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3-Dimensional (3D) cyanide coordination polymers, typically

known as Prussian blue Analogues (PBAs), have received great

attention in catalysis due to their stability, easily tuned metal sites,

and porosity. However, their high crystallinities and relatively low

number of surface-active sites significantly hamper their intrinsic

catalytic activities. Herein, we report the utilization of a 2-

dimensional (2D) layered cobalt tetracyanonickelate, [Co–Ni], for

the reduction of protons to H2. Relying on its exposed facets,

layered morphology, and abundant surface-active sites, [Co–Ni]

can efficiently convert water and sunlight to H2 in the presence of a

ruthenium photosensitizer (Ru PS) with an optimal evolution rate of

30 029� 590 lmol g�1 h�1, greatly exceeding that of 3D Co–Fe PBA

[Co–Fe] and Co–Co PBA [Co–Co]. Furthermore, [Co–Ni] retains its

structural integrity throughout a 6 hour photocatalytic cycle, which

is confirmed by XPS, PXRD, and Infrared analysis. This recent work

reveals the excellent morphologic properties that promote [Co–Ni]

as an attractive catalyst for the hydrogen evolution reaction (HER).

The development of a low-cost, scalable, and efficient HER catalyst
is one of the critical steps for the advancement of sustainable water
splitting. Therefore, numerous research efforts have been devoted
to the search for a desirable HER catalyst.1–3 3D Prussian blue
analogues (PBAs) have been used extensively in catalytic applica-
tions mainly due to their simple synthetic strategy, the robustness
of the network structure, and the activity of surface sites.4–6 Despite
their intriguing properties, they suffer from extremely low intrinsic

HER activity compared to their heterogeneous phosphides and
chalcogenides counterparts due to less exposed active surfaces and
low conductivity.7–9 Recent efforts to promote a PBA as a proton
reduction catalyst are mainly limited to coupling with active
semiconductors or decomposition into their corresponding oxides,
phosphides, and chalcogenides.10–13 Nonetheless, the improved
performances of these approaches are dependent on the semi-
conductors or the decomposed structures. In contrast to 3D
structures, 2D materials including graphene, boron nitride, and
metal sulfides have been reported to exhibit a high intrinsic
catalytic performance due to their large surface-active sites and
optoelectronic properties.14 In this respect, we turned our atten-
tion to the preparation of a 2D cyanide-based coordination net-
work to unify the exceptional advantages of cyanide-based
assemblies and the unique surface/electronic properties of a 2D
architecture.

Herein, we prepared a 2D cyanide-based coordination network
polymer using a square planar tetracyanonickelate precursor,
[Ni(CN)4]2�. Cobalt tetracyanonickelate, [Co–Ni], offers a blend of
merits of cyanide-based networks and 2D structures. It could easily
be prepared with a high yield via one-step solution chemistry.
Unlike oxides, sulfides, phosphides, and MOFs, no high-
temperature heat treatment is required, facilitating it’s in situ
coating on semiconductor surfaces for further applications.
[Co–Ni] consists of 2D layers, in which the metal ions are
connected through short cyanide bridging groups to provide a
highly exposed surface area. All cobalt sites can serve as catalytic
sites since each one is coordinated with two water molecules and
the layered architecture allows the easy mass transport of water
molecules. For comparison, we prepared 3D cobalt hexacyanofer-
rate, [Co–Fe], and 3D cobalt hexacyanocobaltate, [Co–Co]. We
performed a series of characterization and catalytic experiments
to establish a structure & activity relationship and elucidate the
mechanism for the catalytic process. Furthermore, we performed a
control experiment with zinc tetracyanonickelate, [Zn–Ni], to
determine the role of each metal site on the catalytic process.

All samples were prepared using the co-precipitation tech-
nique as illustrated in Fig. 1a (see methods in ESI† for details).
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The TEM micrographs of [Co–Fe] and [Co–Co] reveal uniform
cubic-shaped nanoparticles of around 270 nm size and irregu-
lar aggregated cubes with a size of around 30 nm, respectively
(Fig. 1b and c and Fig. S1a–d, ESI†). On the other hand, a
deviation from the cubic morphology is observed when tetra-
cyanometalate is used as the cyanide precursor. [Co–Ni] exhib-
its a 2D layered structure with a mean size of 250 nm (Fig. 1d
and Fig. S1e, f, ESI†). The stacking of multiple 2D sheets
beneath the first layer depicts a multi-layered arrangement,
which increases the number of accessible active sites.15 The
TEM images of [Zn–Ni] reveal a similar 2D sheet structure
(Fig. S1g and h, ESI†). Furthermore, the SEM images (Fig. S2,
ESI†) reveal a cluster of layered particles for [Co–Ni], layers of
spherical beads for [Zn–Ni], and aggregated rough surfaces for
[Co–Fe] and [Co–Co].

The formation of cyanide-bridged network in all compounds
is confirmed by the slight shift of the characteristic cyanide
stretching (n(CN)) vibrations to higher wavenumbers due to
kinematic coupling when a second metal site is coordinated to
the N-end of the CN ligand.16 (Fig. 2a and Fig. S3, ESI†). The
assignment of bands in the n(CN) regions is listed in Table S1
(ESI†) according to the literature.17,18 For all cobalt-based
compounds, well-established metal-to-metal charge transfer
(MMCT) bands are obtained in the visible region, suggesting

an electron transfer between the metal sites (Fig. S4, ESI†).19

The empirical formula of the compounds, as shown in Table S2
(ESI†), was estimated based on energy-dispersive X-ray (EDX)
analysis, which agrees well with the CHN elemental analysis
results (Tables S3, ESI†). The number of water molecules
present in the compounds was revealed by thermogravimetric
analysis (TGA) (Fig. S5, ESI†).

The diffraction pattern for [Co–Ni] (Fig. 2b) matches per-
fectly with the crystal structure of the standard L1 phase layered
M(H2O)2[NiCN4]�xH2O in an Imma space group (Fig. S6a,
ESI†).18 In this 2D layered structure, each nickel site is con-
nected to four cyanide groups to afford a square planar geo-
metry. Each cobalt site is coordinated to four cyanide groups
from the terminal nitrogen sites and two water molecules from the
axial positions to reveal a trans-CoN4O2 coordination environment.
The coordinated water molecules interact with non-coordinated
water molecules via hydrogen bonding interaction.20 This hydro-
gen bonding network beneath and above each layer creates a space
volume or 2D channels with a distance of B5.8 Å between the
layers (Fig. S6b and c, ESI†), thereby allowing for an easy diffusion
of H2O and H+ between the layers, making each layer accessible for
the catalytic process. Powder X-ray diffraction (PXRD) patterns
indicate that [Zn–Ni] is isostructural to [Co–Ni], while [Co–Fe] and
[Co–Co] adopt 3D face-centered cubic structures (Fig. 2b).21 X-Ray
photoelectron spectroscopy (XPS) analysis also confirms the
presence of metal ions and assigned to their proper oxidation
states according to literature (Fig. S7–S10, ESI†).22,23

Photocatalytic hydrogen evolution experiments were per-
formed in a three-component system consisting of the catalyst,
[Ru(bpy)3]Cl2 photosensitizer, and ascorbic acid as the sacrifi-
cial electron donor in an aqueous solution (pH 5.0) (for details,
see ESI†). [Co–Ni] displays an outstanding HER activity of
4229 mmol g�1 h�1, which is B20 and B7 times higher than
[Co–Fe] (216 mmol g�1 h�1) and [Co–Co] (617 mmol g�1 h�1),
respectively (Fig. 3a). The [Ru(bpy)3]2+/ascorbate couple exhibits
an HER activity of just 40 mmol g�1 h�1 under the same
conditions, suggesting that the recorded photocatalytic HER
performance is mainly due to the catalyst. An experiment
without [Ru(bpy)3]2+ exhibits no activity, indicating that
[Co–Ni] is only a catalyst and requires a photosensitizer for
hydrogen generation (Fig. S11a, ESI†). The superior activity in
[Co–Ni] is attributed to the 2D structure and multi-layered
arrangement, which provides a larger surface area of contact
for catalysis and a boost in the number of active catalytic
sites.24 This thesis is also supported by linear sweep voltam-
metry studies performed in 0.1 M phosphate buffer solution.
[Co–Ni] displays a current density of 0.8 mA cm�2 at an over-
potential of 0.55 V, which is comparably lower than [Co–Co]
(0.65 V) and [Co–Fe] (0.68 V) (Fig. S12, ESI†). In addition,
the plot of Co3+/Co2+ reduction wave peak current (Ip) versus
the scan rate (n) reveals an active surface concentration of
2.55 nmol cm�2 for [Co–Ni], which is B36 and 6 times higher
than [Co–Fe] (0.07 nmol cm�2) and [Co–Co] (0.43 nmol cm�2),
respectively (Fig. S13, ESI†).25

Photocatalytic studies with varying amounts of the catalyst
and Ru PS indicate that [Co–Ni] can reach a photocatalytic

Fig. 1 (a) Schematic illustration for the synthesis of 3D [Co–M 0] and 2D
[Co–Ni] coordination compounds and the coordination spheres of cata-
lytic units. Co2+ represents Co(NO3)2�6H2O; [Co–M 0] represents cobalt
hexacyanometalate. The TEM images for (b) [Co–Fe], (c) [Co–Co], and
(d) [Co–Ni].

Fig. 2 (a) ATR-FTIR spectra showing the n(CN) region and (b) PXRD
patterns of the compounds.
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hydrogen evolution rate of as high as 30 029� 590 mmol g�1 h�1

when 2 mg of catalyst and 7.5 mg [Ru(bpy)3]Cl2 are used (Fig. 3b
and c and Fig. S14, ESI†). This is equivalent to a TON of 40 mol
of H2 per mol of catalyst achieved in 1 hour when all of the
cobalt sites are assumed to be active (see ESI† for calculation
details), higher than the cobaloxime/Ru photocatalytic systems
reported by Artero and colleagues.26 At this hydrogen produc-
tion rate, the H2 bubbles evolved by [Co–Ni] in the solution
were observed by the naked eye in real-time (Video S1, ESI†).
The list compiled in Table S4 (ESI†) indicates that [Co–Ni] is
also top-ranked when it is compared to previously reported
high-performing HER catalysts operating under different con-
ditions. The photocatalytic performance of [Co–Ni] was also
investigated in a pH range of 2.6–10.0 (Fig. 3d). The highest
activity is attained at pH 5.0 followed by that at pH 4.0
(5142 mmol g�1 h�1). The H2 evolution levels off below pH 4.0
and above pH 5.0, due to slower reductive quenching of excited
Ru species by ascorbic acid and reduced protonation of Co(I)
species in basic media, respectively.27,28 This is also obtained
by the cobaloxime-based hydrogen evolution catalytic system in
ascorbate solution as shown in previous studies.27,29,30 The
similarity in the coordination spheres of cobalt sites in coba-
loxime with [Co–Ni], and the trend in pH-dependent activities
suggest that both catalysts evolve hydrogen through a similar
mechanism, which involves the reduction of cobalt site, the
formation of a Co(III/II)-H species, and then the evolution of
H2.2,31

For the evaluation of band alignment between the PS and
the catalyst, a schematic is constructed, which displays HOMO

and LUMO levels of Ru PS obtained from the literature32 and
the reduction onset potential of the [Co–Ni], which is estimated
to be �0.37 VRHE based on the LSV measurement (Fig. S15,
ESI†). Upon light illumination, Ru PS is excited. The holes in
the HOMO of Ru PS are consumed by ascorbic acid while the
electrons in the LUMO level of the PS are efficiently transferred
to [Co–Ni] to activate it for water reduction process.

We also performed photocatalytic studies on [Zn–Ni], in
which all cobalt sites in [Co–Ni] are replaced with Zn ions, in
order to rule out the possibility of the role of nickel sites as
catalytic sites. As expected, [Zn–Ni] exhibits a poor photocata-
lytic HER activity (87 mmol g�1 h�1) almost similar to the
[Ru(bpy)3]Cl2/ascorbic acid couple, which confirms that the
catalytic hydrogen evolution process takes place solely on
cobalt sites (Fig. 3a and Fig. S16a, ESI†). The presence of the
MMCT feature in the UV-Vis absorption profile of [Co–Ni],
however, suggests that nickel sites play a significant electronic
role in enhancing the catalytic activity and stability due to
efficient electronic communication with the cobalt sites
(Fig. S16b, ESI†).

The activity of [Co–Ni] remains essentially unchanged over a
6 h (3 h � 2 cycles) irradiation (Fig. 3a, see ESI† for details). The
addition of only Ru PS into the reaction chamber after the first
cycle does not yield an observable increase in the activity,
thereby implying that the saturation in the activity is due to
the consumption of ascorbic acid after the first hour of each
cycle (Fig. S17, ESI†). The structural stability was evaluated by
post-catalytic PXRD, XPS and FTIR studies. Post-catalytic PXRD
analysis of [Co–Ni] revealed that the 2D structure is retained

Fig. 3 (a) Photocatalytic HER experiments in the presence of Ru PS. Conditions: 10 mg Catalyst, 100 mM ascorbic acid, pH 5, 1 mM [Ru(bpy)3]Cl2, and
100 mW cm�2 white light source. The effect of the amount of (b) Ru PS and (c) catalyst on the HER performance of [Co–Ni] for 1 h. (d) The effect of pH on
the HER performance of [Co–Ni] (2 mg) for 1 h. (e) ATR-FTIR spectra of the pristine and post-catalytic samples of [Co–Ni]. Inset: Cyanide stretching
region ranging from 2300 to 2000 cm�1 (f) PXRD spectra of the pristine and post-catalytic samples of [Co–Ni].
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under photocatalytic conditions (Fig. 3f and Fig. S11b, ESI†).
No apparent change between the metal peaks of pristine and
post-catalytic XPS signals of [Co–Ni] (Fig. S7a–d, ESI†), indicat-
ing that the metal sites are intact after photocatalysis. Similar
results were also obtained for post [Zn–Ni], [Co–Fe], and
[Co–Co] (Fig. S8–S10, ESI†). The absence of a peak in the
529–530 region of the O1s spectra rules out the possible
transformation of cyanide-based structure into cobalt oxides
(Fig. S7e and f, ESI†).33,34 Similarly, the FTIR spectra of [Co–Ni]
(Fig. 3e and Fig. S11c, ESI†) and other samples (Fig. S18, ESI†)
remain unchanged after photocatalytic experiments. The sharp
increase in the n(CN) at 2098 cm�1 for post-catalytic [Co–Fe]
sample is due to the reduction of Fe3+ sites to Fe2+,35 which is
also reflected in the Fe 2p XPS signals (Fig. S9, ESI†).

In conclusion, we report for the first time a 2D layered
[Co–Ni] that performs as an efficient and robust HER noble-
metal-free catalyst. Based on all of the experimental evidence
described hereinabove, the 2D extended layered structure of
[Co–Ni] provides a unique platform for the catalytic cobalt sites
as they are surrounded by nitrogen atoms in the equatorial
positions and water molecules in the axial positions, making
them fully accessible for water molecules for the catalytic
process. Correspondingly, the nickel sites could provide an
efficient electron transfer through short cyanide bridging
groups. [Co–Ni] exhibits activity as high as 30 029 �
590 mmol g�1 h�1, which is much higher than 3D [Co–Fe] and
[Co–Co]. [Co–Ni] also performs much better than most of the
high-performing HER catalysts reported in the literature. Our
studies indicate that, given the simple synthetic strategy, high
activity, and stability, 2D [Co–Ni] has the potential to pave the
way for the development of cyanide-based devices for sustain-
able water splitting and hydrogen evolution.
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