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Coordination compounds, such as transition metal ions
linked by short ligands (cyanides for example), metal–organic
frameworks (MOFs), or porous coordination polymers
(PCPs), are an emerging class of functional solids with open
pores.[1] The tailorable/adjustable nature of coordination
frameworks render these materials promising for applications
in electric energy storage (EES) or catalysis, among others.[2–4]

The performance of coordination compounds in such appli-
cations strongly depends on structural features,[4, 5] and the
synthesis of nanostructures with combined structural advan-
tages (high crystallinity and a large contactable surface area,
for example) are of interest.

Monocrystalline nanoframes, a class of hollow nano-
structures with holes on each face, are ideal candidates
because they can simultaneously offer high-crystallinity and
a large contactable surface area.[6] Coordination compounds
with a monocrystalline frame-like nanostructure are expected
to be promising candidates for EES applications. However, it
remains challenging to fabricate such nanostructures. Several
attempts have been made to fabricate hollow-based coord-
ination compounds.[7–9] Unfortunately, none of these efforts
have led to the synthesis of monocrystalline nanoframes.
Therefore, new methods for fabrication of monocrystalline
coordination compound nanoframes are vital.

Herein, we describe a novel nanostructured coordination
compound prepared by organic-free preferential etching.
Etching has been widely applied in nanostructuring of

amorphous silica, noble metals, or semiconductors.[6, 10]

Recently, polymeric additives or organic acids have shown
promising results in controlling the etching of coordination
compounds.[11] However, organic molecules can be trapped
inside pores, leading to blockage. Thus, organic additives are
unfavorable in EES applications. Unfortunately, organic-free
etching methods are poorly developed because of limited
knowledge about the etching kinetics of coordination com-
pounds in acidic or basic media.[11] To selectively etch
coordination compounds in such media, different etching
kinetics should be utilized when dealing with specific
structural features. Controlled etching may be susceptible to
the location at which the process takes place; on corners,
edges, or faces.[12] In principle, monocrystalline coordination
compounds nanoframes can be obtained with the aid of
selective etching.

The coordination compound investigated herein is a Prus-
sian blue analogue (PBA, AxM[M’(CN)6]y·&1¢y·nH2O:
A = alkali metal; M,M’ = transition metals; &= M’(CN)
vacancy; 0� x� 2; 0< y� 1). PBAs are recognized as prom-
ising materials because of their redox active metal ions and
open zeolite-like frameworks.[13] The fabrication of nano-
frame structures is achieved by applying a preferential etching
process to pre-formed crystals, as shown in Figure 1. Mono-
crystalline Na1.76Ni[Fe(CN)6]0.94 (NiFe(II)) PBA is synthe-
sized by a kinetically controlled crystallization method, as
shown in Figure 1a-1, 1a-2, and Figure S1a (Supporting
Information).[14] The initial PBA crystals possess a cubic
shape with a size of about 200–400 nm. The electron
diffraction (ED) pattern obtained from an isolated single-
crystal was typical of PBA (insets of Figure 1a-2). The
NiFe(II) PBA cubes were subsequently incubated in a HCl
solution under ambient conditions to generate NiFe(II) PBA
nanoframes. Samples harvested at different stages of the
reaction (0, 5, and 60 min) were examined to trace the
evolution of the morphology, as well as crystal structure and
composition (Figure 1a–c). During the first 5 min, the size of
the cubes did not change significantly. However, bright edges
are an indication of slight etching on each face. Figure S1b
(Supporting Information) further confirms that the faces of
the cubes are etched, leading to the formation of concave
shapes. The concave cubes exhibited a similar single-crystal-
like ED behavior compared to the initial cubes. The squared
ED pattern is displayed in the inset of Figure 1b-2, which is
the same as the ED pattern of the cubes, indicating that
concave cubes possess a crystal structure that is similar to that
of the initial cubes. After 1 h, nanoframe-like structures were
observed, as shown in Figure 1c-2. The overall size of the
nanoframes was similar to that of the initial cubes. The
external faces were almost entirely dissolved, leaving the
skeletons with a diameter of around 50 nm. Interestingly, the
skeletons retained a monocrystalline structure. The periodic
ED spots on a whole nanoframe indicate highly orientated
nanoframes (the inset of Figure 1c-2).

The nanoframes exhibit a different crystal structure
compared to the initial cubes and intermediate concave
cubes. The pure rhombohedral structure found in the initial
cubes and the intermediate concave cubes transformed into
a face-centered-cubic (fcc) structure in the final nanoframes,
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according to the powder X-ray diffraction (PXRD) profiles
(Figures 1 a-3, 1b-3, and 1c-3). Atomic composition varied
slightly during the etching process. The Fe:Ni ratios changed
from 0.94 (initial cubes) to 0.92 (concave cubes), and finally to
0.8 (nanoframes), suggesting disassembly of [Fe(CN)6]

4¢

complexes from the framework. On the other hand, Mçssba-
uer spectra reveal that the bulk valence of iron during the
etching process remains + 2, which is attributed to a singlet
derived from low spin Fe2+. On the basis of the above results,
it can be stated that the initial NiFe(II) PBA cubes are
gradually etched and converted into NiFe(II) PBA concave
cubes in the first stage, and finally into NiFe(II) PBA
nanoframes (with an Fe:Ni ratio of 0.8).

The evolution of nanostructure by preferential etching is
discussed further below. In brief, HCl is able to break the
coordination bonds within the PBA framework to generate
Ni2+ and [Fe(CN)6]

4¢ ions, as confirmed by UV/Vis spectros-
copy (Supporting Information, Figure S2). This reaction only

requires labile protons provided
by HCl. For instance, an equiv-
alent concentration of acetic acid
did not etch the PBA (Supporting
Information, Figure S3). How-
ever, nanoframes can be obtained
in the presence of HCl without
other possible reactants (oxygen
for example) dissolved in water
(Supporting Information, Fig-
ure S4). It is known that disor-
dered domains or defects mani-
fest heterogeneously inside MOF
or coordination polymer crystals
(even single-crystals).[12a] Defects
such as the dangling bonds of
ligands, amorphous parts, and
polycrystalline domains, can
easily be generated during
a non-classical crystallization
process.[9a] The heterogeneously
distributed defects inside MOF
crystals can induce non-uniform
etching kinetics, depending on
the local concentration of
defects.[12] For example, the etch-
ing rate can be faster in regions
with more defects. It was previ-
ously reported that the flat surfa-
ces of PBAs are of a lower stabil-
ity than the corners or the
edges.[15] Thus, the middle of the
external faces of the cubes can be
dissolved faster during the etch-
ing process, leading to a nano-
frame-like morphology.

To confirm that the etching
process starts from the surface,
changes to the surface were
investigated by X-ray photoelec-
tron spectroscopy (XPS; Sup-

porting Information, Figure S5). The valence of iron at the
surface of the cubes was + 2,[13c,16] and no oxidation was
detected. The presence of a partially oxidized iron on the
surface of the concave cubes is supported by the extra doublet
located at 710.5 eV and 723.1 eV, which can be assigned to
FeIII2p3/2 and FeIII2p1/2, respectively.[13c,16] The content of FeIII

on the surface increased slightly after the formation of
nanoframes, indicating that more surface FeII was oxidized
into FeIII. Generation of FeIII on the surface during the etching
process was further confirmed by Raman and Fourier trans-
form infrared spectroscopy (FT-IR; Supporting Information,
Figures S6–S7). Compared with the Raman spectrum of the
initial cubes, the concave cubes and the nanoframes present
an extra peak at 2177 cm¢1, which represents FeIII-CN-NiII

(Supporting Information, Figure S6).[17] A new peak centered
at 2163 cm¢1, which corresponds to CN coordinated by NiII

and FeIII, was also observed in the FT-IR profiles of the
concave cubes and nanoframes (Supporting Information,

Figure 1. Nanostructure evolution: a-1) NiFe(II) PBA cubes, b-1) NiFe(II) PBA concave cubes, and c-
1) NiFe(II) PBA nanoframes. TEM images of: a-2) NiFe(II) PBA cubes, b-2) NiFe(II) PBA concave cubes,
and c-2) NiFe(II) PBA nanoframes. Scale bars: left (100 nm), middle (200 nm), right (100 nm), and
inset images (50 nm). Wide-angle XRD patterns of: a-3) NiFe(II) PBA cubes, b-3) NiFe(II) PBA concave
cubes, and c-3) NiFe(II) PBA nanoframes. Mçssbauer spectra of: a-4) NiFe(II) PBA cubes, b-4) NiFe(II)
PBA concave cubes, and c-4) NiFe(II) PBA nanoframes.
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Figure S7).[18] Notably, generation of FeIII was not detected in
the Mçssbauer spectra (operating on transmission mode),
giving an over-arching perspective of the iron valence inside
the whole sample. Thus, the generation of FeIII detected by
XPS suggests that oxidation of FeII only takes place on the
surface, which supports the idea that the etching preferen-
tially occurs in the middle of the surfaces of the PBA cubes.
Oxidation of the surface is probably a result of the high
reactivity of the freshly exposed surface of the PBA. The high
activity of the surface allows the
O2 dissolved in water to oxidize
the FeII. Previous reports have
already demonstrated that
doping of PBA frameworks with
FeIII leads to an fcc structure
rather than a rhombohedral
structure.[19] Thus, the generated
FeIII on the surface probably
guides transformation of the
crystal structure from rhombohe-
dral to fcc.

The specific surface areas of
the NiFe(II) PBA nanoframes
were measured by nitrogen
adsorption–desorption analysis
at 77 K (Supporting Information,
Figure S8). The specific surface
areas were calculated by the
Brunauer–Emmett–Teller
(BET) method. The nanoframes
have a BET surface area of
30 m2 g¢1, which is consistent
with the formation of nanosized
skeletons.

As a typical EES application,
we selected a sodium ion (Na+)
battery test. The sodium ion
battery is recognized as an eco-
nomical alternative to high-cost
lithium ion batteries for large-
scale EES applications.[20] The
small internal spacing of
common battery materials, such
as the spinel metal oxides
employed in conjunction with
lithium ion batteries, cannot
accommodate the large radius
of Na+ ions (1.02 è). In contrast,
PBA materials with open frame-
works, have great potential.[13]

Significant enhancement of the
electrochemical performance of
the nanoframes was found in
a PBA/Na half-cell test.
Although the initial cyclic vol-
tammetry (CV) curves and gal-
vanostatic charge/discharge
cycling curves of the nanoframes
are similar to the initial PBA

cubes (Supporting Information, Figure S9), the rate perfor-
mance and cycling stability of the nanoframes are much better
than that of the PBA cubes. The NiFe(II) PBA nanoframes
present an excellent rate performance, as shown in Figure 2a.
When the charge/discharge current rate was as high as
1000 mAg¢1, the nanoframes showed a capacity retention
ratio as high as 61 %, whereas the initial cubes could only
retain 17% of the initial capacity. After 500 cycles, the
nanoframes retained 90 % of their initial capacity (Fig-

Figure 2. a) Rate performance of PBA as a cathode for a sodium ion battery. b) Cycling performance of
PBA as a cathode for a sodium ion battery at a current rate of 100 mAg¢1. c) and d) The insertion/
extraction of sodium ions into NiFe(II) PBA cubes and NiFe(II) PBA nanoframes at different current
rates.
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ure 2b). In the case of the initial cubes, only 55% of the initial
capacity was maintained after 500 cycles. To clarify whether
the enhanced rate performance and cycling stability of the
nanoframes arises because of the fcc frameworks, we synthe-
sized PBA cubic crystals with fcc frameworks (Supporting
Information, Figures S10–S11). As a sodium ion battery
cathode, the capacity of the cubes (fcc) was much lower
than that of the nanoframes in terms of rate performance and
cycling tests (Supporting Information, Figures S12–S13).

The crystal structure and shape of the PBA cubes are
quite stable at various charge/discharge stages and after long
term cycling, as suggested by Figures S14–S16 (Supporting
Information). In the case of the nanoframes, the crystal
structure and morphology are quite stable after electro-
chemical activation as well. No significant change was found
at various charge/discharge stages, or after 500 cycles
(Supporting Information, Figures S17–S19). As both the
cubes and nanoframes are quite stable, the better rate
performance and cycling stability of the nanoframes showcase
the potential of the nanoframe structure. Elemental mapping
was used to determine the distribution of sodium inside the
initial cubes and nanoframes after insertion of Na+ ions at
a high current rate (1000 mAg¢1). Figure S20a (Supporting
Information) shows that the distribution of Na+ ions in the
center is less than that at the surface of the initial cubes,
suggesting that Na+ ions are hardly transported into the cubes
at a high current rate. However, high concentrations of Na+

can be found even in the central part of the nanoframes after
insertion of Na+ ions at a high current rate (1000 mAg¢1;
Supporting Information, Figure S20b).

A likely mechanism was proposed on the basis of the
results, as shown in Figure 2c,d. To utilize all of the interstitial
sites available in the cubes, Na+ ions are required to travel
from the surface into the center. Whereas in the nanoframes,
Na+ ions must diffuse through a much shorter path so as to
occupy all the interstitial sites inside the skeleton. At a low
current rate (Figure 2c), Na+ ions are almost fully inserted
into and extracted from both the cubes and nanoframes
during the initial cycles. When the current rate increases
(> 100 mAg¢1), Na+ ions are prevented from accessing the
central part of the cubes during the insertion process, whereas
a large percentage of the interstitial sites of the nanoframes
may be accessed (Figure 2d; Supporting Information, Fig-
ure S20). Therefore, the nanoframes possess a much larger
specific capacitance (especially at a high current rate
> 100 mA g¢1), indicative of an excellent rate-performance.
Additionally, as our cycling tests were performed at a high
current rate, the cycling stability of the nanoframes is superior
to that of the cubes.

To further demonstrate the generality of the controlled
etching concept, the lithium ion intercalation behaviors of the
nanoframes and cubes were compared. Figure S21 (Support-
ing Information) illustrates that the nanoframes exhibit
a much higher and more stable cycling capacitance than the
initial cubes at a current rate of 200 mA g¢1. According to the
charge/discharge curves (Supporting Information, Fig-
ures S22 and S23), Li+ ions are able to intercalate in the
nanoframes more easily than in the initial cubes, which agrees
with the Na+ ion intercalation experiments. These results

demonstrate that the nanoframe structure helpfully enhances
the high-rate and long-term intercalation of alkaline ions.

In summary, we have developed a method to synthesize
monocrystalline PBA nanoframes by preferential etching.
The heterogeneously distributed defects of the PBA crystals
were essential to ensure selective etching at the surface face,
rather than the corners or edges. The nanoframes retained
monocrystalline frameworks after etching and improved the
electrochemical performance of PBAs significantly. Excellent
rate performances at high current rates were recorded when
the nanoframes were used as a cathode. Moreover, cycling
stability was obtained at high current rate after long-term
charge/discharge cycles. This work highlights the utility of
etching for the micro-fabrication of PBAs. PBA nanoframes
offer major advantages in application-based roles because of
their high surface-to-volume ratio, good crystallinity, and 3D
contactable surface.
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