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ABSTRACT: We report on the continuous fine-scale tuning of
band gaps over 0.4 eV and of the electrical conductivity of over 4
orders of magnitude in a series of highly crystalline binary alloys of
two-dimensional electrically conducting metal—organic frameworks
M,(HITP), (M = Co, Ni, Cu; HITP = 2,3,6,7,10,11-hexaimino-
triphenylene). The isostructurality in the M;(HITP), series permits
the direct synthesis of binary alloys (M,M’,_,)(HITP), (MM’ =
CuNi, CoNi, and CoCu) with metal compositions precisely
controlled by precursor ratios. We attribute the continuous tuning
of both band gaps and electrical conductivity to changes in free-
carrier concentrations and to subtle differences in the interlayer
displacement or spacing, both of which are defined by metal
substitution. The activation energy of (Co,Ni;_,)(HITP), alloys
scales inversely with an increasing Ni percentage, confirming thermally activated bulk transport.

/Ni Co/Cu

B INTRODUCTION M’ ratios and are isostructural with the parent compounds
M, (HITP), (M = Co, Nj, Cu), here reported with significantly
improved crystallinity compared to published procedures (see
Figure 1). Alloying enables continuous variation of electrical
conductivity of over 4 orders of magnitude from 5.8 X 107 to

55.4 S/cm.

The ability to change the electronic energy levels of the valence
and conduction bands in semiconductors is one of the
foundational principles of modern electronics. In principle,
the same applies to electrically conducting metal—organic
frameworks (MOFs), a class of emerging crystalline porous

conductors."”” Finely tuning their electronic properties, be it B RESULTS AND DISCUSSION

their absolute conductivity or the activation energy for charge

transport, is crucial for optimizing their performance as active Although pure M;(HITP), (M = Ni, Cu, Co) have been
materials in supercapacitors,” > batteries,® electrocatalysis,” "' rep;)fgezc; with varying degree?s of crystallm}ty al:ld poros-
chemiresistive sensors,">~"” and thermoelectrics.'®'? However, ty,” " systematic investigations of potential mixed-metal

phases required the development of consistent synthetic
procedures for high-quality crystalline and porous powders of
all three MOFs. Generally, the synthesis of M,(HITP),
involves the coordination of amino groups to metal ions,
subsequent deprotonation of amino groups (typically by
aqueous ammonia), and followed by oxidation in air. The
absence of air prevents the formation of any precipitate (Figure
S1) and air is thus considered critical. However, replacing
ammonia with a weaker base, such as CH;CO,Na led to
significant improvements in the crystallinity for Ni;(HITP),

this has proven difficult in conducting MOFs, where changes in
the conductivity are most often enacted by varying the
structure rather than the composition. Whereas different
structures indeed lead to different conductivities, structural
changes rarely allow for continuous fine-tuning of electronic
energy levels. Notable exceptions involve redox doping,” such
as in tetracyanoquinodimethane-doped Cuy(BTC),, a system
that allows smooth variation of the conductivity of over 6
orders of magnitude,”’ or more commonly via I, doping of
relatively insulating host frameworks.'”

In inorganic semiconductors, a much more successful
strategy toward band engineering is isostructural alloying, Received: April 29, 2020
such as in Si;_,Ge,. We show here that one of the prototypical Published: June 12, 2020
electrically conducting MOFs, Ni;(HITP), (HITP =
2,3,6,7,10,11-hexaiminotriphenylene), is amenable to similar
compositional tuning. Binary alloys (M,M’;_,) (HITP), (MM’
= CuNi, CoNj, and CoCu) allow precise control over the M/
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Figure 1. Synthesis of M;(HITP), (M = Co, Ni, Cu) and
(MM';_,)(HITP), alloys.

and Cuy(HITP), (see Figures S3 and S4 and related
discussions in section S3 in the Supporting Information).
Most strikingly, Co;(HITP), crystallizes only in the presence
of CH;CO,Na, with ammonia yielding an essentially
amorphous phase (Figures S2 and S5—S7). The crystallinity
of all three compounds can be further improved by employing
coordinating solvents/H,O mixtures (e.g., N,N-dimethylfor-
mamide (DMEF) for Co,(HITP),, dimethyl sulfoxide (DMSO)
for Niy(HITP),, and N,N-dimethylacetamide (DMA) for
Cu;(HITP),). The organic cosolvents modulate the rate of
deprotonation, thereby retarding nucleation,” and have higher
donicity/donor numbers than water,”* which affects the
reversibility of the metal—ligand bond formation and further
controls crystal growth.**

Crystallinity improvements also correlate with enhanced
permanent porosity. N, adsorption isotherms at 77 K for
M,(HITP), samples activated by heating at 90 °C under
dynamic vacuum gave Brunauer—Emmett—Teller (BET)
surface areas of 805.5 + 0.5, 884.7 + 0.9, and 4954 + 1.3
m?/ g for the Co, Ni, and Cu materials, respectively (Figure
$10). These are considerably higher than previously reported
values and confirm the improved synthetic procedures and
material quality developed here.”'® Uniform pore size
distributions were found in M,;(HITP), by a pore size
distribution analysis (Figure S11). A thermogravimetric
analysis (TGA) revealed that M;(HITP), samples undergo
pronounced weight losses above 200 °C, likely due to
decomposition (Figure S12).

Scanning electron microscopy (SEM) revealed that black
Niy(HITP), and Cu;(HITP), powders consist of hexagonal,
1—2 pm-long rod-like crystals, whereas Co(HITP), consists
of polycrystalline flakes several hundreds of nanometers wide
(Figures S6 and S7). Their morphology was further confirmed
by low-magnification transmission electron microscopy
(Figures S16—S18). All materials exhibit sufficiently high
crystallinity for the Pawley refinement of their respective
powder X-ray diffraction (PXRD) data (Figure 2a). Surpris-
inglyy, PXRD data for all materials gave best fits for the
orthorhombic space group Cmcm (Figure 2a and Table S1),
confirming a lower symmetry than the previously reported
hexagonal systems.'””> The lower symmetry is also a
consequence of an improved crystallinity and indicates less
averaging of the stacking arrangement in the ¢ direction.
Indeed, the synchrotron PXRD data allows the observation of
subtle differences among the three materials for both the
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Figure 2. (a) Synchrotron PXRD patterns and corresponding Pawley
refinements for Co;(HITP),, Niy(HITP),, and Cu;(HITP),. Insets
show the simulated structures (both the ab direction and ¢ direction).
The red dashed lines indicate interlayer displacement. (b) Continuous
changes of the crystal lattice parameters as evidenced by shifts in the
(110) peak position for (Co,/Cus_,)(HITP),, (Co,Ni,_,)(HITP),,
and (Cu,Niy_,)(HITP), alloys. Solid lines are a guide to the eye;
dashed lines show the linear fit to the Vegard’s law, with R? values of
0.98, 0.92, and 0.98, respectively.

interlayer displacement (D) along the b direction and the
interlayer spacing (S) along the ¢ direction. Thus, Ni;(HITP),
exhibits the largest D value, 1.56(2) A, whereas Cuy(HITP),
has the smallest S value of only 3.16(8) A. The latter is
significantly smaller than the previously reported value, 3.30 A,
which was derived from a more poorly crystalline sample.""
The S spacing is evidently connected with the strength of the
interaction between the 2D sheets, which has recently been
shown to contribute significantly to the electrical conductivity
in layered lanthanide MOFs;*® precise measurements of this
value are important for future computations involving these
materials.

Structural details from the Pawley refinements were
confirmed by high-resolution transmission electron microscopy
(HRTEM), with all three materials exhibiting hexagonal
lattices (Figure 3). Importantly, the Fast-Fourier transform
(FFT) analysis of the HRTEM micrographs provided lattice
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Figure 3. HRTEM images of Co;(HITP), (a and d), Niy(HITP), (b
and e), and Cuy(HITP), (c and f). Insets show the FFT analysis of
the micrographs in (d), (e), and (f).

parameters, which are in excellent agreement with those
obtained from PXRD (Tables S2—S4). HRTEM also allows
precise measurements of 7— stacking distances of 3.25 A for
Niy(HITP), and 3.12 A for Cuy(HITP),, again in excellent
agreement with those obtained from the PXRD analysis
(Figures S16—S18).

Owing to their nearly identical structures, M;(HITP), (M =
Co, Ni, Cu) can be produced from binary mixtures of metal
precursors with continuously variable compositions. To
illustrate this, we targeted three binary series (M,M'5_,)-
(HITP),: S compositions in the Cu/Ni space, S for Co/Nj,
and 6 for Co/Cu. The final M/M’ ratios were determined by
inductively coupled plasma-mass spectrometry (ICP-MS), X-
ray photoelectron spectroscopy (XPS), and/or energy-
dispersive X-ray spectroscopy (EDS), all of which confirmed
that the final metal compositions were similar to those of the
precursors (Figure S19).

A series of spectroscopic and analytical techniques
confirmed the uniform composition of the MOF alloys, with
(Co,Niy_,)(HITP), as a representative example. STEM
elemental mapping of (Co,Ni;_,) (HITP), samples revealed a
uniform distribution of Co and Ni atoms within single
crystallites/grains, confirming the formation of true mixed
phases rather than individual particles or phase-segregated
islets of Co;(HITP), and Niy(HITP), (Figures S20—S25).
Tellingly, the morphology of (Co,Ni;_,) (HITP), particles also
evolves gradually from nanoflakes for the cobalt-rich
(Co,33Nigs,) (HITP), to nanorods for the nickel-rich
(Coyp.60Niy 40) (HITP), (Figures S8, S9). Finally, monotonous
shifts of the (110) peak position in the corresponding PXRD
patterns confirm a systematic increase in the b unit cell
parameter of (Co,Ni,_,)(HITP), with increasing Ni content
(Figure 2b). Similar changes are found in the (Cu,Ni;_,)-
(HITP), and (Co,Cu,_,)(HITP), series (Figures 2b and S26
and Table SS), all of which follow Vegard’s law, an empirical
formula describing solid solutions.*®

XPS and X-ray absorption spectroscopy (XAS) confirmed
that all metals are in the +2 formal oxidation state and exhibit
square—planar coordination geometry. The XPS Co 2p;,, peak
of Co;(HITP), has a binding energy of 780.9 eV with a
prominent satellite at 786.7 eV (Figure S29). These are
consistent with Co®* compounds, as satellite features rarely
appear for Co®* compounds.””” Furthermore, Co;(HITP),
resides in the Co(II) region in the Wagner plot™® of Co based

on the Co 2p;, binding energy and Co LMM kinetic energy
(769.7 eV, Figure S30). The XPS spectra of Ni;(HITP), and
Cu;(HITP), exhibit single Ni 2p;;, and Cu 2p;/, peaks at
855.2 and 933.5 eV, respectively, as expected for Ni** and Cu?*
(Figure $29).””*° The weak satellite accompanying the Ni
2p,), peak suggests Ni** is diamagnetic in Ni,(HITP),.”" The
complementary Cu LMM peak with a kinetic energy of 918.2
eV also locates Cuy(HITP), in the Cu(Il) region of the
Wagner plot of Cu (Figure S31). We note that the improved
synthesis of Cuy(HITP), leads to pure Cu(II) samples, in
contrast with previous reports where mixed valence contribu-
tions to the conductivity could not be ruled out.'” XPS N 1s
spectra of M3(HITP), can be deconvoluted into two peaks at
399.6 and 397.9 eV, which are attributed to the anilinic amine
(—NH—) and the quinoid imine (=N—),**** and correlate
well with the proposed partial oxidation of HATP to form
HITP (Figure S29). The resulting charge neutrality of the
frameworks is demonstrated by the absence of possible
additional charge-balancing ions (e.g, Na* and OAc™; Figures
$32 and S33).

The X-ray absorption near-edge structure (XANES) analysis
of Co;(HITP), revealed a pre-edge feature at 7.7092 keV and
an edge energy of 7.7204 keV, well-matched with the value
expected for Co** (Figure S34). The weak pre-edge feature at
8.9712 keV in the XANES spectrum of Cusy(HITP), (Figure
S37) is characteristic of Cu**, which has been unambiguously
assigned to a ls — 3d transition. This transition is not
observed in Cu® with fully occupied 3d orbitals.**™>® The
XANES spectra of M;(HITP), and corresponding model
complexes MPc (Pc = phthalocyanine) exhibit similar features,
indicating that they have a similar square—planar coordination
environment (Figures S34—S37). The fit for the extended X-
ray absorption fine structure (EXAFS) spectrum of
Co4(HITP), demonstrates the square—planar coordination
mode of Co with four Co—N bonds (with a fitted
coordination number of 3.9, Table S6) of 1.84 A (Figure
S$35), matching well with the structure modeled from PXRD
data. The simulated Co—N bond length is also comparable to
the 1.824(S) A averaged Co—N bond length of the Co(II)(s-
bqdi), complex (s-bqdi = semi-o-benzoquinonediimine).’”
Importantly, the +2 oxidation states and square—planar
coordination environment of the metal ions are conserved in
all (M,M’;_,)(HITP), alloys, as verified by XPS (section S16).

X-band electron paramagnetic resonance (EPR) spectrosco-
py confirmed the presence of HITP-centered organic radicals
with g = 2.00. Peaks at g = 5.64 and ~1.9 in the EPR spectrum
of Cos(HITP), are typical for high-spin Co* ions.*® Similarly,
g peaks at 2.17 and 2.02 observed for Cuy(HITP), are typical
for square—planar Cu®* ions.”” Expectedly for non-Kramers
Ni?* ions, the X-band EPR spectrum of Niy(HITP), exhibits
only the signal for the ligand-based radical (Figure S42).

Optical spectroscopy provided additional insight into the
electronic structures of (M,M';_,) (HITP),. Diffuse reflectance
UV—visible (DR-UV—vis) spectroscopy revealed a clear
absorption edge for Co;(HITP),, with broader absorption
edges in the near-infrared (IR) region for Ni;(HITP), and
Cuy(HITP), (Figure 4). The increase of the background IR
absorption, generally associated with free-carrier absorption in
degenerate or narrow-gap semiconductors,40 suggests an
enhancement of the free-carrier concentration from
Co,(HITP), to Niy(HITP), (Figure 4a). Indeed, diffuse
reflectance infrared Fourier transform spectra (DRIFTS) of
(M,/M';_,)(HITP), also reveal a continuous increase of the
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Figure 4. DR-UV—vis and DRIFT spectra of M;(HITP), and
(MM';_,)(HITP),. (a) Normalized Kubelka—Munk-transformed
spectra of M3(HITP),. (b) Normalized Tauc plots from the spectra
in (a). Dashed lines indicate best linear fits to the absorption edges.
(c) Optical band gaps, E,, of (M,M’;_,)(HITP),. Solid lines are
guides to the eye; dashed lines are linear fits of E,.

background absorption with an increasing Cu or Ni content,
suggesting the continuous elevation of the free-carrier
concentration (Figure S43). Plotting the DR-UV—vis spectra
of M;(HITP), in Tauc coordinates’' ~* revealed optical band
gaps, E,, of 0.719, 0.429, and 0.291 eV for Co;(HITP),,
Cu;(HITP),, and Ni;(HITP),, respectively. The progressively
narrower band gap when transitioning from Co to Cu and Ni is
also in agreement with a decreased free carrier concentration
for the pure cobalt MOF. Most importantly, DR-UV—vis
spectra of (M,M';_,)(HITP), (Figure S43) confirm that the
optical band gaps of the alloys can also be continuously tuned
over 0.4 eV (cf. Moss—Burstein shift).""** They narrow
progressively from 0.662 eV for (Co,;5Niye,)(HITP), to
0.395 eV for (CogeoNi, 40) (HITP), in the CoNi series, from
0.762 eV for (Co,4,Cuys;)(HITP), to 0.513 eV for
(Coy5,Cu, 45) (HITP), in the CoCu series, and from 0.392
eV for (Cu,3,Niges) (HITP), to 0.326 eV for (CugsoNijso)-
(HITP), in the CuNi series (Figure 4c). Finally, a DRIFTS
analysis of M;(HITP), and (M,M’,_,)(HITP), showed the
expected vibrational bands corresponding to HITP but no
features related to electronic transitions below the absorption
edges. The influence of defects on optical properties is thus
negligible.

The smooth variation in electronic structures derived from
optical spectroscopy is also reflected in electrical conductivity
measurements for the pure-phase M;(HITP), and the
(M,M’';_,)(HITP), alloys. Four-contact probe measurements
of polycrystalline pellets of M;(HITP), revealed bulk
conductivity values, o, of 0.024, 0.75, and 55.4 S/cm for the
pure Co, Cu, and Ni MOFs, respectively, at 296 K. These are
higher than the bulk conductivities reported previously for the
same compounds,'”** which were already among the most
conductive MOFs. The metal ions exert an obvious influence
on electrical conductivity, at least partially by contributing in
different extents to the valence and conduction bands density

of states. The electronic nature of the metal ion notwithstand-
ing, we attribute the differences in o to the slight structural
variations among the three materials. In particular, the
interlayer displacement, D, and stacking, S, exert an important
effect on the transport normal to the sheets. D appears to be
optimal in Ni;(HITP), (D ~ 1.7 A in the optimized calculated
structure””), which also shows the highest bulk conductivity.
With D deviating to 1.39(0) A for Co;(HITP), and 0.86(9) A
for Cuy(HITP),, these materials exhibit lower conductivities.
Similarly, the higher ¢ of Cuy(HITP), relative to Co;(HITP),
can be traced to its smaller interlayer spacing, 3.16(8) A,
compared to 3.29(8) A for Coy(HITP),.

In line with the spectroscopic and electrical data for the pure
phases, the conductivity of (M,M';_,)(HITP), alloys can be
tuned precisely for over 4 orders of magnitude from 5.8 X 1073
S/cm in (Coy 4/ Cugs3) (HITP), to 55.4 S/cm in Niy(HITP),
(Figure Sa). Variations in the electrical conductivity among the
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Figure S. (a) Electrical conductivity data for (M,M'5_,)(HITP),.
Solid lines are guide to the eye; dashed lines are linear fits. (b)
Continuous changes of E, in (Co,Ni;_,) (HITP),. The dashed line is
a linear fit with R* = 0.98.

16 different compositional alloys are in line with all of the
discussions above and can be traced to combinations of
systematic changes in optical band gaps, free carrier
concentrations, and structural parameters, S and D. For
instance, increasing the Ni content in the (Co,Ni;_,) (HITP),
series shifts the D and S values in such a way as to enhance
interlayer 7—7 interactions, which in turn leads to higher o
values. Apparent deviations from these trends, such as with
(C0,4,Cuqs3) (HITP),, are also in line with the slightly lower
crystallinity for that particular composition, itself likely a result
of the relatively more pronounced structural mismatch
between Co;(HITP), and Cu;(HITP), (Table S1 and Figure
S$26).

Notably, control measurements of mechanically blended
mixtures of pure-phase M;(HITP), samples behave differently
than the alloyed phases, with the more abundant sample
dominating the transport in a nonlinear fashion. For instance,
mixtures of Co;(HITP), and Nij(HITP), are nearly as
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conductive as the former when the Ni % is low and jump to a
conductivity closer to that of the latter when the Ni % reaches
40%. Surprisingly, all blended Co;(HITP),:Cu;(HITP),
mixtures exhibit lower ¢ values than Co;(HITP),, likely a
consequence of the work function/energy level mismatch
between individual particles of the two pure phases, which
increases the grain boundary resistance (Figure $43).
Variable-temperature (VT) conductivity measurements,
performed for the pure phases and for (Co,Ni,y_,)(HITP),
as a representative example of the alloyed samples, revealed a
temperature-activated bulk transport from 200 to 350 K in all
cases (Figure S44). The corresponding activation energies for
transport, E,, correlate well with the o values: 157 meV for
Co,(HITP),, 65.3 meV for Cuy(HITP),, and 15.7 meV for
Niy(HITP),. E, values for (Co,Ni;_,)(HITP), alloys vary
linearly with the Ni content (Figure Sb), decreasing from 136
meV for (Co, 33Nig4,) (HITP), to 25.4 meV for (Cog Nij.40)-
(HITP),, providing a final confirmation of continuous
compositional band engineering through metal substitution.

B CONCLUSIONS

A considerable need exists for the improved synthesis of
conductive MOFs. Here, synthetic improvements in the
production of pure-phase M;(HITP), (M = Co, Ni, Cu) led
to more crystalline and porous materials with higher
conductivity values than previously reported. These advances
also enable a systematic investigation into the influence of the
metal ion on physical properties in (M,M’;_,) (HITP), alloys,
which allow continuous tuning of optical and electronic band
gaps and precise modulation of electrical conductivity of over 4
orders of magnitude. These results highlight the importance of
synthetic advances for a deeper understanding of structure—
function relationships that are crucial for further material
developments in this field.
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