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1. Introduction

Coordination nanosheets are a new class 
of 2D materials constructed from hybridi-
zation of transition metal centers and 
organic bridging ligands.[1] A broad range 
of planar structures is accessible by com-
bining these building blocks. Coordina-
tion nanosheets have been investigated 
for applications in electrocatalysis,[2] 
energy storage,[3] electronic devices,[4] 
and others.[5] The original discovery of a 
nickelladithiolene nanosheet (Ni1.5BHT) 
reported in 2013 used benzenehexathi-
olato (BHT) as the ligand.[6] BHT is one 
of the simplest ligands, having six thiolato 
groups attached to a benzene ring. The 
square-planar coordination sphere of the 
nickel center provides a fully π-conjugated 
plane; thus, the resulting films exhibit high 
electrical conductivities (1.6 × 102 S cm−1 
at 300 K).[7] Since their first discovery, 
various coordination nanosheets based 
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on BHT have been reported. It is interesting that despite the 
simplicity of BHT, the resulting compounds exhibit diverse 
structures, depending on the metal centers (Figure 1a). When 
cobalt,[8] palladium,[9] or platinum[10] are employed, a kagome-
lattice structure similar to that of nickel is proposed (M1.5BHT), 
while copper,[11] silver,[12] gold,[12] and iron[13] form more densely 
packed planar structures (M3BHT). In addition, lead and silver 
ions produce unique 3D networks.[14] This structural depend-
ence on metal centers is one of the attractive features of coor-
dination polymers and motivated us to examine the effect of 
heterometallicity (a combination of different metal ions) on 
frameworks of BHT-based coordination nanosheets.

One of the most difficult research challenges remains the 
poor long-range crystalline order that typically results when 
films of coordination nanosheets are grown by a solution 
process, for example at a liquid–liquid interface.[6] Films typi-
cally comprise small nanocrystalline domains with poor ori-
entational control. The poorly ordered microstructure makes 
it difficult to study structure-property relationships and limits 

device performance. Several approaches have been proposed 
to improve crystallinity. Most commonly these involve mini-
mizing mechanical perturbations to the liquid–liquid interface 
or adjusting reaction conditions, such as addition of a base 
that deprotonates the ligand and an oxidizing agent that oxi-
dizes it.[15] However, this has achieved limited success. A recent 
promising strategy has been to design the organic ligand to be 
electron-deficient in order to increase the acidity of the metal-
binding group and to make metal-ligand bond formation more 
reversible.[16] However, this strategy is not straightforward to 
apply to the small BHT ligand that has yielded the highest elec-
trical conductivities to date.

In this study, exploiting the design flexibility of bottom-
up materials, we investigated a new series of coordination 
nanosheets produced by introduction of two different metal 
ions. Such heterometallic coordination nanosheets have previ-
ously been reported, based on hexaaminotriphenylene; how-
ever, no evidence for improved structural order was found and 
the electrical conductivities observed were comparatively low 
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Figure 1.  a) Previous examples of coordination structures constructed from benzenehexathiolato ligands. b) Preparation of heterometallic coordination 
nanosheets NixCu1−x/BHT using liquid/liquid interfacial synthesis.
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(< 55 S cm−1).[17] Nickel and copper ions were employed here, 
as they have similar ionic radii. Heterometallic films were pre-
pared at a liquid–liquid interface by changing the mixing ratio 
of the two metal ions in the aqueous phase (Figure  1b). The 
film produced under the condition of nickel ion mixing ratio 
x is expressed as NixCu1−x/BHT by inserting “/”. This simple 
strategy proved effective to partially replace one metal with the 
other without phase-separation, and a new structural phase 
appeared with an intermediate mixing ratio of the metal ions. 
To our surprise, X-ray diffraction measurements revealed that 
the new phase possesses higher film crystallinity than pure 
nickel and copper films. This unexpected phenomenon is rea-
soned from the interlayer stacking and ordered in-plane metal 
arrangement of NiCu2BHT that produced larger and better 
oriented domain microstructures. We investigated the charge 
transport properties of these heterometallic films with con-
ductivity and Seebeck measurements, the results of which are 
fully consistent with the structural analysis. In some of our 
heterometallic films of the new phase, we were able to achieve 
conductivities up to 1300 S cm−1 with a metallic temperature 
dependency, which are among the highest observed in 2D 
coordination nanosheets. There is no indication that mixing of 
metals leads to electronic disorder.

2. Results and Discussion

Similar to previously reported homometallic nanosheets 
(Ni1.5BHT and Cu3BHT), a heterometallic film NixCu1−x/BHT 

(x: 0.1–0.9) was prepared at a liquid–liquid interface of a dichlo-
romethane solution of BHT and an aqueous solution of metal 
acetate. The latter included nickel and copper acetate at a ratio 
of x:(1 − x). Keeping the interface still for 12 h produced a film 
of µm-order thickness with metallic luster. The detailed experi-
mental procedure is provided in Experimental Methods.

First, the prepared Cu3BHT was characterized by 2D grazing 
incidence, wide-angle, X-ray scattering (2D GIWAXS). The 
experimental diffraction peaks were well reproduced by the lat-
tice parameters for Cu3BHT previously reported (a = 15.016 Å, 
b = 8.691 Å, c = 3.489 Å, α = γ = 90°, β = 101.50°).[11b] The film 
exhibited its 001 diffraction, which reflects the layered struc-
ture, with a preferential out-of-plane orientation suggesting a 
preferential face-on orientation of the layers. However, there 
is also a more ring-shaped 001 scattering background and 
the other diffractions are observed with an isotropic pattern 
(Figure 2a) indicating the presence of randomly oriented crystal 
domains, which is often observed with thick coordination 
films.[11a] Similarly, 2D GIWAXS analysis was carried out for 
the nickel homometallic film and ring patterns were observed 
(Figure  2b). Here, by excluding the counter cation source, we 
obtained a new structure for the pure nickel nanosheet instead 
of the previously reported kagome structure of Ni1.5BHT.[6,7] 
The diffraction pattern resembled that of Cu3BHT, and a hexa
gonal lattice of Ni3BHT with a  = b  = 8.38 Å, c  = 3.48 Å was 
derived from the results. Here, we call this structure Ni3BHT. 
In our previous experiments, sodium bromide (NaBr) was used 
to provide Na+ ions as counter cations to the anionic nanosheet 
Ni1.5BHT; however, in order to coordinate the experimental 
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Figure 2.  a) 2D GIWAXS pattern, plot and a unit cell structure of Cu3BHT. b) 2D GIWAXS pattern, plot and a unit cell structure of Ni3BHT. c–e) XP 
spectra for homometallic and heterometallic films, NixCu1−x/BHT, focusing on region of c) S 2s, d) Ni 2p, and e) Cu 2p. f) Actual mole fraction of nickel 
ion in prepared films estimated from relative XPS peak intensities of Ni 2p3/2 and Cu 2p3/2. Error bars represent systematic errors.
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condition with its copper counterpart, NaBr was not added to 
the aqueous layer in the present study, expecting formation 
of a charge-neutral state of the nanosheet. It is plausible that 
the absence of Na+ ion allowed Ni6BHT6+ subunits to locate 
inside the pores of the kagome structure, affording the Ni3BHT 
framework. Very recently, Dincă’s group has also reported a 
similar non-porous structure of Ni3BHT, which they made from 
NiCl2·6H2O without adding counter cations.[18] The structural 
similarity between Ni3BHT and Cu3BHT films enables both 
nickel and copper ions to be located at the same positions in 
the plane lattice when a mixed solution of these metal ions is 
employed.

Figure  2c-e shows the X-ray photoelectron spectra (XPS) 
of NixCu1−x/BHT for x  = 0, 0.4, and 1. Ni 2p3/2 and Cu 2p3/2 
peaks of Ni0.4Cu0.6/BHT can be found at 853.7 and 932.4 eV, 
respectively. These positions are consistent with those of the 
corresponding homometallic nanosheets, which suggests that 
nickel and copper atoms in Ni0.4Cu0.6/BHT are in the same 
chemical environments as Ni3BHT and Cu3BHT, respectively. 
The peak tops of S 2s spectra of these films are located around 
226.9 eV, corresponding to the 0/−1 mixed valence oxidation 
states reported for Ni1.5BHT nanosheet.[6] Taking into consid-
eration that the XPS peaks of Ni 2p3/2 and Cu 2p3/2 are shifted 
toward low binding energy from the typical +2 state,[11a] the 
metal ions are at a state between +1 and +2 states as a result 
of charge transfer from the sulfur atoms toward the metal 
centers. Figure 2f shows the nickel mole fraction of NixCu1−x/
BHT series with respect to the total number of metal atoms, 
estimated from the ratio of the peak areas of Ni 2p3/2 and Cu 
2p3/2 in consideration of the detection sensitivity (Figure S1, 
Supporting Information). The nickel mole fraction of the 
nanosheet increases with the increased nickel ion ratio in the 
aqueous layer in preparation. A plateau was found in the x 
range of 0.3–0.6, which preferentially produced films with a 
metal ratio of Ni:Cu = 1:2.

X-ray diffraction measurements were performed to clarify 
the structure of these heterometallic films. Heterometallic 
films were investigated using 2D GIWAXS. In Figure 3a and 
Figure S2 (Supporting Information), 2D GIWAXS patterns of 
NixCu1−x/BHT are depicted. The typical thickness of GIWAXS 
samples was 200–400 nm, which is comparable to those for 
conductivity measurement (vide infra). As Zhu’s group pre-
viously reported low crystallinity in a thick Cu3BHT film 
(200 nm), the homometallic films showed broad scattering 
patterns, suggesting the small size and isotropic arrangement 
of the crystalline domain. However, a part of the heterome-
tallic films such as Ni0.4Cu0.6/BHT (Figure  3b) and Ni0.3Cu0.7/
BHT displayed scattering spots rather than rings and showed 
better crystallinity and anisotropy. It is remarkable that this 
crystallinity improvement was achieved in relatively thick films 
(Figure S3, Supporting Information). Judging from the aniso-
tropic scattering patterns, films grow in a specific direction at 
the liquid–liquid interface when two metal ions are mixed with 
an appropriate ratio. Looking at the in-plane diffraction peaks of 
the heterometallic films around 7.8° (Figure 3c), we observe that 
the lattice for a film with x = 0.8 or 0.9 is almost the same as 
that for Ni3BHT, suggesting that some nickel ions are replaced 
with copper ions without changing the lattice structure. The 
same may be said for the copper-dominant films with x = 0.1 

and 0.2. Hence, small blending ratios of nickel or copper ion 
do not alter the lattice structures. When films were prepared 
with NaBr, a structure similar to Ni1.5BHT was obtained for 
Ni0.8Cu0.2/BHT, where Na+ ions are thought to be located in the 
pores of the kagome structure (Figure S4, Supporting Informa-
tion). Meanwhile, intermediate ratios such as x = 0.4 produced 
sharper peaks both in the in-plane and out-of-plane diffractions. 
This tendency is consistent with the abundance ratio estimated 
by XPS.

We also examined film morphology using scanning electron 
microscopy (SEM, Figure  3e–g; Figure S8, Supporting Infor-
mation) and atomic force microscopy (AFM, Figure S9, Sup-
porting Information). The Ni3BHT (Figure  3e) and Ni0.8Cu0.2/
BHT (Figure S8a, Supporting Information) films appear 
more disordered and exhibit very rough surface morphology 
with RMS surface roughness values on the order of 400 nm 
(Figure S9a, Supporting Information). In contrast, Cu3BHT 
films (Figure 3g) showed much smoother surface morphology 
with roughness in the range of 10 nm (Figure S9f, Supporting 
Information) and clearly resolved crystalline domains of tens 
of nanometers (inset of Figure  3g). These films exhibit some 
crater-like features (Figure S9e, Supporting Information) that 
are potentially generated when the solvent is removed from 
the films. Further optimisation will be needed to eliminate 
these features. However, importantly, the Ni0.4Cu0.6/BHT and 
Ni0.6Cu0.4/BHT mixed metal nanosheets show smooth surfaces 
similar to that of Cu3BHT, with crystalline domains that are sig-
nificantly larger (220 ± 60 nm), inset of Figure 3f, compared to 
110 ± 10 nm in Cu3BHT, see Figure 3g). These observations are 
fully consistent with the X-ray data.

Transmission electron microscopy – energy dispersive X-ray 
spectroscopy (TEM-EDS) analysis of Ni0.4Cu0.6/BHT was car-
ried out to prove the absence of phase isolation, i.e., a single 
heterometallic phase is preferentially formed, and the results 
are displayed in Figure 4. In a TEM image, a crystalline fraction 
of Ni0.4Cu0.6/BHT was found as a hexagonal structure with the 
distance between bright spots of 8.7 Å, corresponding to neigh-
boring benzene rings of our models, 8.5 Å (Figure 4a,b). This 
solitary fraction was analyzed by TEM-EDS and the homoge-
neous distribution of C, S, Ni, and Cu was revealed (Figure 4c). 
The atomic ratio between Ni and Cu was estimated to be 
Ni:Cu = 36:64, which is almost the same as 1:2 (Figure  4d). 
These results well support our claim that Ni0.4Cu0.6/BHT is a 
stoichiometric compound NiCu2BHT. In addition, a high-angle 
annular dark-field scanning TEM (HAADF-STEM) image of 
Ni0.4Cu0.6/BHT (Figure S6a,b, Supporting Information) directly 
visualized the kagome structure of metal ions.

Further investigation using powder X-ray diffraction, induc-
tively coupled plasma (ICP) analysis, scanning TEM (STEM)-
EDS analysis, and Raman spectroscopy confirmed the forma-
tion of a single heterometallic phase of Ni0.4Cu0.6/BHT (see 
Section 2 in Supporting Information).

XPS, X-ray diffraction and TEM-EDS results indicate that a 
heterometallic phase with a fixed composition (NiCu2BHT) is 
preferentially formed when nickel and copper ions are mixed. 
We performed EXAFS measurements of Ni3BHT, Cu3BHT, and 
Ni0.4Cu0.6/BHT in order to obtain further information about 
their atomic structures. Judging from extended X-ray absorp-
tion fine structure (EXAFS) analyses of Ni0.4Cu0.6/BHT, its 

Adv. Mater. 2022, 2106204
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NiS distance was 2.21 Å, which is longer than that of Ni3BHT 
(2.18 Å), but shorter than the Cu–S distance of Cu3BHT 
(Figure S10, Supporting Information). Since Ni0.4Cu0.6/BHT 
has nearly the same lattice constant as Cu3BHT (details are 
shown later), the sulfur atoms are more attracted by nickel ions 
than copper atoms. The EXAFS analyses also suggest that four 
sulfur atoms coordinate to a nickel atom in Ni0.4Cu0.6/BHT 
(Figure S11, Supporting Information). This supports our model, 
nickel-substituted Cu3BHT framework.

Improved crystallinity and anisotropic growth of the film 
allowed us to distinguish its in-plane and out-of-plane diffrac-
tion peaks. Compared with Cu3BHT, heterometallic Ni0.4Cu0.6/
BHT not only has a similar out-of-plane diffraction peak, but 
also additional peaks in diagonal directions (Figure S12, Sup-
porting Information). As no Cu3BHT-type unit cell can explain 
these diffractions, another unit cell was prepared for a bilayer 
structure. The diagonal peaks and the intense out-of-plane 

diffraction could be assigned as (hk1) and (002), respectively 
(Figure 3b). Interestingly, the (001) diffraction is missing in the 
case of the heterometallic sample. If the two layers have dif-
ferent compositions or different in-plane arrangements, (001) 
diffraction is expected to appear in the same line with the (hk1) 
peaks. The absence of the (001) means that an extinction rule 
is working, disclosing that the two layers have the same in-
plane structure. Therefore, the possibility of simple stacking of 
Cu3BHT and Ni3BHT layers is excluded. Considering that the 
structures for the two homometallic nanosheets (Ni3BHT and 
Cu3BHT) are quite similar, it is extraordinary that just an easy 
blending of the two metal ions resulted in a unique structure, 
rather than a structure similar to those of the pure materials 
with metal substitution. This indicates the presence of perio-
dicity in metal arrangement in the 2D structure. With these 
hints, preparation of a model structure for NiCu2BHT was 
attempted.

Adv. Mater. 2022, 2106204

Figure 3.  a) 2D GIWAXS patterns and plots of NixCu1−x/BHT films. b) 2D GIWAXS pattern and plot of Ni0.4Cu0.6/BHT film. c) In-plane plots from 2D 
GIWAXS patterns. Numerical values denote Millar indices. For these measurements, X-rays with a wavelength of 1.0 Å were used. d) Illustration of 
film crystallinity differences between films with different metal ratios. e–g) Secondary electron images of e) Ni3BHT, f) Ni0.4Cu0.6/BHT, and g) Cu3BHT. 
Scale markers correspond to 500 nm.
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First, several bilayer models were constructed by changing 
the stacking of two layers as shown in Figure 5a (models 1, 3, 
and 5). Also, models with interlayer slips were also prepared 
(models 2, 3, and 4). Their diffraction patterns were simu-
lated and compared with the experimental result in Figure 5b. 
Among these models, model 3 or model 4 matches the experi-
mental result best, in particular, model 4 explains the peaks for 
(hk1). However, we could not assign all the peaks with a single 
model. Therefore, it is suggested that in the thick films there 
are several stacking patterns, including stacking distortion, and 
they are overlapped in the diffraction pattern. In both models 
3 and 4, the two layers are positioned to make the interlayer 
metal-sulfur distance short, which is thought to be responsible 
for the improvement in film crystallinity.

Next, in order to identify the in-plane arrangement of the 
two metal ions in the NiCu2BHT structure, the Cu3BHT and 
Ni0.4Cu0.6/BHT films were subjected to anomalous grazing 
incidence wide-angle X-ray scattering (AGIWAXS). By using 
pre- and post-edge X-ray energies (8980 and 9010 eV) of the 
Cu K-edge, the contribution of copper ions to the scattering 
peaks can be highlighted. Here, we normalized peak intensi-
ties by the first contribution from the low q and focused on the 
intensity change in the second peak. In the case of Cu3BHT, the 
first two peaks can be assigned to (200) and (310), respectively 
(Figure 5c). The scattering intensity of (310) with the lower X-ray 
energy, ICuBHT, 8980 eV, was 4.1, while the higher X-ray energy 
gave the reduced intensity ICuBHT, 9010 eV of 1.4. Meanwhile, only 
a small change could be seen in the intensity of the second 
peak as for the Ni0.4Cu0.6/BHT film (INi0.4Cu0.6, 8980 eV of 1.7, 
INi0.4Cu0.6, 9010 eV of 1.2, Figure 5d). From this result, we deduced 
a plausible metal arrangement for the NiCu2BHT structure 
where Ni ions shape a kagome structure as in Ni1.5BHT and 

Cu6BHT units are incorporated into the pores (Figure 5e). The 
unit cell for this structure includes NiCu2BHT, and both of the 
scattering factors of (210) (the first peak) and (300) (the second 
peak) can be expressed as F(210) = F(300) =  −f(Ni) − 2f(Cu) 
(only contributions from the metal ions are considered, as 
their values are much larger than those of sulfur and carbon 
atoms, Figure S13, Supporting Information), which supports 
the unchanged relative intensity of the first two peaks. To vali-
date this structure, we prepared other models for periodic and 
random arrangements of metal ions as comparisons. Though 
peak intensities could not be reproduced by a simulation pro-
gram VESTA (Figure S14, Supporting Information), none of the 
comparisons gave the same structure factors between the first 
two peaks, supporting the plausibility of the proposed periodic 
structure.

The electrical conductivity, σ, was first investigated using 
the van der Pauw method on the batches of thick (≈1–2 µm) 
films prepared following the recipe used for all other experi-
ments (reaction time 12 h) (details of the experiment are pro-
vided in Experimental Methods). Some of the thick, heterome-
tallic films exhibited very high conductivities (see discussion 
below), but there were significant batch-to-batch variations. 
These are likely due to such thick films tending to form sur-
face cracks and other structural defects affecting the repro-
ducibility between the batches (Figure S15, Supporting Infor-
mation). Another reason for the variations in the electrical 
conductivity could be the surface roughness that increased as 
the films were getting thicker (Figures S3 and S9, Supporting 
Information), which impeded the accurate determination of 
the film thickness needed for the calculation of conductivity 
values. These effects were mitigated by preparing thinner films 
(≈100 nm with surface roughness ≈5 nm) by decreasing the 
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Figure 4.  a) A TEM image of Ni0.4Cu0.6/BHT with its Fourier-transform image. b) A magnified image of the area enclosed by the white dashed line in 
(a). The structure of model 3 is overlaid. c) Elemental mappings measured by STEM-EDS at the same position as (a). d) The overall EDS spectrum.
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reaction time to 1 h and using smaller van der Pauw measure-
ment areas (≈500 μm × 500 μm), that were free from visible 
structural defects as judged according to optical microscopy 
images. In order to obtain representative values of conductivity 
for a given sample several different areas on each film were 
probed (details of the experiment are provided in Experimental 
Methods). These measurements were done on a probe station 
on which only the room temperature data could be collected. 
The electrical conductivity results from two thin film batches 
are presented in Figure 6a. The conductivity values of Ni3BHT 
films were generally lower, yet in the range of those in our pre-
vious report on Ni1.5BHT. A significant increase in conductivity 
was achieved with increasing copper content, peaking around a 
Cu fraction of 0.4–0.6, with conductivity values exceeding sev-
eral hundred S cm−1 and the record values being ≈60% higher 
than those of pure Cu3BHT (920 S cm−1 vs 570 S cm−1) for the 
given batches. The highest conductivity was observed in one 
synthesis batch of thick films (Figure S15a, Supporting Infor-
mation), for which a champion conductivity of 1300 S cm−1 was 
achieved on a Ni0.4Cu0.6/BHT sample. The excellent charge 

transport properties of the heterometallic films are also evi-
dent in the near-temperature independence of the conductivity 
obtained from the same highest performing batch of thick 
films. To quantify this, we fitted the temperature dependence 
of the conductivity in a temperature range near room tempera-
ture to a thermally activated behavior (Figure S16, Supporting 
Information). Activation energies of NixCu1−x/BHT films with 
x  = 0.2 was 0.24 meV while the highly conducting x  = 0.4 
sample shows quasi-metallic behavior with near-temperature 
independent conductivity and near-zero activation energy 
(Figure  6b). There is no evidence in these measurements for 
any increased electronic disorder such as one might have 
expected in association with a disordered, heterometallic com-
position and that would have been manifest in stronger tem-
perature activation. If anything, the copper-rich heterometallic 
films exhibit less electronic disorder than pure Cu3BHT. This is 
potentially a manifestation of the bilayer and in-plane ordering 
among metal sites that is evident from the X-ray measure-
ments. The SEM and AFM images presented in Figure  3e-g 
and Figures S8 and S9 (Supporting Information) were taken 

Adv. Mater. 2022, 2106204

Figure 5.  a) Structural models for NiCu2BHT. Brown, yellow, blue, and silver balls show carbon, sulfur, copper, and nickel atoms, respectively. b) Com-
parison between experimental and calculated diffraction patterns for the models depicted in (a). c,d) In-plane AGIWAXS pattern of c) Cu3BHT and 
d) Ni0.4Cu0.6/BHT. Intensities are normalized by the first peak. e) Plausible structure for NiCu2BHT. The unit cell is expressed in a black rhombus.
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from the same batch as the films for which conductivity values 
are presented in Figure S15a in the Supporting Information. 
For microscopic imaging, the thick film samples were depos-
ited on a silicon wafer, rather than a van der Pauw device. The 
significant roughness and complex morphology of thick nickel-
rich films make it difficult to attribute their low conductivity 
to potential intrinsic differences in electronic structure as a 
function of metal composition. In some nickel-rich films, 
we observed formation of microcracks, indicating significant 
strain in the films. In such samples, conductivity values were 
significantly lower than for those shown in Figure 6a. The high 
conductivity values of copper-rich films are fully consistent 
with their smooth surface morphology, high crystalline order, 
and preferential grain orientation (Figure 3).

The Seebeck effect, owing to its intrinsic sensitivity to elec-
tronic structure, can provide further insight into electronic 
properties of materials and is less affected by microstructural 
defects than the electrical conductivity. Seebeck measure-
ments were performed on the same thin samples, for which 
conductivity values are presented in Figure  6a. Like in the 
case of conductivity, the Seebeck coefficient, S, was measured 
across several different areas on each film (Figure  6c). For all 
compositions the Seebeck coefficient is positive indicating 
predominantly hole-type conduction, in contrast to the pre-
vious reports on Cu3BHT,[11a,19] where n-type transport was 
observed. Given that the studied films have otherwise similar 
properties, including similar conductivities, this suggests that 
we may be near a point in the density of states where the con-
duction changes from n-type to p-type. For the pure copper 
and heterometallic films we find very similar and low values 
(<10 µV K−1) of the Seebeck coefficients, only for the pure Ni 
compositions the Seebeck coefficient is higher (≈20 µV K−1). 
This can be interpreted as evidence that in the heterometallic 
films the energy-dependence of the conductivity, which governs 
the Seebeck coefficient, may not be determined by contribu-
tions from metal d-orbitals, but by contributions from carbon 
pz orbitals. This appears consistent with recent band structure 
calculations for Cu3BHT.[20] It also suggests that doping levels 
and carrier concentrations are similar across the heterometallic 
and the pure copper samples. This implies that the conductivity 
enhancement observed in our heterometallic films compared 

to the pure copper ones reflects mainly the increased crystal-
linity and thus charge carrier mobility rather than changes 
in the carrier concentration or electronic structure as a func-
tion of metal composition. Although the present study is not 
focussed on optimisation of thermoelectric properties, which 
would require the tuning of carrier concentrations, it is useful 
to evaluate power factor values, S2σ. These are on the order of 
2–5 µW m−1 K−2 (Figure S17, Supporting Information) similar 
to those of other MOFs[21]. Notably, the seven-fold increase 
in the electrical conductivity of the heterometallic films was 
still outweighed by the higher Seebeck coefficient of the pure 
Ni3BHT resulting in a weak dependence of power factor on 
metal composition.

3. Conclusion

A series of heterometallic, BHT-based, highly conducting, 2D 
coordination nanosheet films were prepared at a liquid–liquid 
interface. Serendipitously, a new structural phase was found 
with intermediate ratios of nickel and copper ions (around 
Ni/Cu = 1/2). Though full structural characterization of such 
nanomaterials remains challenging, thanks to their improved 
crystallinity, an unprecedented bilayer structure and in-plane 
periodic metal arrangement were revealed, and a plausible 
structure of NiCu2BHT was proposed. Electrical conductivities 
of the films were controlled with the metal ratio by three orders 
of magnitude, with maximum conductivities of 1300 S cm−1 
in a copper-rich heterometallic film. Microscopic observation 
unveiled large, smooth crystalline domains of heterometallic 
films, which showed lower activation energy and higher con-
ductivities than pure copper films. Considering the preferen-
tial formation of a film with improved crystallinity, contrary to 
our intuition, it might be reasonable to assume that a bilayer 
structure is the more favorable structural phase for BHT-based 
coordination nanosheets, rather than the distorted structures 
of the corresponding homometallic films. Heterometallicity 
released the structural strain. Our findings open a powerful 
new pathway to improve the crystallinity and tuning of func-
tional properties of highly conducting coordination nanosheet 
films for a range of device applications.

Adv. Mater. 2022, 2106204

Figure 6.  a) Van der Pauw conductivity of NixCu1−x/BHT thin films (reaction time 1 h). The error bars represent standard deviation within the six probing 
areas for a given composition on the films across two batches. The inset shows the van der Pauw structure used in the low temperature measurements 
(scale bar ≈ 500 µm). b) Activation energy extracted from the temperature dependent conductivity data of the highest performing batch of NixCu1−x/BHT 
thick films (reaction time 12 h) in the range of −100 to 0 °C. Error bars denote standard error of the regression from the conductivity trend in Figure 
S15a in the Supporting Information. The inset shows the van der Pauw device used in the measurement (scale bar = 5 mm). c) Seebeck coefficient of 
NixCu1−x/BHT thin films (reaction time 1 h). The error bars represent standard deviation within the six measurement areas for a given composition on 
the films across the two batches.
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4. Experimental Section
Materials: All chemicals were purchased from Tokyo Chemical 

Industry Co. Ltd., Kanto Chemical Co., Sigma-Aldrich Co. LLC, or Wako 
Pure Chemical Industries Ltd., unless otherwise stated. They were used 
without further purification. Benzenehexathiol (BHT) was synthesized 
according to a previous report.[22]

Instruments: XPS data were obtained using an ULVAC-PHI PHI 
5000 VersaProbe spectrometer. Al Kα (15 kV, 25 W) was used as the 
X-ray source. Spectra were analyzed using MultiPak. The C1s peak 
at 284.6 eV was used as a standard. Raman spectra were obtained 
using a HORIBA XploRA PLUS. NixCu1−x/BHT film was transferred 
onto Si/SiO2 substrates and dried in vacuum. A HeNe laser (633 nm, 
17 mW) was used for an incident laser after reducing the power to 
0.1–1%. Spectra were collected in the range from 2000 to 0 cm−1. The 
Raman shift was calibrated from the single crystal silicon peak around 
520 cm−1. Synchrotron radiation experiments, PXRD measurements were 
performed at BL44B2 of SPring-8 with a wavelength of 0.8 Å. 2D GIWAXS 
measurements were performed at BL05XU of SPring-8 with a wavelength 
of 1.0 Å. Temperature-dependent van der Pauw electrical conductivity of 
thick films was measured in a commercial Linseis Thin Film Analyzer 
setup. A measurement current between 10 and 500 µA was employed in 
the experiments. The room temperature van der Pauw measurements 
on thin films were done in the probe station using Keithley 2450 
SourceMeter following the NIST protocol.[23] A Bruker DektakXT stylus 
profilometer was used to assess thickness of the thin films in both cases. 
A small force of 1 mg was used to prevent scratching of the film and 
the underlying substrate by the profilometer tip. Seebeck measurements 
were performed on a commercial ZEM-3 (ULVAC-RIKO, Inc.) apparatus. 
Scanning electron images were taken with an FEI Helios NanoLab 650. 
A secondary electron detector was used to obtain topography-sensitive 
contrast in SEM images. An accelerating voltage of 2 kV was used, with 
a current of less than 6.3 pA. AFM topographic images were obtained 
on an MFP-3D AFM System (Asylum/Oxford Instruments) in AC (non-
contact) mode. Mean square roughness Sq (RMS of height irregularities) 
calculations were done using Gwyddion SPM data analysis software. ICP 
analysis was performed using an ICPE-9000 (Shimadzu Corporation). 
TEM images were recorded at 200 kV of the accelerating voltage using 
a JEOL JEM-2100F, and EDS analysis was conducted using a JED-2300T. 
HAADF-STEM images and HAADF-STEM/EDS measurements were 
collected on a JEOL JEM-ARM200F electron microscope equipped with a 
thermal field emission gun (Advanced Characterization Nanotechnology 
Platform, The University of Tokyo) or JEOL JEM-ARM200F NEOARMex 
electron microscope equipped with a cold field emission gun (JEOL 
Ltd.). Both electron microscopes were operated at 200 kV.

Synthesis of Heterometallic Films (NixCu1−x/BHT): In a glovebox with 
an oxygen level of less than 2 ppm, 20 mg of BHT-6H were dissolved 
in dichloromethane (70 mL) to prepare a saturated solution. The 
undissolved powder was filtered with a syringe filter, and the filtrate 
was diluted by adding 70 mL of dichloromethane. A 2 × 10−3 m aqueous 
solution of nickel(II) acetate was prepared by dissolving Ni(OAc)2∙4H2O 
(49.84 mg) in 100 mL of water. Similarly, a copper(II) solution was 
prepared using 40.02 mg of Cu(OAc)2∙H2O. For preparation of 
heterometallic nanosheets, NixCu1−x/BHT, nickel and copper solutions 
were mixed in a volumetric ratio of x:(1 − x) (2 × 10−3 m in total). 5 mL 
of the BHT solution was placed in a 20 mL vial. Then, the organic layer 
was covered with pure water (5 mL) to form a two-phase system. An 
aqueous solution of metal acetate (2 × 10−3 m, 5 mL) was added slowly 
to the water layer. The reaction was kept still for 12 h. After that, a black 
film with a metallic luster formed at the interface. Then, the upper 
aqueous layer was washed with water (20 mL), and a mixed solvent of 
water and methanol (1:1, v/v, 20 mL). The bottom layer was washed with 
dichloromethane (20 mL). During the process, the two layers merged to 
form a homogeneous phase. All solvent was removed with a pipet, and 
the film was immersed and stored in methanol. The film was collected 
on a substrate before measurements.

XAFS Measurement: X-ray absorption spectra (XAS) were acquired in 
transmission mode using the BL01B1 beamline at SPring-8, employing a 

double-crystal Si(111) monochromator. Energy values were calibrated by 
setting the first peak in the Cu foil spectrum equal to 8980.3 eV. EXAFS 
spectra were analyzed using Athena and Artemis software.

Anomalous Scattering Measurement: Anomalous grazing incidence, 
wide-angle, X-ray scattering (AGIWAXS) measurements were performed 
using the BL03XU beamline at SPring-8. Energies of the X-rays were 
8980 and 9010 eV, and the sample-to-detector distance was 144 mm. 
The incident angle of X-rays to the film surface was 0.15 degree. 2D 
scattering patterns were obtained using a Pilatus3 1M.

Conductivity Measurements: For the temperature dependent 
measurements of thick films, two sheet resistance measurement sweeps 
were performed for each measured device to check for repeatability of 
the measured values, starting from −160 to 20 °C in steps of 10 °C. Films 
were covered with a spin-coated layer of Cytop, an electrically inactive, 
fluorinated polymer commonly used as a gate dielectric layer, to prevent 
electrical contact problems due to film detachment during cryogenic 
measurements under high-vacuum. The Ohmic nature of the contacts 
was confirmed prior to every experiment.

Error bars on conductivity (δσ) measurements are propagated from 
the standard deviation of sheet resistance (δRs) measurements in the 
two thermal sweeps, and standard deviation in the mean thickness 
(δt) values measured at three positions across the films (Figure S18, 
Supporting Information)
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where σ denotes conductivity, Rs sheet resistance, and t thickness of 
the film. The error bar on activation energy represents the standard 
error in the fitting of the Arrhenius expression for thermally activated 
conductivity σ σ= −

0
/ae E kT.

For the room temperature smaller area van der Pauw measurements 
of thin films, six different areas were probed for a given composition 
across the two batches of samples. The gold electrical probes provided 
a clean ohmic contact in all cases. Owing to the smaller area and film 
uniformity, the uncertainty associated with determination of the film 
thickness was negligible compared to the standard deviation in the 
electrical measurements and was not included in the error bars. A 
representative image of the film with defined van der Pauw area and the 
corresponding thickness scan are given in Figure S19 in the Supporting 
Information.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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