SS, and PN indicate substrates of carbon fiber paper,
nickel foam, stainless steel, and porous Ni, respectively. *Cathode: Pt
foil, Anode: CCH, Reference electrode: Hg/HgO.12 “Cathode: Pt,
Anode: CCH, Reference electrode: SCE.> “Cathode: Pt foil, Anode:
CCH, Reference electrode: Hg/HgO." “Cathode: Pt plate, Anode: a-
Co(OH),, Reference electrode: SCE.” /Cathode: Pt plate, Anode: f-
Co(OH),, Reference electrode: SCE.®

therefore, the reaction becomes reversible, leading to the
“perfect” cycle life, as shown in Table S.

By contrast, the NA-CCH electrodes have significantly
different morphologies compared to the CA-CCH ones: NA-
CCH is composed of not only CCH but also Co(OH), phases,
that is, it is multiphase, with small crystal sizes and defects,
compared to NA-CCH.>"*"® The smaller crystal sizes lead to
wider surface areas compared to the bulk region, increasing the
diffusion sites of OH™ ions on the surface and hence forming the
Co(OH), phase. The surface defects and grain boundaries also
enhance the diffusion of OH™ inside the single crystals and on
the single-crystal surfaces located in the polycrystals. Specifi-
cally, grain boundaries may promote the formation of the
Co(OH), phase. Eventually, the high capacity of NA-CCH can
be attributed to the above-mentioned characteristic morphol-
ogies. The 1-D morphology enhances the deprotonation
reaction occurring at the Co(OH), phases. Therefore, the
NA-CCH morphology leads to higher capacity, but a lower life
cycle, compared to those of CA-CCH. However, NA-CCH
partially contains the CCH phase, which makes the electrode
more stable than the pristine Co(OH), phase. This is the reason
why NA-CCH has longer life cycles (~93%) than the pristine a-
Co(OH), electrode. By contrast, the pristine f-Co(OH),
electrode has longer life cycles (~96%) than the NA-CCH
electrodes (~94%), but in turn, it has a significantly lower
capacity (800 F/g). In general, there exists a counterbalance
between capacity and life cycle.

Herein, we remark on how electrolytes affect the growth
mechanism of CCH-based electrode materials, which signifi-
cantly governs the balance between CCH and Co(OH), phases.
First, we focus on concentrations of OH™ and CO?™ that
commonly exist in reaction systems during the synthesis of NA-/
CA-CCH electrode materials. OH™ jons are common to the
syntheses of Co(OH), and CCH, whereas CO3™ ions exist only
in the synthesis of CCH. Thus, denser OH™ ions seem to
contribute to a larger ratio of the Co(OH), phase to the CCH
phase, thereby leading to more deprotonation. pH-controlled
experiments on crystal growth would easily confirm this, though
such experiments have yet to be conducted.
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Next, we consider the NO3 and Cl~ electrolytes. Compared
with OH™ and CO%, they play a more important role in
synthesizing the CCH-based electrode materials, NA-/CA-
CCH. It has been experimentally shown that the NA-CCH
electrode consists of a mixture of CCH and Co(OH),
compounds, whereas the CA-CCH electrode consists of not
only CCH and Co(OH),, but also Co(OH),Cl,_,-nH,0 and
Co(OH),CL(CO;3)05(2 — & — y)-nH,0 compounds.'® These
chloride-containing compounds fail to work for the electro-
chemical reaction. Elemental analysis has confirmed that the
CA-CCH electrode contains more OH ions than the NA-CCH
electrode, and the case of COj ions is the opposite.'® Despite the
increased amount of OH ions in the CA-CCH electrode, the
CA-CCH electrode has a low capacitance, compared to that of
the NA-CCH electrode. This implies that the OH ions are
assigned into the chloride-containing compounds more than the
Co(OH), and the CCH. Furthermore, the lower CO;
concentration in the CA-CCH indicates that fewer decarbox-
ylation reactions occur during the charge—discharge cycle,*
which hinders capacitance increases that have been observed in
the NA-CCH electrodes.”'” Thus, the lower capacity in the CA-
CCH can be attributed to the presence of chloride-containing
compounds.

To understand the above-mentioned difference between NO3
and CI” electrolytes, a key quantity is electron affinity (EA). The
experimental EA values of NOj3 and CI™ have been reported to
be —76.5 and —59.2 kcal/mol, respectively.”” This means that
NO3 ions exist in solution, whereas Cl™ ions tend to bind with
the cations, thereby getting involved in the crystal growth
mechanism. Therefore, chloride-containing compounds can be
formed in CA-CCH electrode materials. In other words, the
NOj electrolyte forms only CCH and Co(OH),. By considering
the EA of electrolytes, we can control the balance between the
CCH and Co(OH),.

4.2. Further Details for NA-CCH. Within the framework of
the NA-CCH electrodes, their morphologies significantly vary
depending on their growth times, which affects their storage
performance. For instance, as per Lin et al,,” the CCH precursors
were grown on NF substrates and the morphologies of the NA-
CCH electrodes controlled the growth times of 6 and 10 h
(designated as NA-CCH@NF-6h and NA-CCH@NF-10h,
respectively). Both electrodes have wire structures having larger
surface areas perpendicular to their substrates, compared to the
CA-CCH electrodes. However, upon comparing them, a
remarkable difference in the wire orientations was found relative
to the substrate.

NA-CCH@NF-10h has an umbrella-like nanowire structure,
which corresponds to that listed in Table 5. By contrast, NA-
CCH@NE-6h has a nanoneedle structure oriented perpendic-
ular to the substrate. According to experimental observations
based on XRD and TEM, the NA-CCH@NF-6h structure is
more uniaxially anisotropic than the NA-CCH@NE-10h one,
and hence, the former has wider surface areas on the sides
perpendicular to the substrate than the latter.

Their structural/morphological difference results in a differ-
ence in storage performance. NA-CCH@NF-6h has a higher
capacity (1548 F/g(@2 A/g)) Than that of NA-CCH@NF-10h
(1381 F/g(@2 A/g)) at the initial stage of the charge—discharge
cycle. This can be explained as follows: NA-CCH@NF-6h and
NA-CCH@NE-10h are almost identical to each other in terms
of the broadness of the XRD peak patterns. This implies that
they have almost identical defect structures. Therefore, the
capacity difference between NA-CCH@NF-6h and NA-CCH®@
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NF-10h can be attributed to the difference in their surface areas;
during the initial cycles, the OH™ ions react with the CCH
surface and further diffuse into the inside crystal. This reaction in
NA-CCH@NF-6h enhances the capacity, but rapidly degrades
the cycle stability, giving rise to the deformation of the structure.
Because of its 1-D morphology, the unstable structure in NA-
CCH@NEF-6h can be attributed to fewer hydrogen bonds and
chemical bonds with CO}”™ than in the pristine CCH crystal
(Figure 2(a)). In the middle stage of the charge—discharge
cycle, the structural change inhibits the OH™ ions from diffusing
into the interlayers inside the crystal. Finally, the NA-CCH@
NEF-6h electrode melts down, losing storage performance.
Recently, the storage performance has been reported for a
CCH electrode similar to NA-CCH@NF-10h, exhibiting a high
capacity of 1227 F/g(@2.25 A/g) and high cycle stability of
93.7% (@4 A/g) after 10,000 cycles.'”” The CCH phase
contributes to the cycle stability due to its hydrogen and
chemical bonding, whereas the Co(OH), phase enhances the
capacity albeit with less stability. The above-mentioned high
performance was achieved by counterbalancing the two phases.
This study has highlighted the possibility of regulating the ratio
of the CCH phase to the Co(OH), phase by controlling the

reaction surface area.

5. CONCLUSION

We performed exhaustive first-principles simulations to identify
a hexagonal CCH structure, particularly for the atomic positions
of cobalt vacancies and hydrogen atoms. The resultant structure
is a model of the reductant in the electrochemical reaction of
CCH-based electrodes. This was used to explore the oxidant
structure. The reductant and oxidant structures helped us to
evaluate the EMF of the deprotonation reaction. The computed
EMF value of ~3 V (vs SCE) was much larger than that expected
from the experimental potential window of <0.6 V (vs SCE).
This indicates that the deprotonation reaction never occurs
inside the CCH bulk, and therefore, the reaction sites are
restricted to the surface regions in the pristine CCH electrode.
The detailed information about the atomic positions revealed
that the chemical and hydrogen bonds that formed between the
{(TT171), (211), (211)} planes prevent the hydroxide (OH™)
ions from diffusing into the inside of the crystal. We also
performed an XRD simulation to assign XRD peaks to the Miller
indices based on the computed structure with the correct
hexagonal lattice. The reassigned Miller indices revised the
crystal growth direction to be specified by the
{(T11), (211), (211)} planes.

According to the above-mentioned computational findings,
we investigated how certain CCH electrodes achieve a better
storage performance than pristine Co(OH), electrodes. The
revised crystal growth direction clarified the morphologies
formed in the high-capacity CCH electrode synthesized with the
NOj; counterion. These results help us understand the
importance of both counterbalancing the coexisting CCH and
Co(OH), phases and controlling their morphologies (e.g,
forming an umbrella-like morphology) for achieving the best
storage performance.
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