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ABSTRACT 

Transition metal hydroxides, comprising metal-centered polyhedra, are abundant in nature and have a broad 
range of applications. Although the intercalation/deintercalation of polyhedra with unconventional 
coordination numbers (UCN) plays a pivotal role in their formation process and influences their chemical 
behavior, the detailed mechanism remains obscure. Here, taking the kinetically controlled growth of 
Co(OH)2 as a model system (where polyhedra with UCN refers to 4-coordinated tetrahedra), by 
combining in situ pH measurement and in situ ultraviolet–visible (UV–vis) spectroscopy, we tracked Co2 + 

tetrahedral intercalation/deintercalation with varying OH− concentrations, discovering that the initial 
Co2 + tetrahedral intercalation into the Co(OH)2 lattice is inevitable and its retention is influenced by the 
effective OH− concentration, challenging previous beliefs about the formation of Co(OH)2 and potentially 
other hydroxides. More importantly, an understanding of the intercalation mechanism would significantly 
contribute to optimization of the synthesis conditions of hydroxides with tunable coordination 
environments, which hold significant application potential, as evidenced by a proof-of-concept application 
in the oxygen evolution reaction. 

Keywords: metal hydroxide, formation mechanism, in situ characterization, coordination geometry, 
oxygen evolution reaction 
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tional coordination numbers (such as for bivalent 
TMHs such as Fe, Co, Ni, Mn, Cu and Zn, where 
the conventional coordination number is 6) or a 
coexistence of polyhedra with both conventional 
and unconventional coordination numbers (UCN) 
[19 ]. The intercalation/deintercalation of polyhe- 
dra with UCN plays a vital role in the nucleation, 
growth, composition, structure, size and morphol- 
ogy of TMHs, thus exerting great influence on both 
fundamental research and practical applications of 
TMHs [6 ,20 ,21 ]. To name a few, the existence of 
additional 4-coordinated polyhedra is commonly 
used to explain how certain TMHs with interca- 
lated guest anions maintain charge neutrality [22 ]. 
Additionally, the incorporation of unconventional 

©The Author(s) 2024. Published
Commons Attribution License (h
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NTRODUCTION 

ransition metal hydroxides (TMHs) not only are
biquitous in the environment and provide a model
ystem for the nucleation and crystallization analysis
f hydroxide-rich minerals [1 –3 ], but also exhibit
aptivating and promising properties across various
pplications [4 –11 ]. Wet chemical synthesis is the
ost widely used preparation method for TMHs
12 –16 ], which involves a series of transformation
rocesses of water/anion-coordinated metal ions
riven by an increase in the OH− concentration
17 ,18 ]. This leads to the formation of an insoluble
etwork composed of multiple anions that coordi-
ate with the metal-centered polyhedra, which can

ppear as either exclusive polyhedra with conven- 
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on-6-coordinated polyhedral metal complexes
merges as an effective strategy for modulating
he coordination environment of TMHs, thereby
nhancing their catalytic performance [23 ]. Fur-
hermore, recent investigations suggest a profound
orrelation between switchable metal (NiO6 and
iO4 ) and oxygen redox chemistry in nickel-
xyhydroxide-based materials, triggered by light
24 ]. Despite the broad interest and value, previous
tudies have largely focused on the improvement
f synthesis methods and the performance of
MHs for target applications through an empirical
trial-and-error’ approach and limited attention has
een directed towards investigating the dynamic
ntercalation/deintercalation process of polyhe-
ra with UCN. In addition to this lack of focused
fforts, ex situ techniques fall short in providing
nsights into the intercalation mechanism due to the
nformation deviation between the formed interme-
iate phases during the reaction and the final static
MHs. Nevertheless, the implementation of in situ
echniques, which is crucial for real-time insights
nto reaction kinetics, faces substantial challenges,
s outlined below. Firstly, finding affordable and
ccessible in situ techniques for monitoring the
ransient intercalation/deintercalation of ultra-small
olyhedra is challenging. Secondly, understanding
he intercalation mechanism requires simultane-
us determination of the OH− concentration and
ynamic intercalation/deintercalation behavior,
dding complexity to in situ studies. Thirdly, harsh
eaction conditions and interrelated parameters
including temperature, solvent, pressure, additives,
tc.) in current synthesis strategies limit the in situ
haracterization of TMH formation feasibility. The
forementioned circumstances have led to sluggish
rogress in understanding the intercalation mech-
nism of polyhedra with UCN. As a result, we are
nable to achieve controlled modulation of the
oordination environment of metal sites and are
truggling to fully comprehend some mechanistic
uestions such as why the same TMH has different
oordination environments under varying prepara-
ion conditions. It is therefore both necessary and
rgent to investigate the intercalation mechanism of
olyhedra w ith UCN w ith the help of a deliberately
esigned combination of in situ techniques and
ynthesis methods. 
Here, we suggest using a combined multimodal

haracterization method, which involves in situ pH
easurement and in situ ultraviolet–visible (UV–
is) spectroscopy, to monitor the evolving behav-
or of polyhedra with UCN during the precipitation
rocess of Co(OH)2 induced by the kinetically con-
rolled introduction of NaOH or NH3 . The inge-
uity of this experimental design is highlighted by:
Page 2 of 13
(i) for Co(OH)2 , a polyhedron with UCN adopts 
a tetrahedral coordination geometry that is UV–vis- 
active [25 ,26 ], allowing direct observation of its in- 
tercalation/deintercalation through real-time UV–
vis signal analysis; (ii) the combination of in situ pH 

and in situ UV–vis measurements can synchronously 
and simultaneously determine OH− concentration 
and the dynamic behavior of the Co2 + tetrahedron; 
(iii) kinetic control of the base introduction slows 
the reaction rate, allowing the correlation between 
tetrahedral Co2 + intercalation/deintercalation and 
real-time OH− concentration changes; (iv) the use 
of NaOH and NH3 , which are common strong and 
weak bases for TMHs synthesis, allows comprehen- 
sive exploration. 

RESULTS 

Specifically, NaOH solution (2.5 mL, 0.8 M) and 
NH3 from 2 mL commercial NH3 ·H2 O were intro- 
duced into an aqueous solution of CoSO4 ·7H2 O 

at room temperature without using any additives 
via program-controlled dropwise addition and 
continuous gas diffusion, respectively ( Fig. S1). 
The resulting products were labeled as NaOH-slow 

and NH3 -diffusion, characterized by hexagonal 
nanosheet morphology (with sizes ranging from 

50 to 200 nm) and a flower-like structure with 
numerous nanosheet units, respectively, which were 
evident from scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) im- 
ages (Fig. 1 A–D). The powder X-ray diffraction 
(XRD) pattern of NaOH-slow ( Fig. S2A) shows 
characteristic peaks for β-Co(OH)2 without inter- 
calated anions [27 ,28 ]. Although the XRD pattern of 
NH3 -diffusion ( Fig. S2B) cannot be directly indexed 
to the standard powder diffraction file, it is reason- 
able to classify NH3 -diffusion as α-Co(OH)2 due 
to its similarity to the XRD pattern reported in pre- 
vious studies [29 ,30 ]. Three diffraction peaks at 2 θ
values of 8.1°, 16.3° and 33.2° are in agreement with 
(0 03), (0 06) and (0 09) planes of a hydrotalcite-like 
structure, respectively [31 ]. Compared with the 
(001) peak in the XRD pattern of NaOH-slow, the 
(003) peak in the XRD pattern of NH3 -diffusion 
exhibits a shift towards lower angles, indicating 
increased interlayer spacing. This difference in in- 
terlayer spacing between the two samples is further 
confirmed by using scanning transmission electron 
microscopy (STEM) to analyse the direction par- 
allel to the lateral surface. As shown in Fig. 1 E and
F, the neighboring layers of NaOH-slow present an 
interplanar spacing of 0.46 nm whereas the interpla- 
nar spacing of NH3 -diffusion is 0.9 nm. Notably, the 
increased interplanar spacing of NH3 -diffusion can 
be attributed to the intercalation of SO4 

2 − into the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
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Figure 1. SEM and TEM images of (A) and (B) NaOH-slow and (C) and (D) NH3 -diffusion. STEM images of (E) NaOH-slow and (F) NH3 -diffusion viewed 
from the direction parallel to the lateral surface, along with schematic diagrams of such a characterization method. (G) STEM element mapping images 
of NH3 -diffusion. (H) Normalized Co K-edge XANES spectra. (I) Fourier-transformed k2 -weighted R-space EXAFS spectra. Wavelet-transformed EXAFS 
plots of (J) NH3 -diffusion and (K) NaOH-slow. (L) Schematic diagrams of the structures of NaOH-slow and NH3 -diffusion. 
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nterlayers. This is supported by Fourier transform
nfrared (FTIR) spectroscopy results ( Fig. S3),
hich show the presence of SO4 

2 − in the NH3 -
iffusion s ystem and its absence in the NaOH-slow
ystem. Additionally, multivariate statistical analysis
32 ] of energy dispersive X-ray (EDX) spectrum
maging ( Fig. S4) reveals S in the NH3 -diffusion
ystem whereas it is not detected in the NaOH-
low system. Furthermore, the distribution of S in
he NH3 -diffusion system is highly homogeneous
Fig. 1 G). 
X-ray absorption spectroscopy (XAS) studies

ere conducted to investigate the local chemical
nvironment of the Co sites. Figure 1 H–K shows
he Co K-edge X-ray absorption near edge spec-
roscopy (XANES) spectra and the corresponding
xtended X-ray absorption fine structure (EXAFS)
pectra. At the pre-edge region of the XANES
pectra, compared with NaOH-slow, NH3 -diffusion
Page 3 of 13
presents a more pronounced pre-edge feature at 
7709.2 eV, which corresponds to transitions from 

the 1s core level to the unoccupied 3d orbitals. The
increase in the intensity of the pre-edge feature could 
be contributed from a fraction of the tetrahedral 
Co2 + sites in the NH3 -diffusion because, com- 
pared with the 6-coordinated octahedral geometry, 
the 4-coordinated tetrahedral geometry is a less 
centrosymmetric configuration with stronger d–p 
hybridization between the Co site and the surround- 
ing O/OH ligands, which leads to more p-character 
in the 3d orbitals, more dipole-allowed character in 
the 1s–3d transitions and correspondingly increased 
pre-edge intensities. Meanw hile, the EX AFS spec- 
tra of these two samples also suggest differences 
in coordination structure (Fig. 1 I–K, Fig. S5 and 
Table S1). First, the coordination number (CN) of 
Co–O is 5.2 ± 0.7 for NH3 -diffusion, which is less 
than that of NaOH-slow (5.9 ± 0.6), indicating the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
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oexistence of 6-coordinated and 4-coordinated Co
ites in the structure. Second, both samples have
ery similar CNs for the second shell Co–Co coor-
ination but the Debye–Waller factors of both the
o–O path and the Co–Co path are relatively larger
or NH3 -diffusion. This is also in agreement with
he presence of 4-coordinated tetrahedral Co sites,
s the coordination environment of Co sites is less
niform compared with that in NaOH-slow. Last but
ot least, as shown in Fig. 1 I–K, the EXAFS of NH3 -
iffusion shows much less pronounced scattering
eatures at > 3.5 Å. When considering the structure
f α-Co(OH)2 compared with that of β-Co(OH)2 
 Table S2), the most significant difference is that
-Co(OH)2 has intercalated guest anions that make
he interatomic distances between the atoms from
ifferent layers become significantly elongated.
herefore, several Co–O(H) and Co–Co scattering
aths at > 3.5 Å only exist in the β-Co(OH)2 struc-
ure but not in the α-Co(OH)2 structure. On top of
his fact, it is concluded that NH3 -diffusion exhibits
 coexistence of both 4-coordinated tetrahedral and
-coordinated octahedral Co sites, resembling the
tructure of α-Co(OH)2 whereas NaOH-slow is
ore similar to β-Co(OH)2 , featuring exclusive
ctahedral Co sites (see schematic diagrams of their
tructures in Fig. 1 L). The presence or absence
f tetrahedral Co2 + can also be determined by
hether there are two absorption peaks between
50 and 650 nm in the UV–vis absorption spec-
rum based on the fact that d–d transitions are
ermitted for tetrahedral Co2 + (d7 ) due to the
ack of a symmetry center while d–d transitions are
orbidden in octahedral Co2 + [23 ]. The UV–vis
bsorption spectrum of NH3 -diffusion reveals the
xistence of two absorption peaks between 550 and
50 nm whereas these two absorption peaks are
ot observed in the UV–vis absorption spectrum
f NaOH-slow ( Fig. S6), indicating the existence of
etrahedral Co2 + in NH3 -diffusion and its absence in
aOH-slow. 

n situ pH and UV–vis studies of the 

ntercalation/deintercalation of 
etrahedral Co2 + 

ased on the aforementioned information, moni-
oring of the dynamic intercalation/deintercalation
rocess of tetrahedral Co2 + can be effectively ac-
omplished through in situ UV–vis measurements,
liminating the need for XAS techniques that are
oth limited in availability and associated with high
osts. Besides, the kinetically controlled addition
f NaOH or NH3 serves to decelerate the reac-
Page 4 of 13
tion rate, facilitating the observation of variations in 
OH− concentrations throughout the reaction. This 
is achieved by recording the real-time pH by us- 
ing an ion-selective electrode tailored for H+ ions. 
Consequently, the combination of in situ pH and 
in situ UV–vis spectroscopy to characterize the re- 
action processes of NH3 -diffusion and NaOH-slow 

presents a promising model system for investigat- 
ing the intercalation/deintercalation mechanism of 
tetrahedral Co2 + . 

Accordingly, the reaction process of NH3 - 
diffusion and NaOH-slow was characterized by 
in situ pH and in situ UV–vis measurements. In 
Fig. S7A, the pH profile of NH3 -diffusion unfolds in 
distinct stages. Initially, a pH increase correlates with 
the gradual introduction of NH3 , resulting in a rising 
OH− concentration. Subsequently, the pH curves 
reach a constant plateau, indicating equilibrium 

between OH− introduction and OH− consump- 
tion through the hydrolysis of Co2 + ions. Before 
reaching the final plateau, there is a swift pH ascent, 
signaling a higher OH− generation rate than its 
consumption rate, signaling the near-completion of 
Co2 + ion hydrolysis. The in situ UV–vis results that 
are shown in Fig. 2 A and C reveal two absorption
peaks at ∼590 and ∼630 nm during NH3 -diffusion. 
These peaks, corresponding to tetrahedral Co2 + , 
emerge concurrently with the onset of the first 
pH plateau and subsequently increase in intensity, 
eventually stabilizing with ongoing OH− introduc- 
tion. Based on this, we conclude that the dynamic 
evolution process of tetrahedral Co2 + during the 
NH3 -diffusion reaction is as follows: as shown in 
Fig. 2 E, with the progression of the Co2 + hydrolysis 
process induced by OH− introduction, tetrahedral 
Co2 + is intercalated into the hydroxide lattice and, 
as the reaction proceeds, the initially intercalated 
tetrahedral Co2 + is successfully retained in the 
lattice without deintercalation. While the pH profile 
of NaOH-slow is similar to that of NH3 -diffusion 
( Fig. S7B), the evolution of the two absorption 
peaks at 590 and 630 nm in the in situ UV–vis
spectra reveals distinct behaviors (Fig. 2 B and D). 
Specifically, these two absorption peaks appeared 
at the onset time of the first pH plateau and, as
the reaction progressed, their intensities exhibited 
the following trend: a gradual increase, reaching 
a stable level, followed by a subsequent gradual 
decrease until they disappeared. This indicates the 
intercalation and subsequent deintercalation of 
tetrahedral Co2 + during the reaction process of 
NaOH-slow, as i l lustrated in Fig. 2 F. Notably, the
significant difference in the band intensity of the two 
UV–vis absorption peaks between Fig. 2 A and B 

indicates that the concentration of Co2 + tetrahedral 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
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n the two products is markedly different, highlight-
ng the substantial differences in their formation
rocesses. 
To comprehensively understand the corre-

ation between pH variations and the intercala-
ion/deintercalation of tetrahedral Co2 + during the
eaction process of NaOH-slow, a detailed analysis
f in situ UV–vis spectra and in situ pH profiles was
onducted. It was discovered that, in the initial stage
Fig. 3 A), each addition of NaOH solution causes
 rapid increase in pH, and the absence of the two
bsorption peaks at 590 and 630 nm indicates that
Page 5 of 13
this stage precedes the intercalation of tetrahedral 
Co2 + . In the second stage (Fig. 3 B), the addition of
NaOH solution each time leads to an initial increase 
and subsequent decrease in pH, with the decrease 
in pH attributed to the hydrolysis of Co2 + ions 
consuming OH−. Meanwhile, the two absorption 
peaks begin to appear and their intensities gradually 
increase, indicating the onset of Co2 + hydrolysis 
and the initiation of the intercalation of tetrahedral 
Co2 + . In the third stage (Fig. 3 C), the pH trend
is similar to that in the second stage but with a
slower rate of decrease compared with the previous 
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tage. Simultaneously, the intensity of those two
bsorption peaks gradually increases and reaches a
table stage, probably due to the gradually decreased
ydrolysis rate of Co2 + . In the final stage, the hy-
rolysis process of Co2 + ions is nearing completion
nd each addition of NaOH solution causes a rapid
ncrease in pH, which then stabilizes until the next
ddition of NaOH (Fig. 3 D). Meanwhile, the inten-
ities of the two absorption peaks gradually decrease
nd eventually disappear, indicating that excessive
aOH leads to the deintercalation of tetrahedral
o2 + . The above results reveal that the intercala-
ion of tetrahedral Co2 + is a commonly occurring
henomenon irrespective of whether NaOH or
H3 is used as the base source, and the retention of

nitially intercalated tetrahedral Co2 + hinges on the
pecific reaction conditions. The difference between
hese two reaction processes of NaOH-slow and
H3 -diffusion lies in the change rate of OH−, the
mount of OH− and the presence/absence of NH4 

+ 

n the reaction solution. Considering these factors,
longside the successful retention of tetrahedral
o2 + in NH3 -diffusion and the total deintercalation
f tetrahedral Co2 + in NaOH-slow, an investigation
nto the influence of these reaction parameters on
he retention of initially intercalated tetrahedral

o2 + becomes imperative. 
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Identifying factors influencing the 

intercalation/deintercalation of 
tetrahedral Co2 + 

We initially investigated whether the reaction rate 
plays a pivotal role in determining the successful 
retention of tetrahedral Co2 + in the final product. 
Two additional experiments with fast reaction rates 
were carried out via pouring commercial NH3 ·H2 O 

(2 mL) and NaOH solution (2.5 mL, 0.8 M) into 
the reaction solution of CoSO4 ·7H2 O. The ob- 
tained products were denoted as NH3 ·H2 O-pour 
and NaOH-pour-4.55:1-CoSO4 ·7H2 O (where #:# 
represents the molar ratio of OH− to Co2 + ), respec- 
tively, and the reaction processes were monitored by 
using in situ pH and in situ UV–vis measurements. 
As depicted in Fig. S8A and B, the pH immediately 
rises to ∼12 upon the addition of the base source, at-
tributed to the rapid release of OH−. Regarding the 
two absorption peaks observed in the in situ UV–vis 
spectra, their changing patterns in NH3 ·H2 O-pour 
( Fig. S9A and C) resemble those observed in NH3 - 
diffusion, while the evolving patterns in NaOH- 
pour-4.55:1-CoSO4 ·7H2 O ( Fig. S9B and D) display 
similarities to those observed in NaOH-slow. This 
indicates that tetrahedral Co2 + is initially incorpo- 
rated and finally retained in NH3 ·H2 O-pour, while 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
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aOH-pour-4.55:1-CoSO4 ·7H2 O undergoes the
rocess of tetrahedral Co2 + intercalation followed
y subsequent deintercalation. The presence or ab-
ence of tetrahedral Co2 + was indirectly confirmed
y XRD results as well. Specifically, the XRD pattern
f NaOH-pour-4.55:1-CoSO4 ·7H2 O ( Fig. S10) ex-
ibits characteristic peaks for β-Co(OH)2 without
ntercalated guest anions and the XRD pattern of
H3 ·H2 O-pour is similar to that of NH3 -diffusion
hat has been confirmed to be α-Co(OH)2 with
he intercalated guest anions. The intercalation
f guest anions serves as indirect evidence of the
imultaneous intercalation of tetrahedral Co2 + , as
revious studies have established that both pro-
esses occur simultaneously to maintain charge
eutrality [25 ,26 ]. Based on the aforementioned
nalysis, we conclude that an alteration in the reac-
ion rate has minimal impact on the intercalation
nd deintercalation behavior of tetrahedral Co2 + .
ote that the pH profiles of NH3 ·H2 O-pour and
aOH-pour-4.55:1-CoSO4 ·7H2 O provide limited
seful information regarding the time-dependent
H changes, making it challenging to establish a cor-
elation between the intercalation/deintercalation
f tetrahedral Co2 + and real-time variations in
H− concentrations. This underscores the strate-
ic choice to employ the reaction processes of
H3 -diffusion and NaOH-slow, with kinetically
ontrolled reaction rates, as model systems for
nvestigating the intercalation/deintercalation
echanism. 
The relationship between the intercala-

ion/deintercalation of tetrahedral Co2 + and
he added amount of OH− is also worth validating
hrough conducting control experiments. Here,
aOH is used as the base source to eliminate the in-
uence of NH4 

+ . The NaOH solution can be added
o the reaction solution by program-controlled
ropwise addition or pouring when conducting
he contrast experiments. The method of pouring
aOH solution into the reaction solution was
hosen instead of the program-controlled drop-
ise addition of NaOH solution because the latter
ethod could result in inconsistencies in the time
f adding NaOH solutions with different volumes,
hich becomes a potential confounding factor that
ould affect the reaction process. Therefore, a series
f control experiments were carried out under the
ame reaction conditions as NaOH-pour-4.55:1-
oSO4 ·7H2 O, with the only difference being that
he volume of NaOH solution was changed to 0.55,
.1 and 1.4 mL. The amount of OH− present in
.1 mL of NaOH solution is in a 2:1 molar ratio to
he Co2 + ions in the solution. The resulting products
ere denoted as NaOH-pour-1:1-CoSO4 ·7H2 O,
aOH-pour-2:1-CoSO4 ·7H2 O and NaOH-pour-
Page 7 of 13
2.55:1-CoSO4 ·7H2 O, respectively. On the one hand, 
as shown in Fig. 4 A, B, D and E, the changing trend
of the two absorption peaks at 590 and 630 nm in
the in situ UV–vis spectra of NaOH-pour-2.55:1- 
CoSO4 ·7H2 O and NaOH-pour-2:1-CoSO4 ·7H2 O 

exhibits similarity to that of NaOH-pour-4.55:1- 
CoSO4 ·7H2 O—namely, an initial increase, followed 
by a short period of stability and then a decrease until 
they disappear. This indicates the initial intercala- 
tion and subsequent deintercalation of tetrahedral 
Co2 + , as i l lustrated in Fig. 4 G and H. The dein-
tercalation of tetrahedral Co2 + in the resulting 
products is indirectly supported by the absence of 
intercalated SO4 

2 − anions. This is evidenced by the 
lack of a shift in the (003) peak to smaller angles in
the XRD results ( Fig. S11A and B), the absence of 
a peak corresponding to SO4 

2– in the FTIR results 
( Fig. S12) a nd the lack of a n S si gnal in the EDX
spectrum ( Fig. S13). The deintercalation rate of 
tetrahedral Co2 + is related to the added amount 
of NaOH solution, which is supported by the de- 
creasing duration of those two absorption peaks as 
the added amount of NaOH increases ( ∼2300 s 
for NaOH-pour-2:1-CoSO4 ·7H2 O, ∼500 s for 
NaOH-pour-2.55:1-CoSO4 ·7H2 O and ∼105 s for 
NaOH-pour-4.55:1-CoSO4 ·7H2 O). In contrast, the 
two absorption peaks at 590 and 630 nm for NaOH- 
pour-1:1-CoSO4 ·7H2 O were initially observed to 
increase and subsequently remain constant (Fig. 4 C 

and F), suggesting the successful intercalation and 
retention of tetrahedral Co2 + (Fig. 4 I). The pres- 
ence of a shifted (003) peak towards lower angles 
in the XRD result of NaOH-pour-1:1-CoSO4 ·7H2 O 

( Fig. S14) confirms the successful intercalation of 
SO4 

2 − into Co(OH)2 . Additionally, the successful 
intercalation of SO4 

2– is further supported by the 
follow ing ev idence: the presence of a peak corre-
sponding to SO4 

2– in the FTIR results ( Fig. S12) 
and the detection of an S signal in the EDX spectrum 

( Fig. S13). Moreover, the successful intercalation 
of SO4 

2– can be considered to be indirect evi- 
dence supporting the retention of tetrahedral Co2 + 

in NaOH-pour-1:1-CoSO4 ·7H2 O. To gain more 
insight into whether the initial intercalation and 
subsequent deintercalation of 4-coordinated Co 
affects the morphology of hydroxides, we used SEM 

to investigate the morphology of the hydroxides 
obtained by adding different amounts of NaOH. 
As shown in Fig. S15A, with a smaller amount of 
NaOH, the resulting product exhibits an irreg- 
ular sheet-like morphology. However, when the 
amount of NaOH is increased to a certain level 
( Fig. S15B–D), the morphology of the hydroxides 
changes to a hexagonal shape. This indicates that the 
initial intercalation and subsequent deintercalation 
of 4-coordinated Co promote the morphological 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
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Figure 4. In situ UV–vis spectra as a function of immersion time for the reaction process of (A) NaOH-pour-2.55:1-CoSO4 ·7H2 O, (B) NaOH-pour-2:1- 
CoSO4 ·7H2 O and (C) NaOH-pour-1:1-CoSO4 ·7H2 O. UV–vis spectra at representative time points for the reaction process of (D) NaOH-pour-2.55:1- 
CoSO4 ·7H2 O, (E) NaOH-pour-2:1-CoSO4 ·7H2 O and (F) NaOH-pour-1:1-CoSO4 ·7H2 O. Illustration of the intercalation and deintercalation of tetrahedral 
Co2 + during the reaction process of (G) NaOH-pour-2.55:1-CoSO4 ·7H2 O, (H) NaOH-pour-2:1-CoSO4 ·7H2 O and (I) NaOH-pour-1:1-CoSO4 ·7H2 O. 
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ransformation of hydroxides. On the other hand,
he pH profiles of NaOH-pour-1:1-CoSO4 ·7H2 O,
aOH-pour-2:1-CoSO4 ·7H2 O and NaOH-pour-
.55:1-CoSO4 ·7H2 O are i l lustrated in Fig. 5 A, with
he inclusion of the pH profile of NaOH-pour-
.55:1-CoSO4 ·7H2 O for comparative analysis. It
an be seen that, at the moment of adding the NaOH
olution, there is an instantaneous increase in pH,
ollowed by a pH decrease process before reaching a
H plateau. The plateau pH decreases with a reduc-
ion in the initial amount of added NaOH, indicating
hat the concentration of OH− in the final reaction
olution is different. Based on the aforementioned
iscussions, it is evident that the differentiating
actor among the reaction processes of NaOH-pour-
:1-CoSO4 ·7H2 O, NaOH-pour-2:1-CoSO4 ·7H2 O,
aOH-pour-2.55:1-CoSO4 ·7H2 O and NaOH-
our-4.55:1-CoSO4 ·7H2 O lies solely in the OH−
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concentration in the reaction solution. Simultane- 
ously, variations in the intercalation/deintercalation 
behavior of tetrahedral Co2 + are observed during 
these reaction processes, where deintercalation 
becomes more facile and rapid with an increase in 
the OH− concentration; conversely, reducing the 
OH− concentration to a certain level facilitates the 
successful retention of tetrahedral Co2 + . These 
discoveries lead us to speculate that OH− in the 
solution tends to competitively induce the deinter- 
calation of the initially intercalated tetrahedral Co2 + 

and the competitiveness of OH− is related to its 
concentration. 

Although the aforementioned speculation 
provides a solid understanding of the deinter- 
calation/retention of tetrahedral Co2 + during 
the reaction process when using NaOH as the 
base source, it fails to adequately explain why 
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etrahedral Co2 + can be retained in NH3 ·H2 O-pour
hile it is deintercalated in NaOH-pour-2.55:1-
oSO4 ·7H2 O, despite both NH3 ·H2 O-pour and
aOH-pour-2.55:1-CoSO4 ·7H2 O possessing sim-
lar final plateau pH levels (Fig. 5 B). Similarly, the
ame question arises in the comparison between
H3 -diffusion and NaOH-slow. These results sug-
est that the intercalation/deintercalation of tetrahe-
ral Co2 + is undoubtedly influenced by the presence
f NH3 . Theoretically, NH3 could affect Co(OH)2 
ormation in two ways: first, by forming complexes
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with Co2 + and, second, by interacting with H2 O to 
form NH3 ·H2 O, which, compared with NaOH, is 
a weaker base with a lower ability to release OH−.
To investigate whether NH3 forms complexes with 
Co2 + and thereby influences Co(OH)2 formation 
in our system, we collected new UV–vis spectra with 
an improved signal-to-noise ratio by periodically 
extracting samples from the reaction solution during 
both the NH3 diffusion and NaOH-slow processes, 
leveraging UV–vis spectroscopy as a powerful tool 
for detecting [Co(NH3 )6 ]2 + complexes [33 ]. In 



Natl Sci Rev, 2025, Vol. 12, nwae427

t  

r  

5  

s  

N  

t  

a  

p  

i  

t  

l  

s  

o  

t  

s  

t  

b  

u  

s  

t  

p  

d  

o  

a
c  

e  

t  

f  

t  

(  

1  

c  

a  

r  

t  

s  

c  

o  

o  

N  

t
i  

r  

e  

h  

N
a  

b  

h  

O  

o  

f  

E  

w  

 

he quasi- in situ UV–vis spectra for the NaOH-slow
eaction ( Fig. S16A), we observed an initial peak at
00 nm before the introduction of NaOH, corre-
ponding to the [Co(H2 O)6 ]2 + complex [33 ]. As
aOH was gradually added, the peak initially shifted
o ∼470 nm and then gradually shifted back as the re-
ction progressed. Interestingly, the shift back of the
eak from 470 nm coincides with the decrease in the
ntensity of the peaks at ∼600 nm, which represents
he presence of 4-coordinated Co tetrahedra. This
eads us to deduce that the shift in the peak position is
trongly related to the intercalation/deintercalation
f 4-coordinated tetrahedra in cobalt hydroxide. For
he NH3 -diffusion reaction, the quasi- in situ UV–vis
pectra ( Fig. S16B) also showed a peak at 500 nm
hat corresponded to the [Co(H2 O)6 ]2 + complex
efore the introduction of NH3 . As NH3 was grad-
ally introduced, the peak shifted to ∼470 nm and
tabilized, and this occured simultaneously with
he appearance and subsequent stabilization of the
eaks at ∼600 nm. Interestingly, after the intro-
uction of NH3 , the 500-nm peak characteristics
f both [Co(H2 O)6 ]2 + and [Co(NH3 )6 ]2 + dis-
ppeared [33 ]. This suggests that [Co(NH3 )6 ]2 + 

omplexes either did not form or were present in
xtremely low concentrations. Additionally, the
rend observed in the quasi- in situ UV–vis spectra
or the NH3 -diffusion system closely resembles
hat of the NaOH-pour-1:1-CoSO4 ·7H2 O reaction
 Fig. S16C). As NH3 is absent in the NaOH-pour-
:1-CoSO4 ·7H2 O system, this similarity further
onfirms that the reactions in the NH3 -diffusion
nd NaOH-pour-1:1-CoSO4 ·7H2 O systems are
emarkably similar. This supports the conclusion
hat [Co(NH3 )6 ]2 + does not form or plays no
ignificant role in the reaction process. This is also
onsistent with the absence of N in the final product
f NH3 -diffusion, which is confirmed by the lack
f N–H peaks in the FTIR spectrum ( Fig. S3) of
H3 -diffusion and the absence of an N signal in
he EDX spectrum ( Fig. S4). With the role of NH3 
n forming [Co(NH3 )6 ]2 + complexes having been
uled out, the only remaining explanation for its
ffect on the intercalation/deintercalation of tetra-
edral Co2 + is the weak releasing OH− ability of
H3 ·H2 O compared with NaOH. NaOH and NH3 
re the most commonly used strong base and weak
ase, respectively, for preparing hydroxides and they
ave different dissociation favorabilities to generate
H−. To be specific, by comparing the magnitudes
f the Gibbs energy (–�r G °m ( T )) values of the
ollowing two equations [13 ], we can conclude that
quation ( 1 ) is non-spontaneous and less favorable
hereas Equation ( 2 ) is spontaneous and favorable
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under standard conditions: 

NH3 ·H2 O �NH+ 

4 +OH−, −�r G◦
m (T ) = 271 kJ , 

(1) 

NaOH → Na+ + OH 

−, −�r G◦
m (T ) = −44 kJ . 

(2) 
In this case, acquiring a free OH− that can be 

consumed by the hydrolysis of Co2 + is more difficult 
when using NH3 as the base source compared with 
obtaining a free OH− from NaOH solution. This is 
fur ther suppor ted by the fact that, compared with 
the case of NaOH-slow, the pH plateau appears at 
higher OH− concentrations under NH3 -diffusion 
conditions ( Fig. S7A and B), at approximately COH 

−

= 10−6 mol/L (pH = 8, NaOH-slow) and COH 

−

= 2.51 × 10−6 mol/L (pH = 8.4, NH3 -diffusion). 
This implies that, to achieve the same effective 
OH− concentration that is required to facilitate the 
hydrolysis of Co2 + , a higher actual concentration of 
OH− is needed in NH3 -diffusion compared with 
NaOH-slow. To further validate the impact of the 
presence of NH3 /NH4 

+ on the concentration of 
effective OH−, two additional experiments were 
carried out. The first was performed under the 
same reaction conditions as NaOH-pour-2.55:1- 
CoSO4 ·7H2 O except that aqueous solution contain- 
ing CoSO4 ·7H2 O was replaced by aqueous solution 
containing CoSO4 ·7H2 O and NH4 Cl (0.07 M). The 
purpose of adding NH4 Cl was to verify whether 
the introduction of NH4 

+ ions, which can induce 
the aforementioned reversible Equation ( 1 ), could 
reduce the effective OH− concentration in the re- 
action system of NaOH-pour-2.55:1-CoSO4 ·7H2 O 

and prevent the deintercalation of tetrahedral Co2 + . 
The obtained product was denoted as NaOH-pour- 
2.55:1-CoSO4 ·7H2 O-NH4 Cl. Its XRD pattern, as 
shown in Fig. S17A, shows a shifted (003) peak 
towards lower angles, which suggests the successful 
intercalation of SO4 

2 −, indirectly indicating the 
presence of tetrahedral Co2 + . Thus, to some extent, 
the deintercalation of tetrahedral Co2 + is partially 
inhibited, confirming that the presence of NH4 

+ 

indeed reduces effective OH− concentration in the 
solution. The second additional experiment involves 
a pair of control experiments, A and B. In Experiment 
A, the reaction solution containing CoSO4 ·7H2 O 

was placed in a sealed desiccator with 2 mL of com-
mercial NH3 ·H2 O for 12 hours of NH3 diffusion. 
Subsequently, 1.4 mL of 0.8 M NaOH solution 
was added to the reaction solution, followed by a 
further 12-hour incubation at room temperature. 
The resulting product was collected and labeled as 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
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H3 -diffusion-NaOH-pour-2.55:1-CoSO4 ·7H2 O. 
xperiment B was similar to Experiment A with the
nly difference being the removal of NH3 /NH4 

+ 

hrough centrifugation (three times with water) be-
ore the addition of 1.4 mL of 0.8 M NaOH solution.
he obtained product was designated as NH3 -
iffusion-clean-NaOH-pour-2.55:1-CoSO4 ·7H2 O. 
y assessing whether the (003) peak in their XRD
esults ( Fig. S17B and C) shifted towards lower
ngles, we concluded that there was retention
f tetrahedral Co2 + in NH3 -diffusion-NaOH-
our-2.55:1-CoSO4 ·7H2 O and deintercalation of
etrahedral Co2 + in NH3 -diffusion-clean-NaOH-
our-2.55:1-CoSO4 ·7H2 O. This further supports
hat the presence of NH3 /NH4 

+ can diminish the
ffective OH− concentration in the reaction solution
nd then decelerate or inhibit the deintercalation of
etrahedral Co2 + . 

roposed intercalation/deintercalation 

echanism and a proof-of-concept 
pplication 

n theory, the incorporation of tetrahedral Co2 + 

nto the final lattice depends on two key fac-
ors: initial intercalation and subsequent retention.
ynthesizing insights from the preceding discus-
ions, the proposed mechanism for the intercala-
ion/deintercalation of tetrahedral Co2 + unfolds as
ollows. 
As shown in Fig. 5 C, with an increase in the OH−

oncentration, water/anion-coordinated Co2 + ions
ndergo a series of transformation processes, re-
ulting in the formation of an insoluble hydrox-
de network. During this reaction, tetrahedral Co2 + 

ends to initially intercalate into the network, regard-
ess of whether a strong or weak base is used and
ndependently of the rate of change in the OH−

oncentration. 
The retention of tetrahedral Co2 + in the network

s significantly influenced by the effective OH− con-
entration in the reaction solution. The competitive
fficacy of effective OH− is closely tied to its actual
oncentration, along with other factors such as the
resence of reversible reactions involving OH−. 
These findings can facilitate the controlled

egulation of 4- and 6-coordinated environments,
hus enabling the preparation of specific hydroxides
hat are tailored to the requirements of various
pplications. For instance, numerous studies have
emonstrated that the presence of 4-coordinated Co
ites in electrocatalysts can enhance oxygen evolu-
ion reaction (OER) performance, as 4-coordinated
o sites can facilitate the adsorption of water
olecules and the formation of active high-valent
obalt (hydr)oxide intermediates [34 ]. Conse-
Page 11 of 13
quently, NH3 -diffusion in this study was applied as 
the electrocatalyst for the OER in a proof-of-concept 
application. Meanwhile, the OER performance of 
Co(OH)2 that was prepared by using NaOH as the 
base, the commercial RuO2 electrocatalyst and bare 
carbon cloth were also evaluated for comparison. 
Firstly, linear sweep voltammetry (LSV) curves of 
these catalysts were tested at a scan rate of 5 mV s−1 in
1 M KOH solution using a standard three-electrode 
system. As shown in Fig. 5 D, NH3 -diffusion exhib- 
ited an OER overpotential of 277 mV at a current
density of 10 mA cm−2 , which was lower than that
of not only the commercial RuO2 electrocatalyst, 
but also most congeneric OER electrocatalysts that 
are prepared under other relatively harsh synthe- 
sis conditions ( Table S3), suggesting its superior 
catalytic activity. Interestingly, NaOH-pour-2.55:1- 
CoSO4 ·7H2 O, NaOH-pour-2:1-CoSO4 ·7H2 O and 
NaOH-slow showed significantly lower catalytic 
activity compared with NH3 -diffusion whereas 
NaOH-pour-1:1-CoSO4 ·7H2 O exhibited similar 
catalytic activity to NH3 -diffusion. Considering 
the above discussion in which it was found that 
4-coordinated Co was present in NaOH-pour- 
1:1-CoSO4 ·7H2 O but absent in the other cobalt 
hydroxides that were prepared with NaOH, it is evi- 
dent that the presence of 4-coordinated Co sites can 
enhance OER performance. Furthermore, as shown 
in Fig. 5 E, NH3 -diffusion has the lowest Tafel slope
(57.2 mV dec−1 ), which indicates more favorable 
catalytic kinetics and further confirms the excellent 
catalytic properties of NH3 -diffusion. Except for the 
parameters mentioned above, superior long-term 

stability is also a key concern for OER electrocat- 
alysts. Therefore, the chronopotentiometry curves 
for NH3 -diffusion and RuO2 were recorded at 
10 mA cm−2 to compare their long-term stability. 
As shown in Fig. S18, after 24 hours, the potential 
of NH3 -diffusion remained nearly constant whereas 
commercial RuO2 showed a voltage change, signi- 
fying the more reliable durability of NH3 -diffusion 
compared with commercial RuO2 catalysts. Con- 
sidering the OER performance differences caused 
by variations in coordination environments, along 
with the optimized synthesis conditions that were 
achieved through an understanding of the interca- 
lation mechanism, it is concluded that this study 
makes a significant contribution to the low-cost, 
simple and green preparation of hydroxides with 
tunable coordination environments. 

DISCUSSION 

The deliberately designed combination of the 
kinetically controlled growth of hydroxides, in 
situ pH and UV–vis spectroscopy measurements 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae427#supplementary-data
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rovides solutions for investigating the intercala-
ion/deintercalation mechanism of polyhedra with
CN. Taking Co(OH)2 composed of 6-coordinated
ctahedron and 4-coordinated tetrahedron as the
xample, this strategy allows us to monitor real-time
hanges in OH− concentration and the dynamic
ntercalation/deintercalation behavior of tetrahedral
o2 + synchronously and simultaneously, enabling
s to identify the factors that influence the interca-
ation/deintercalation of tetrahedral Co2 + and pro-
ose an intercalation/deintercalation mechanism.
egardless of the type of base source used or the rate
f OH− concentration change, tetrahedral Co2 + 

ends to be incorporated into the lattice in the early
tages of the hydrolysis process of Co2 + . However,
he ultimate retention of tetrahedral Co2 + is largely
nfluenced by the effective OH− concentration in
he reaction solution and the competitive ability of
ffective OH− is linked to its concentration, as well
s other factors including the presence of reversible
eactions involving OH−. These findings encourage
s to reevaluate the previously held beliefs about the
ormation processes and mechanisms of Co(OH)2 
nd potentially other hydroxides, while also con-
ributing to the cost-effective synthesis and practical
pplications of TMHs with tunable coordination
nvironments by optimizing their synthesis con-
itions, as demonstrated by the application of the
btained materials in OER. Besides, the deliberately
esigned combinatorial methodology provides a
ew way in which to explore the formation mech-
nism of solution-phase growth of TMHs as the
H− concentration changes. 
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CKNOWLEDGEMENTS 

e acknowledge the Deutsches Elektronen-Synchrotron
ESY (Hamburg, Germany), a member of the Helmholtz
ssociation HGF, for the provision of experimental facilities.
or parts of this research that were carried out at PETRA
II under proposal I-20220137, we would like to thank Dr.
dmund Welter for assistance in using beamline P65. Ben-
amin Breitbach is acknowledged for conducting the XRD
xperiments. 

UNDING 

his work was supported by the National Natural Science Foun-
ation of China (52261145700 and 22279124), the Taishan
cholars Program of Shandong Province (tstq20221151) and the
eutsche Forschungsgemeinschaft (CO 194/19-1). S.D. and S.H.
cknowledge the Max Planck Society for funding. L.K. acknowl-
dges Alexander von Humboldt Foundation for a postdoctoral fel-
owship and funding support. 
Page 12 of 13
AUTHOR CONTRIBUTIONS 

Z.K.C., S.H., M.H.H., H.Q.J. and H.C. conceived and designed 
the project. S.H., M.H.H., H.Q.J. and H.C. supervised this project.
Z.K.C. performed experimental section. Q.Q.F., X.K.W., L.Q.K., 
W.C.W., J.T.A., S.Y.Z., C.S., J.Z. and S.D. contributed to the dis-
cussion of the results. All authors contributed to the manuscript
preparation. 

Conflict of interest statement. None declared. 

REFERENCES 

1. Banfield JF, Welch SA, Zhang H et al. Aggregation-based 
crystal growth and microstructure development in natural iron 
oxyhydroxide biomineralization products. Science 2000; 289 : 
751–4. 
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