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Mixed metal conductive MOFs constructed from
Trypan blue linked metal nodes: characteristic
features and electrochemical performancef
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Multifunctional ligands possess multiple coordination sites, enabling them to simultaneously connect
with several metal nodes. In this study, we report the use of Trypan blue (Try) as a multifunctional
organic linker to fabricate new three-dimensional (3D) 3d-3d and 3d-4f bimetallic metal-organic fra-
meworks (MOFs). The multiple binding sites, including amino, hydroxyl, sulfonate, and azo groups, facili-
tated the coordination of metals (M = Cu, Co, Zn, Er, and Yb) with varying preferences and geometries.
Depending on the metal interactions, these MOFs (Cu-Co-Try (P1), Cu-Zn-Try (P2), Cu—-Er-Try (P3),
Cu-Yb-Try (P4)) adopted empirical formulae such as Cu,M;C,0;,N1/Cu;M,C,0:N;. They exhibit poly-
morphic crystal forms, predominantly featuring monoclinic symmetry in P2,/c, P2;/n, hexagonal symme-
try in P3221, and triclinic symmetry in P1 space groups. Electronic and vibrational spectroscopy results
indicate that Trypan blue remained intact throughout the synthesis. The paste of these MOFs can serve
as a stand-alone electroactive working electrode material without the need for carbon additives. They
exhibited high peak current responses of 719.4 pA (P1), 637.5 pA (P2), 79.7 pA (P3), and 173.7 pA (P4) at a
scan rate of 0.01 V sX. The charge mobility values for the MOFs were determined as 1.08 x 1077 (E),
1.25 x 1073 (P1), 1.42 x 1073 (P2), 1.58 x 10~ (P3), and 1.51 x 10~* (P4) cm? V! s7%, suggesting that
electron transfer occurs via hopping mechanisms. Additionally, the effective utilization of Trypan blue in
MOF synthesis, without generating any waste, may reduce environmental impact and enhance economic

rsc.li/materials-c benefits.

1. Introduction

Commonly used ligands for synthesizing conductive MOFs
include tetrathiafulvalene (TTF), benzene-1,4-dithiolate (BDT),
catechol derivatives, 2,3,6,7,10,11-hexaamino triphenylene
(HITP), porphyrins and phthalocyanines, and carboxylates
(e.g., 1,2,4,5-benzenetetracarboxylate, BTC)."'° TTF is an
electron-rich, n-conjugated molecule capable of donating elec-
trons, making it a popular choice for conductive MOFs. BDT is
known for its ability to coordinate with metal centers through
sulfur atoms, promoting electron delocalization.* Catechol
groups provide strong coordination with metal ions and can
facilitate electron transfer through redox-active behavior. HITP,
porphyrins, and phthalocyanine derivatives are large, planar, n-
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conjugated molecules that easily coordinate with metal centers
to create conductive frameworks with enhanced electron
delocalization.®® However, TTF, HITP, porphyrin- or phthalo-
cyanine, and BDT-based MOFs are sensitive to oxidative degra-
dation, and their incorporation often requires multi-step
synthetic procedures.'™'? Catechol- and carboxylate MOFs
might require additional modification or doping as they may
not inherently contribute to electrical conductivity. To address
these challenges, other unexplored conjugated and multiden-
tate commercially available organic molecules should be
explored for designing conductive MOFs, thereby promoting
their broad-spectrum use.

Furthermore, the electrochemical activity investigated in
existing studies primarily relies on a single type of metal
center."® However, conductive MOFs with mixed metal centers
can provide a higher density of active sites for electrochemical
reactions. Different metals can possess varying electronic prop-
erties, such as distinct oxidation states or differing degrees of
d-electron involvement.'* These variants can optimize the
distribution of charge carriers within the MOF, leading to
increased charge carrier mobility and overall electrical

This journal is © The Royal Society of Chemistry 2025
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conductivity. Combining elements with diverse electronic prop-
erties, such as lanthanides (4f elements) and 3d transition
metals, might induce multifunctionality in the resulting MOFs.
The Lewis acidity of lanthanides can complement the redox
activity of 3d metals.">™"” Together, they can introduce addi-
tional energy transfer pathways, enabling multi-wavelength
emission. Lanthanides often form highly stable coordination
environments due to their large ionic radii and coordination
numbers. This can enhance the overall stability of the MOF,
particularly under harsh conditions.'*™” However, achieving a
uniform distribution may require precise control over synthesis
conditions to prevent phase separation or preferential binding.
4f and 3d metals often have different coordination preferences
and geometries, which can complicate the design of a MOF that
accommodates both metal types in a uniform structure. In
solution to this, a ligand with multiple binding sites can
enhance coordination versatility, enabling strong metal-ligand
interactions."® Sulfonate groups, for example, form strong ionic
bonds with metal ions, contributing to the overall stability of
the MOF. Hydroxyl and amino groups can also form hydrogen
bonds, further stabilizing the framework and increasing its
resistance to thermal and chemical degradation. A ligand with
both soft donor atoms (e.g., sulfur) and hard donor atoms (e.g.,
oxygen) can stabilize a heterometallic center by coordinating
with a soft metal at one site and a hard metal at another, thus
preventing the segregation of different metal ions into separate
phases."®° Although 3D MOFs generally exhibit lower electri-
cal conductivity compared to their 2D MOF counterparts, these
materials exhibit desirable chemical functionality, chemical
stability, electronic properties, proton conductivity, optical
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properties, and magnetic properties. 3D MOFs can be tailored
using multifunctional organic linkers and multiple metal
nodes, which allows for high selectivity in terms of chemical
sensing, enhanced catalytic properties, or enhanced adsorption
properties.’*® Most of the 3D MOFs have greater structural
rigidity and stability, especially under harsh conditions (e.g.,
high pressure or temperature). Via post-synthetic modifications
or metal doping, the intrinsic conductivity of 3D MOFs can be
improved without sacrificing their structural constitution.
Incorporating metal nodes with mixed oxidation states facil-
itates electron hopping between metal centers and m-
conjugated linkers, which can create extended pathways for
electron delocalization, improving conductivity. Owing to this
phenomenon, 3D MOFs excel in proton conductivity with
accessible charge transport pathways, making them useful in
fuel cells and proton-exchange membranes.'*™*®

Herein, we report the fabrication of four unique three-
dimensional (3D) multivariate MOFs (Cu-Co, Cu-Zn, Cu-Er, Cu-Yb
MOFs) using Trypan blue [3,3'[(3,3-dimethyl(1,1"-biphenyl)-4,4"-diyl)
bis(azo)] bis (5-amino-4-hydroxy-2,7-naphthalenedisulfonic acid)] as a
multifunctional ligand (Fig. 1). The incorporation of Trypan blue
(Try) as an organic linker in the design of these organometallic
frameworks also serves as a mitigation measure against its potential
toxicity. This innovative approach aids in developing diverse types of
MOFs with different metal centers and binding sites while providing
a sustainable solution for addressing Trypan blue toxicity. We used
Cu, Co, Zn, Er, and Yb as metal centers and prepared four hybrid
MOFs by combining the soft and electronegative Cu”" ions with the
relatively harder and more electropositive Co®*, Zn**, Er*", and Yb**
ions. Given the multifunctionality of Trypan blue, harder metal

P2

Fig.1 Schematic view of formation of Cu—(Co/Zn/Er/Yb)-Trypan blue polymorphic MOFs.
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centers might interact with the harder binding sites, while
softer ones may preferably coordinate with the soft donor
sites.’® 2% The TGA curves of the reported MOFs P1, P2, P3,
and P4 demonstrated superior thermal stability, remaining
completely stable with no weight loss below 130 °C. After the
degradation of solvents and organic components, approxi-
mately 30-45% of the material remained as residue upon
heating to around 600 °C, corresponding to the formation of
metal oxides. High-temperature treatment of MOFs led to the
carbonization of organic linkers, resulting in the formation of
conductive carbon frameworks and an increase in current
response. The bimetallic compositions had a notable impact,
with MOFs P1, P2, P3, and P4, containing Cu(u), Co(u), Zn(1),
Er(m), and Yb(m), likely exhibiting strong charge transfer bands
in the UV-visible range. Variations in metal composition and
oxidation states caused shifts in the absorbance maxima to
longer wavelengths for both transitions. Electrochemical
experiments showed enhanced charge mobility and transfer
kinetics for hybrid MOFs (P1, P2, P3, and P4) compared to
single metal MOF systems. Linear sweep voltammetric experi-
ments demonstrated enhanced HER performance for P3 and P4
compared to P1 and P2; P1 and P2 showed superior OER
activity, achieving higher current densities. Electrochemical
impedance spectroscopy (EIS) studies typically reveal a moder-
ate charge transfer resistance for such MOFs, reflecting effec-
tive electron mobility across the framework.

2. Experimental

2.1. Materials

Copper nitrate hydrate. Cu(NO3),-H,O, cobalt acetylacetonate(),
zinc nitrate(n) hexahydrate, erbium chloride(m), ytterbium
chloride(m), Trypan blue solution (0.4%), benzene tetra carboxylic
acid (H,BTC), dimethyl formamide (DMF), phosphate buffer (PBS,
PH 7.4), tetrathiafulvalene (TTF), hydrochloric acid (0.1) and other
compounds and reagents were obtained commercially from Sigma
Aldrich Chemical Co. USA (St. Louis, MO, USA).

2.2. Synthesis of MOFs

Synthesis of Cu, (Try),. Trypan blue (Try) (100 mL) and
Cu(NOs),-H,O (100 mg) were dissolved in 4 mL of DMF,
followed by 15 min sonication and then stirred at 110 °C for
24 h. The product was centrifuged from the mixture, washed
repeatedly with ethanol, and then dried in a vacuum oven at a
temperature of 100 °C for a period of 12 h.

Synthesis of Cu, Co, (Try),. Trypan blue (Try) (100 uL) and
Cu(NOs),-H,0 (100 mg), Co (NO3), (100 mg) was dissolved in
4 mL of DMF, followed by 15 min sonication and then heated at
of 110 °C for a period of 24 h. The product was centrifuged from
the mixture, washed repeatedly with ethanol, and then dried in
a vacuum oven at a temperature of 100 °C for a period of 12 h.

Synthesis of Cu, Zn,, (Try),. Trypan blue (Try) (100 uL) and
Cu(NO3),-H,0 (100 mg), Zn(NO3),-H,0 (100 mg) was dissolved
in 4 mL of DMF, followed by 15 min sonication and then
heating at 110 °C for 24 h. The product was centrifuged from

3888 | J Mater. Chem. C, 2025, 13, 3886-3901

View Article Online

Paper

the mixture, washed repeatedly with ethanol to remove the
residual unreacted precursors or ions, and then dried in a
vacuum oven at a temperature of 100 °C for a period of 12 h.

Synthesis of Cu, Er, (Try),. Trypan blue (Try) (100 pL) and
Cu(NO3;),-H,0 (100 mg), Er(Cls); (100 mg) was dissolved in
4 mL of DMF, followed by 15 min sonication and heating at
110 °C for 24 h. The product was centrifuged from the mixture,
washed repeatedly with ethanol, and then dried in a vacuum
oven at a temperature of 100 °C for a period of 12 h.

Synthesis of Cu, Yb, (Try),. Trypan blue (Try) (100 uL) and
Cu(NO3),-H,0 (100 mg), Yb(Cl3); (100 mg) was dissolved in
4 mL of DMF, followed by 15 min sonication and heating at
110 °C for 24 h. The product was centrifuged from the mixture,
washed repeatedly with ethanol, and then dried in a vacuum
oven at a temperature of 100 °C for a period of 12 h.

2.3. Instrumentation

Attenuated total reflection-Fourier transform infrared (ATR-
FTIR) spectra were acquired using a Thermo Fisher iS10 FTIR
spectrometer (Waltham, MA). UV-Vis absorption spectra were
acquired using Agilent Cary 300 & Agilent Cary 5000 UV-Vis-NIR
spectrophotometers (USA). Scanning electron microscopy
(SEM) data were collected using a Hitachi SU3900 variable
pressure scanning electron microscope (VPSEM) (Tokyo,
Japan). X-ray photoelectron spectroscopy (XPS) was utilized to
evaluate the surface composition of MOFs. Measurements were
undertaken using a Kratos XPS system with a monochromatic
aluminum Ko (1.487 keV) source. The X-ray diffraction (XRD)
studies were undertaken using a Panalytical Empyrean spin-
ning stage X-ray diffractometer (Malvern Panalytical, Malvern,
United Kingdom). Rietveld refinement was performed using
X’pert High score software. BET and BJH studies were per-
formed at Covalent Metrology Analytical Services (Sunnyvale,
CA, USA).

2.4. Electrochemical measurements

The electrochemical behavior (CV and EIS) of the MOFs were
evaluated with a DropSens SPELEC system (Metrohm AG,
Herisau, Switzerland) and a PalmSens portable sensor bit
potentiostat that contained a PSTrace Bluetooth user interface
(EIS) in 0.1 N HCI solution. Both instruments contained a
conventional three-electrode configuration. The final ground
MOFs were converted into a paste with graphite powder (10:1)
and filled into a 3 mm well of graphite paste electrode (GPE).
MOF-modified GPE was adopted as the working electrode,
platinum wire was utilized as the counter electrode, and silver
wire was used as the reference electrode. The CV cycles were
recorded over a range of scan rates from 10-500 mV s~ ', within
the potential window of —0.15 to 0.6 V. The EIS studies were
conducted with the initial voltage set to an open circuit voltage,
a frequency of 0.1 Hz to 100 kHz, and an amplitude of 5 mV.
Later, the electrode behavior was recorded at different fixed AC
voltages (0.01-0.035) over changing frequency of 0.1 Hz to
100 kHz.

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

3.1. Morphology and elemental analysis

Fig. 2 shows the SEM micrographs of MOFs (E, P1, P2, P3 & P4).
Cu/Try (E) exhibits an irregular barrel-shaped clustered struc-
tural configuration (Fig. 2(a)). Cu-Co-Try (P1) has a distorted
sheet-like morphology, appearing to form hexagonal/cubical
structures joined by elongated chains (Fig. 2(b)). Cu-Zn-Try
(P2) displays a rod-like morphology with flat ends, resembling
mineral crystals like epidote, kyanite, or rhodonite, typical of
monoclinic and triclinic crystal systems (Fig. 2(c)).”"** Cu-Er-
Try (P3) exhibits rod structures with pyramidal ends, giving
them a monoclinic prism-like morphology (Fig. 2(d)). Cu-Yb-
Try (P4) exhibits polygonal rod-like morphology with square flat
ends (Fig. Sla, ESIf). The probable crystal configurations
obtained via crystallographic refinement are discussed later
in this text. The EDS profiles confirmed the presence of the
elements Cu, Co, Zn, Er, Yb, C, O, and N. A stoichiometric
ligand-to-metal feed ratio of 3:1 was used for the synthesis
(Fig. 2(e)-(h) and Fig. S1b, ESIf). The high carbon content is
attributed to the aromatic structure of the Try ligand. The
potential compositional formulas were calculated as
Cuy.45C4.50, 5N (E), Cu,.1C0,.,,C505gN (P1), Cug4Zng 9Cy60;,N
(P2), and Cug 6Er;.0C5.,01.0N (P3), Cug ;Yb; 1Co 505 0N (P4) (Fig.
S1b, ESIt). Elemental maps shown in Fig. S2-S6 (ESIt) depict
the distribution of elements (C, O, N, Cu, Co, Zn, Er, Yb) in the
selected regions of corresponding electron micrographs.

The surface and pore -characteristics of the MOFs
were evaluated using N, adsorption-desorption isotherms
(Fig. 3(a)-(d)). All MOFs exhibited type II isotherms, indicating
non-porous or largely microporous behavior, with the inflection
point corresponding to the end of monolayer adsorption. The
large amount of adsorption near a relative pressure of 1
suggests the presence of macropores.>*** E (12 m> g™') and
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P1 (15 m* g ') exhibited similar BET surface areas, with P2
(23.4 m* g ") having the largest surface area, followed by P3
(19 m? g~ "). Although the number of pores was small, MOFs E,
P1, and P2 displayed pore sizes below the typical applicability
limit of BJH (<3 nm). P3 had a significantly larger pore volume
than the other MOFs, with BJH analysis showing a pore size of
approximately 10 nm (Fig. 3(e) and (f)).

3.2. Spectroscopic analyses

FTIR. Trypan blue, a complex dye molecule and multifunc-
tional organic linker, is reported to have several characteristic
vibrations in the FTIR spectrum.”® Aromatic C-H and C=C
stretching at ~3100-3000, ~1600-1500 cm " and C-H bend-
ing at 700-900 cm ™', S=0, S-O stretching of sulfonate (SO;H)
group at ~1350-1250, ~1500-1400 cm ', N—=N (azo group)
and C-N (amine group) stretching at ~1550-1450, ~1350-
1250 cm ™', O-H, C-O stretching at ~3500-3000, ~1000-1300 cm™ ",
C-S stretching from 700-800 cm™'. Amine, sulfonate, and
hydroxyl groups are the donor centers for MOF synthesis.
Corresponding FTIR spectra of pristine Cu-Co-Try (P1),
Cu-Zn-Try (P2), Cu-Er-Try (P3), Cu-Yb-Try (P4) MOFs are
illustrated in Fig. 4(a)-(e) and are compared to Cu-Try
MOF (E). Spectra of P1 exhibited a broad peak at 3296 cm ™"
for O-H stretching vibrations, or possibly N-H stretching,
sharp peaks at 1700 cm™' associated with the carbonyl
(C=0) stretching vibration, 1620 cm™' likely represents the
C—C and N=N stretching vibrations (aromatic rings and azo
groups), 1490 cm " and 1450 cm ™" for aromatic C=C stretch-
ing which are core parts of dye structure, 1380 cm ' and
1330 cm™?, correspond to symmetric SO; and C-N stretching
from aromatic amine groups, 1250 cm ' of asymmetric SOj;
stretching, 1140 cm™ ' and 1110 cm™ " from C-O stretching and
S=O0 stretching, peaks at ~ 1000 and 904 cm ™' may correspond
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SEM micrographs and corresponding EDS profiles of (a) and (b) E, (c) and (d) P1, (e) and (f) P2, (g) and (h) P3.

J. Mater. Chem. C, 2025, 13, 3886-3901 | 3889


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc03867c

Open Access Article. Published on 30 2024. Downloaded on 21.07.2025 16:38:37.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

View Article Online

Paper

10 —a—E } 10 —r—P1 /4 g
o
/1// ’/'/ & 0.004
) .p'?/ 5 v £
8 23 2 > 8
e = ©, O e
5 s , =
> = > 5 o 2 0.002
2P 3
(a] g (B -
0 0 h'// 0.000
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p/P° p/p° Daimeter (nm)
20 40 0.08
—p2 ——P3 = -
/. o —=—P1
4/ 30 8 0.8 ——P2
5 A 5 o ——P3
8 sl 8 5
= “.»‘:,«" = 20 { 5 0.04
>0 e > 7/ g
v e A s
.,-::.,-/ 10 o PP o 0.02
,-"/“ 14444‘4‘4‘4
0 0.00
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0 1 10 100
p/p° p/p° Daimeter (nm)

Fig. 3 N, adsorption curves of MOFs (a) E, (b) P1, (c) P2, (d) P3. BJH pore volume plots of MOFs (e) and (f).

0.12- 0.25+ -
© 2 0.20 2
9 A N 3
: 0.20 2SI~
0.091 z NS .
g = - e 0.15-
= ) 0.15 < o o
£ 0.061 —E 3 —P1 o 2 — P2
0.104%
3 ST e | 00 —m g : -
< 3
0.03-
0.054 0.05- L &
0.004 , . . 0.00 . 2 . 0.00+ . : i
1000 2000 3000 1000 2000 3000 1000 2000 3000
0.25 2
5y (4 Mg E (o)
< foj © N
0201 g M=l g 0107 || = 3
©© e r e
o} &
20151 » ~g 0.08+ 3
o e o
£ < _ P w© 0.06 @
g 010413 Ty 8 &
b 3 0.044
< &
0.05- 0.021
0.00 : : . 0.00+ . ‘ . 0.0+ : : : ]
1000 2000 3000 1000 2000 3000 300 400 500 600 700
wavenumber (cm™") wavenumber (cm™") A (nm)

Fig. 4 FTIR spectra of MOFs (a) E, (b) P1, (c) P2, (d) P3, (e) P4 with reference to trypan blue spectra in pink legend. (f) UV-Vis spectra of MOFs tracing the

peaks of trypan blue (592, 318 nm).

to C-H in-plane and out of plane bending, 871, 821, and
679 cm ' from C-H out-of-plane bending (aromatic),
724 cm™ " from C-S stretching, and 559 cm ™", 516 cm ™" likely
from metal-oxygen (M-O) stretching, particularly Cu-O and
Co-0. P2 possesses characteristic peaks at 3385 cm™ ' (broad),
1666 cm ™', 1588 cm ™}, 1493 cm ™%, 1384 cm ™ * and 1323 cm ™},
1140 cm™ ' and 1117 em™%, 1046 cm ™!, 880 cm ™' and 843 cm ™},
814 cm ™', 770 cm ™, 688 cm™ ', which corresponded to O-H

stretching, C—=O0 stretching, C—C as well as N=N stretching,

3890 | J Mater. Chem. C, 2025, 13, 3886-3901

aromatic C—C stretching, symmetric SO; stretching as well as
C-N stretching, C-O stretching as well as S—=O stretching, C-H
In-plane bending, C-H out-of-plane bending (aromatic), C-H
out-of-plane bending, C-S stretching, and metal-oxygen (M-O)
stretching for Cu-O as well as Zn-O. Further, P3 spectra include
band at 3300 cm™ ', sharp peaks at 1689, 1646, 1618, 1568.8,
1494, 1381, 1298, 1135, 1117, 1061, 955, 879, 845, 809, 776, 746,
680, 660, 599, 512 cm ', which may correspond to O-H
stretching, C=O stretching, C—C and N=N stretching,

This journal is © The Royal Society of Chemistry 2025
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aromatic C—=C stretching, symmetric SO; stretching and C-N
stretching, C-O stretching and S—O stretching, C-H in-plane
bending, C-H out-of-plane bending (aromatic), C-H out-of-
plane bending, C-S stretching, metal-oxygen (M-O), or
metal-nitrogen (M-N) stretching vibrations. Similarly, P4
shows peaks at 3271 (broad), 1645, 1619, 1569, 1494, 1378,
1297, 1134, 1116, 954, 879, 840, 808, 776, 745, 680, 660, 597,
511 ecm™ ', most likely attribute to O-H stretching, C=0
stretching, C—C and N=N stretching, aromatic C—=C stretch-
ing, symmetric SO; stretching and C-N stretching, C-O stretch-
ing and S—O stretching, C-H in-plane bending, C-H out-of-
plane bending (aromatic), C-H out-of-plane bending, C-S
stretching, metal-oxygen (M-O), or metal-nitrogen (M-N)
stretching vibrations. These spectra were compared to FTIR of
E, which included peaks at 1617, 1491, 1445, 1386, 1334, 1138,
1107, 904, 870, 819, 678, 557, 512 cm * assigned to C—O
stretching, C—=C and N=N stretching, aromatic C—=C stretch-
ing, symmetric SO; stretching and C-N stretching, C-O stretch-
ing and S—O stretching, C-H in-plane bending, C-H out-of-
plane bending (aromatic), C-H out-of-plane bending, C-S
stretching, metal-oxygen (M-O). The presence of stretching
vibrations for azo groups, C—=C, and SO; groups for all the
MOFs indicates that these linkages remain intact throughout
the synthesis, which means that Trypan blue did not undergo
degradation. The appearance of distinct M-O or M-N stretch-
ing frequencies in the low wavenumber region (400-700 cm™*)
indicates the linkage formation between different metal centers
(Cu, Co, Zn, Er, or Yb).>**® The presence of multiple peaks in
this region suggests different metal-ligand coordination envir-
onments. Shifts in the M-O stretching frequency compared to a
monometallic MOF could indicate changes in the bond
strength due to the presence of a second metal.”*>® Symmetric
stretching modes seem more pronounced than bending modes
among the multiple peaks, showing the symmetrical coordina-
tion of the multifunctional ligand to two different metals.>”
Additionally, well-defined peaks indicate a stable, crystalline
framework for all the MOFs.>**°

UV-Visible spectroscopy. Fig. 4(f) presents the UV-Vis spectra
recorded from aliquots collected during the MOF synthesis
process, showing absorbance maxima at 250-400 nm and
500-600 nm, which were analyzed to track the fate of Trypan
blue during synthesis. Typical absorbance bands observed in
bimetallic Trypan blue-linked MOFs include a 1 — w electronic
transition around 200-300 nm, attributed to the conjugated
aromatic rings of Trypan Blue, and a n —  transition around
400-500 nm, corresponding to the lone pairs on azo groups
influenced by metal coordination. Additionally, a ligand-to-
metal charge transfer (LMCT) band appears at ~400-600 nm.
The influence of bimetallic compositions led to noteworthy
observations: MOFs P1, P2, P3, and P4, incorporating Cu(u),
Co(u), Zn(n), Er(m), and Yb(u), likely exhibited strong charge
transfer bands in the UV-visible range. Variations in the metal
composition and oxidation states resulted in shifts of absor-
bance maxima to higher wavelengths for both transitions.
Furthermore, differences in intensity were attributed to ligand
coordination and MOF crystallinity. The MOFs can be ranked in

This journal is © The Royal Society of Chemistry 2025
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the order of P2 > P3 > P4 > P1 based on band intensity, as
shown in Fig. 4(f). As such, the extent of electron delocalization
within the frameworks is expected to follow the same order. In
agreement with the FTIR results, the bands corresponding to
n — ©* transition of the -N—N- (azo group) at 315 nm and © —
m* transition of an aromatic portion (596 nm) appear to remain
intact.>™**> This result indicates that Trypan blue did not
degrade or undergo significant chemical changes during synth-
esis at 110 °C, retaining its structural integrity. Table 1 shows a
comparison of the key parameters of the reported MOFs
obtained through various analysis approaches.

X-Ray photoelectron analysis. The chemical states and elec-
tronic interactions of MOFs (E, P1, P2, P3, P4) were analyzed
using the XPS profiles. The survey spectrum (Fig. S7-S10, ESIY)
demonstrated the presence of Cu, Co, Zn, Er, Yb, C, O, and N
elements in the corresponding end products. Cls spectra
revealed several peaks with varying FWHM values, each corres-
ponding to various chemical states found in carbon (e.g., C-C,
C—C, C-0, C—0). Different MOFs showed almost the same
bands that can be assigned to C-O, C-N, and C=O units at
~285.37-285.9, 286.02, and 287.71-288.24 eV, respectively
(Fig. 5(A)-a). The satellite peak indexed at 289.24-291.9 eV can
be attributed to m-n* shake-up, indicating the presence of
extended delocalized electron hopping in multivariate Cu-Tryp
complexes.’*** According to the calculated FWHM values, the
C-C/C-H peaks are relatively narrow, indicating a uniform
environment for these carbon atoms. The C-O peaks are
broader, suggesting a more varied environment for carbon
bonded to oxygen. The C—O peaks are the broadest, indicating
significant chemical and electronic diversity among the carbo-
nyl groups. The O 1s regions of all products can be deconvo-
luted into two peaks (Fig. 5(A)-b). The corresponding peak
positions showed a shift of approximately 0.9-1.2 eV. The two
peaks are centered at 531.5 and 534.42 eV for E, at 532.14 and
534.94 eV for P1, at 533.30 and 535.33 eV for P2, at 532.81 and
534.88 eV for P3, and at 531.36 and 534.39 eV for P4. These
peaks can be assigned to the oxygen atoms in the coordinated
hydroxyl group (-OH) and coordinated carboxylate group
(-C=0, -C-0), respectively. The appearance of Ols spectra
for all products was observed to be different. The lower binding
energy (B.E.) peak was found to broaden and increase in height
from E to P4. A shift to lower binding energies for the M-O
component suggests strong metal-ligand interaction.>***

The Ni1s spectra of E show a single peak at 402.7 eV,
suggesting that the nitrogen atoms are in a positively charged
or protonated state (Fig. 5(A)-c). A peak around this binding
energy typically indicates the presence of nitrogen atoms
involved in protonated amine groups (-NH;"), possibly due to
the coordination environment with metal centers or interac-
tions with other functional groups in the MOF. P1 shows three
distinct peaks in the N1s spectrum at 403.79 eV, 395.02 eV, and
390.27 eV. This suggests there are different chemical environ-
ments or bonding states for nitrogen in the material (Fig. 5(A)-
¢). 403.79 eV is possibly related to oxidized nitrogen or nitrogen
in a protonated or complexed state due to interactions with the
metal centers (Cu and Co). 395.02 eV likely corresponds to
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Table 1 Comparison of key parameters of the reported MOFs from various analyses
FTIR stretching vibrations cm ™"
MOFs M-O c-s c-0 C-N c=0
Cu-Try B 512 678 1138 1334 1617
Cu-Co Try B 597, 511 724 1140 1330 1700
Cu-Zn Try B 552, 510 770 1140 1323 1666
Cu-Er Try B 599, 512 746 1135 1298 1689
Cu-Yb Try B 559, 516 745 1134 1297 1645
XPS profile/binding energy (eV)
MOFs Cis O1ls Nis Cu 2p3. Cu 2py), Cu Sat M2 Co/Zn/Er/Yb
Cu-Try B 285.56 531.5 402.69 937.7 957.7 943.3
286.91 534.42 947.7
289.24 966.1
Cu-Co Try B 285.39 532.13 390.27 937.6 957.5 942.6 784.7
287.97 535.03 395.02 946.7 788.9
291.69 403.73 966.2 803.2
Cu-Zn Try B 285.94 533.01 393.98 937.9 957.8 943.38 1016.6
288.24 535.28 398.18 947.5 1025.9
292.21 965.1 1039.1
1049.04
Cu-Er Try B 286.01 532.39 395.85 936.5 956.38 946 201.59
287.71 534.79 400.01 962 173.16
291.91 189.12
201.59
Cu-Yb Try B 285.89 531.31 391.01 936.06 956.11 944.67 186.45
287.35 534.38 395.33 963.34 196.69
291.19 400.21
Crystallographic profile
Ratios
MOFs Space group - crystal system M1/M2 N/O % Composition of polymorph
Cu-Try B P21/c - Monoclinic — — 100
Cu-Co Try B P3221 - Hexagonal 2:1 2.5:1 77/11
Pm3m - Cubic
C2/c - Monoclinic
Cu-Zn Try B P21/c1 - Monoclinic 1:1 2:1 53.8/46.2
P1 - Triclinic
Cu-Er Try B P121/n1 - 2 Monoclinic systems 3:2 1:6 52.6/47.4

nitrogen in a basic or neutral state, such as the amine group of
Try. 390.27 €V represents nitrogen in a more reduced state or
directly coordinated with the metal centers (Cu and Co). Co
exhibits redox flexibility (Co**/Co*"), leading to varied nitrogen
coordination environments. The low binding energy (390.27 eV)
corresponds to strong charge transfer interactions with Co>* or
Cu', while the higher energy (403.79 eV) indicates nitrogen is
involved in protonation or hydrogen bonding. For P2, two N1s
peaks were observed at 398.18 eV and 393.98 eV. The peak at
398.18 eV may correspond to nitrogen in the aromatic environ-
ment of Trypan blue. The lower binding energy peak might
correspond to nitrogen in a more electron-rich or reduced state,
around Cu/Zn in the MOF structure (Fig. 5(A)-c). Zn** is redox-
inactive and primarily forms simple, stable coordination
bonds; this results in narrower peaks and fewer distinct nitro-
gen environments. P3 shows two N1s peaks at 400.01 eV and
395.85 eV. The former one could correspond to nitrogen in the
aromatic or relatively oxidized state (Fig. 5(A)-c). The latter one
could indicate nitrogen in a more electron-rich or reduced
state. Similarly, the N1s spectrum of P4 depicts three peaks at

3892 | J Mater. Chem. C, 2025, 13, 3886-3901

400.21 eV, 395.85 eV, and 391.01 eV (Fig. 5(A)-c). The strong
polarization effect of lanthanides (Er/Yb) shifts the N 1s peaks
to higher binding energies (395.85-400.21 eV), indicating elec-
tron density redistribution around nitrogen. Er’* and Yb*" may
polarize the ligand more strongly due to their high effective
charge and larger ionic radii, creating distinct nitrogen envir-
onments. Additionally, they favor higher coordination numbers
(8-10), which can create a broader range of nitrogen environ-
ments and can influence the chemical states.

The XPS profile of Cu 2p for Cu in E and all products showed
the Cu 2p3/2 and Cu 2p1/2 bands at 937.36 and 957.35 eV for E,
937.8 and 957.41 eV for P1, 937.7 and 957.7 €V for P2, 936.5 and
956.38 eV for P3, and 936.06 and 956.11 eV for P4 (Fig. 5(B)-a).
The obtained peaks were positioned 3-4 eV higher than the
standard peak values. These two bands indicate the divalent
chemical state of Cu in the products. The fitted bands in the
range of 942.6-947.8 and 964.18-966.14 eV are the shake-up
satellite peaks.’>?® Hybrid MOFs exhibited a noticeable
enhancement in the shake-up peak energies, indicating a more
paramagnetic state of Cu. The shift in binding energy suggests

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (A) XPS spectra of (a) Cls, (b) Ols, and (c) N1s, in MOFs E, P1, P2, P3, and P4. (B) XPS spectra of (a) Cuin MOFs E, P1, P2, P3, and P4, (b) Coin P1, and

(c) Znin P2, (d) Er in P3, and (e) Yb in P4.
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that the Cu is in a different chemical environment or oxidation
state than the standard reference material, likely due to strong
interactions with other elements, variations in coordination
geometry, or multiple oxidation states. The high-resolution Co
2p XPS spectra of Cu-Co-Tryp (P1) exhibit two prominent
bands at ~787.4 and 803.03 €V, corresponding to spin-orbit
splitting to Co 2p3/2 and Co 2p1/2, respectively. This result
indicates that cobalt is mainly in its +3-oxidation state
(Fig. 5(B)-b). Peak separation of 15.63 eV is consistent with
what is observed for Co®" species.’”*® The Zn 2p spectrum for
Cu-Zn-Tryp (P2) reveals two prominent peaks at 1025.2 and
1049.01 eV, characteristic to Zn®>* and attributed to spin-orbit
splitting to Zn 2p3/2 and Zn 2p1/2 components. The separation
between the Zn 2p3/2 and Zn 2p1/2 peaks is about 23.8 eV,
which is typical for Zn>", confirming this oxidation state. The
presence of Zn** suggests that zinc is coordinated with oxygen
or nitrogen atoms in the Try ligand (Fig. 5(B)-c). Zn”>* ions do
not appear to be in a highly distorted environment, consistent
with typical coordination geometries such as tetrahedral or
octahedral arrangements.’>*® The maintenance of typical +2
oxidation state in the MOF indicates minimal electronic inter-
ference from Cu. Er 3d spectra exhibited two peaks at units
173.16 and 189.12 eV with a separation of ~16.5 eV, corres-
ponding to spin-orbit split components Er 3d5/2 and Er 3d3/2
(Fig. 5(B)-d). The binding energies at 173.16 eV (3d5/2) and
189.12 eV (3d3/2) are characteristic of Er’* in a coordination
environment, confirming that erbium is in the +3-oxidation
state within the MOF. The spin-orbit splitting of approximately
16.5 eV is consistent with the expected value for Er*" ions,
confirming the presence of this oxidation state. The appearance
of satellite peaks at 164.39 and 201.59 eV suggests that the
electronic environment around Er’* in this MOF is complex,
possibly due to strong interactions between erbium and the
Trypan blue ligand or due to the mixed metal environment with
copper. The separation of these satellite peaks from the main
3d peaks provides additional confirmation of the +3-oxidation
state."”**> XPS peaks in Yb 4f spectra were indexed at units
186.45 and 196.69 eV with a separation of ~10.5 eV, corres-
ponding to Yb 4f7/2 and Yb 4f5/2. The binding energy values,
and the peak separation are characteristic of Yb®" ions, suggest-
ing that Yb is in a relatively standard coordination environment
without significant distortion or interaction that would alter its
electronic structure (Fig. 5(B)-e). Yb 4f spectra indicate that Yb
maintains its +3-oxidation state, suggesting that it remains
relatively unaffected by the presence of Cu and Zn in the
framework.*>** Corresponding shifts in B.E. compared to
standard references probably indicate the changes in the
electronic environment due to metal-ligand interactions or
the presence of multiple metals. Previous studies suggest that
3d metals (Cu, Co, Zn) show complex multiple peaks splitting
due to spin-orbit coupling. 4f metals (Er, Yb) exhibited char-
acteristic sharp peaks with significant spin-orbit splitting.**~**
Multiple metal combinations (3d-3d and 3d-4f) can influence
the binding energy of each metal core level due to differences in
electronegativity, coordination environment, and electronic
structure. The presence of a more electronegative metal (Cu)
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did increase the binding energy of neighboring 3d (Co, Zn) and
4f (Er, Yb) metal atoms.

Crystallographic analysis. Powder X-ray diffraction (PXRD)
profiles revealed the five MOFs (Fig. 6) with crystallinity ranging
from high (E, P1, P2) to semi-crystalline (P3, P4). E displayed 12
sharp signals at 15.30, 17.46, 19.80, 22.71, 25.65, 26.61, 29.06,
33.94, 36.13, 39.68, 43.20°, which are indexed to (100), (110),
(111), (111), (012), (121), (022), (040), (041), (221), (202) planes
respectively (Fig. 6(a)). Further, P1 and P2 exhibited peaks at
9.76,11.33, 12.76, 15.31, 17.59, 19.67, 20.48, 22.71, 25.68, 26.67,
29.14, 34.08, 36.21, 43.13° and at 8.36, 10.29, 10.83, 12.83,
16.19, 17.59, 17.96, 20.51, 22.61, 24.82, 25.29, 26.69, 28.82°.
These correspond to the facets as (011), (012), (110), (111),
(200), (210), (004), (204), (025), (300), (033), (713), (400),
(Mx0033;18) and (100), (11 1), (101), (1 20), (211), (220), (013),
(311), (1 14), (203), (Mx0033;14), (Mx0035;13), respectively
(Fig. 6(b)). Similarly, P3 and P4 were indexed with peaks at 20
values of 8.69, 10.13, 15.77, 2.06, 27.78, 31.66, 33.84, 55.79,
66.55°; 9.89, 19.58, 28.80, 31.85, 40.22. They were assigned to
the miller indices as (002), (110), (120), (1 23), (041), (331), (216),
(615), (Mx0037;46), while P4 appears to be semi-crystalline
(Fig. 6(c) and Fig. S11, ESIf). The Cu/Try-MOF structure
appeared to possess monoclinic cells with crystallographic
indices @ = 5.26 A, b = 9.92 A, and ¢ = 7.38 A, and space group
P21/c. The symmetry elements in this space group possibly
impose specific constraints on the structural orientation and
positioning of metal nodes and organic linkers, leading to
unique pore structures and channels. Rietveld refinement
could reveal the polymorphic nature of multivariate MOFs
(P1, P2, P3 & P4). The quantification profile of the Cu/Co/Try-
MOF (P2) complex shows ~77% hexagonal (P3221), ~11%
cubic (Pm3m), and monoclinic (C2/c) components.*’ The edges
and angular dimensional parameters for hexagonal, cubic, and
monoclinic include: [a = 10.96 A, b=1096A,c=22.45A;0=f=
90° and y = 120°], [ =9.85 A, h=9.85A,c=9.85A;a=f=7y=
90°],and [a=23.15A,h=10.26 A, c=17.21 A; =y =90 and ff =
96°]. The empirical arrangement of Cu and Co atoms is possibly
2:1, with a high carbon content (~40 atoms) and a ratio of
2.5:1 for nitrogen/oxygen atoms. This suggests that two Cu
atoms linked to aromatic Try ligands with heteroatoms (N, O)
are bridged by a Co atom in each cell. The quantification profile
of the Cu/Zn/Try-MOF (P2) complex is a mix of ~53.8% mono-
clinic (P121/c1), and ~46.2% triclinic (P1) components. P1
means the polymorph has an inversion centre, making it
centrosymmetric. The angular and dimensional parameters
for the monoclinic and triclinic phases are as follows: [a =
16.24 A, b=10.56 A, ¢ =20.85 A; = $=90° and y = 107.15°], and
[a=11A,b=14.2 A, c=15.87 A; 0 =95°, f =97°, 7 =90°]. The Cu
and Zn atoms are present in a 1:1 ratio, with a high carbon
content (~40 atoms) and a ratio of 2:1 for nitrogen/oxygen
atoms. This suggests that the equal metal centers (Zn/Cu)
are bridged by multidentate Try ligand molecules in each cell.
Cu/Er/Try-MOF (P3) complex is possibly a polymorphic mix
(52.6/47.4%) of two similar monoclinic crystal systems (P121/
n1). P1 means the polymorph has an inversion center, making
it centrosymmetric.**** The angular and dimensional

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 X-Ray diffraction patterns of MOFs (a) E, (b) P1, (c) P2, (d) P3, with corresponding refined curves and indexed miller indices.

parameters for both monoclinic phases are as follows: [a =
11.65 A, b = 12.87 A, ¢ = 19.15 A; o = y = 90° and f§ = 95°]. The
Cu:Er atoms are present in a 3:2 ratio, and the refinement
process shows n number of solvent (DMF) molecules included
in the final model. Metal centers (Cu/Er) are bridged by multi-
dentate Try ligand molecules, with an N:O ratio of 1:6 in
each cell.

3.3. Thermogravimetric analysis (TGA)

The TGA curves of MOFs P1, P2, P3, and P4 demonstrated
superior thermal stability up to 400 °C (Fig. 7(a)-(d)). Table 2
summarizes the mass loss observed across specific temperature
ranges. The materials showed no weight loss below 130 °C,
indicating complete stability in this range. The TGA curves
likely exhibited distinct stages of thermal degradation. Below
150 °C, desorption of physiosorbed and coordinated DMF may
take place, as ligands may retain solvent molecules coordinated
to the metal centers. Between 180-300 °C, partial decomposi-
tion of functional groups may occur, including the loss of water
from hydroxyl groups (-OH) and the initial degradation of
weakly bound sulfonate or azo groups. This stage may also
involve the onset of oxidation of transition metals such as Cu
and Co. Around 300-500 °C, framework decomposition may
occur through aromatic backbone degradation, releasing CO,

This journal is © The Royal Society of Chemistry 2025

CO,, hydrocarbons, and nitrogenous gases due to azo bond
cleavage (-N=—N-), while also forming mixed metal oxides such
as CuO, ZnO, Er,0;, and Yb,O;. At temperatures exceeding
500 °C, complete degradation of the organic components of
Trypan blue may occur, leading to the formation of stable
residues and metal oxides. The higher residues observed
(~30-45%) are likely due to the presence of multiple metal
oxides that are formed from the bimetallic centers.**™*?

3.4. Electrochemical behavior studies

The MOF layer in the paste electrode could provide more
electroactive sites and a smooth surface as a working electrode
to ensure favorable electrochemical impacts.*® The effect of
metal centers and ligand arrangement in mono and poly-
morphic crystal systems was recorded. Corresponding cyclic
voltammetry (CV) measurements were conducted with the
MOFs layer in the paste electrode. Fig. 8 illustrates the voltam-
mograms of MOFs (E, P1, P2, P3 & P4) recorded within the
potential window of —0.15 to 0.6 V over a range of scan rates
(0.01, 0.025, 0.05, 0.075, 0.1, 0.25 and 0.5 V s~ ). All the Try
MOFs showed well-defined oxidation peaks, as shown in
Fig. 8(a)—(e). The oxidation peak current responses of 62.7 (E),
719.4 (P1), 637.5 (P2), 79.7 (P3), 173.7 pA (P4), were obtained at
0.01 V s~ sweep speed. Markedly, the P1 and P2 delivered

J. Mater. Chem. C, 2025, 13, 3886-3901 | 3895


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc03867c

Open Access Article. Published on 30 2024. Downloaded on 21.07.2025 16:38:37.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

: . . : : —100
100{~———
\ 15.21 % @ 75
80- 50
. 18.29 %
2 o L 25
) 0,
; 60 13.56 % Lo
S 513,47% 25
40
L-50
100 200 300 400 500 600
Temperature
: : : : : —5
100
L4
80 3
L2
60
L1
404 L0

100 200 300 400 500 600

Fig. 7 TGA and DTA profiles of (a) P1, (b) P2, (c) P3, and (d) P4.

substantially higher anodic currents than the P3, P4, and E variants.
The higher cumulative current response from multi-metallic MOFs
(P1, P2, P3 & P4) over E might be due to faster electron delocalization
across the framework, along with enhanced structural stability in the
3d-3d metal MOFs over the 3d-4f variant.*"*®

Additionally, the polymorphic nature of these MOFs most
likely led to the adoption of various coordination geometries
and the formation of defect centers or structural distortions.
This, in turn, may influence the electronic structure and
increase the density of states near the Fermi level, contributing
to a higher current response.*®*° With the increasing scanning
rate from 10 to 500 mV s ', the peak currents increased
simultaneously. As observed, the oxidation peak shifted toward
a higher potential, while the rudimentary reduction peak
shifted toward a more negative potential. The log of peak
current (logI,) versus the logarithm of the square root of the
scan rate (log v*/?) plot (Fig. 9(a)(e)) showed a linear relation at
lower scan rate (below 100 mV s~ '), while they are slightly
nonlinear at higher scanning speeds. At lower scan rates, the
process is possibly diffusion-controlled, following the equation
below. As the scan rate increases, the process appears to be
partially diffusion-controlled and partially governed by the
kinetics of the electron transfer reaction. However, the coeffi-
cient of determination values (R?) obtained from the statistical
analysis are significantly close to 1 [E (0.984), P1 (0.989), P2
(0.981), P3 (0.984), and P4 (0.957)]. This result indicates that the
experimental data aligns well with the diffusion-controlled
model, while the slight deviations suggest the influence of
kinetic limitations.*">
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The transport mechanism in these MOFs is analyzed from
charge mobility (¢) values. It is calculated using the relation
(eqn (1):

__ DnF

#—m 1)

where D is the diffusion coefficient at temperature T, n is the
number of electrons transferred, F is the Faraday constant
(1.6 x 107'° C), and kg is the Boltzmann constant (1.38 x
10"2* J K "). D is calculated using the Randles-Sevcik equation

(eqn (2)):
I, = 2.69 x 10°n,°AD,"Cv,'

(2)

The charge mobility values of MOFs were obtained as 1.08 X
1077 (E), 1.25 x 10° (P1), 1.42 x 1073 (P2), 1.58 x 10 * (P3),
and 1.51 x 10™* (P4) cm® V' s7'. The significantly lower
values, below 0.1 cm® V™' s, indicate that charge transport
is predominantly facilitated by electron hopping rather than
band-like electron delocalization.”® Nyquist plots in Fig. 9(f)
show a small semicircle at high frequencies and a nearly
straight line at low frequencies in the order P1 > P2 ~ P3 >
P4. The small semicircle (arc) indicates a low charge transfer
resistance (R.), pointing to fast electron transfer kinetics. The
straight line in the Warburg region signifies diffusion-
controlled processes, which are less pronounced in multime-
tallic MOFs, likely due to enhanced ion transport.*>** The
lower value of R. for P1 while higher R. of P4 is probably
due to the difference in electronic interactions. Typically, 3d-3d
metal MOFs [P1 (Cu-Co), P2 (Cu-Zn)], have overlapping

This journal is © The Royal Society of Chemistry 2025
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Table 2 Summary of TGA parameters over temperature changes

MOFs Temperature % Weight loss % Remaining
P1 194.14 15.2 84.719
271.90 18.29 66.428
346.93 13.56 52.859
447.27 13.473 39.386
P2 135.53 11.414 88.56
277.46 10.496 78.090
367.43 22.316 55.774
501.69 10.706 45.068
P3 173.50 4.66 95.340
325.64 15.838 79.502
420.90 15.972 65.530
567.69 23.169 40.361
P4 139.69 5.249 94.751
253.06 14.295 80.456
442.23 46.821 33.610

d-orbitals, which could provide continuous electron pathways
and good mechanical stability, leading to lower R.. Relatively,
4f metals (Er, Yb) have more localized f-orbitals that interact
weakly with the surrounding ligands and other metal centers
compared to 3d transition metals.”>”* This might often lead to
less efficient charge transfer and higher R.. Fig. 10 shows the
dependence of electrochemical behavior based on thermal
variations over 250-600 °C. The current response at different
scan rates appeared to increase for thermally treated MOFs
within the potential window of —0.1 to 1.2 V. This result may
correspond to the carbonization of organic linkers in MOFs at
high temperatures, resulting in conductive carbon frameworks.

View Article Online
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Moreover, the oxidation behavior of Trypan blue was less
prominent in comparison to the untreated MOFs, with distinct
peaks around 0.3 V. This result may be due to the onset of its
decomposition at elevated temperatures, changes in the oxida-
tion state of the metals, or the formation of mixed-valence
systems.

The voltammograms of bimetal MOFs were compared with
corresponding single metal MOFs (Co-Try, Zn-Try, Er-Try, and
Yb-Try). Interestingly, their CV curves show quasi-reversible
behavior (Fig. 11(a)-(e) and Fig. S12-S15, ESIY), characterized
by weak anodic and cathodic peaks, along with non-faradaic
processes contributing to the overall current response.>>>® The
significant separation between the anodic and cathodic peak
potentials may be attributed to a slow electron transfer rate,
high charge transfer resistance at the electrode surface,
restricted mass transport, and the capacitive behavior asso-
ciated with electrode surface charging. In comparison, bimetal
MOFs exhibit a well-defined oxidation peak with no sign of CV
curve broadening.>®*° The polymorphic structures of these
MOFs might facilitate efficient electron transfer, resulting in
predominantly faradaic processes. Additionally, the choice of
ligand, Trypan blue, may promote redox-active behavior by
forming stable coordination environments around the metal
centers, thus limiting the occurrence of non-faradaic capacitive
behaviors.> The increased structural stability in the oxidized
form, complex electronic structures, and synergistic effects of
multiple metals in multi-metallic MOFs may contribute to
suppressing reduction while promoting a more kinetically
favorable oxidation process. Further, these single metal-Trypan
blue-based MOFs could be investigated for energy storage
applications.
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The electrochemical behavior of the reported MOFs was
further investigated to understand their potential use as elec-
trocatalysts for a water splitting reaction (Fig. 12). Linear sweep
voltametric (LSV) curves of the MOFs P1, P2, P3, and P4,

3898
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incorporating Cu(u), Co(u), Zn(u), Er(m), and Yb(ur) metals were
studied for the hydrogen evolution reaction (HER) at room
temperature using a scan rate of 5 mV s~ (Fig. 12(a)). In 1 M
KOH, P3 and P4 show onset overpotentials of ~107 mV; this

This journal is © The Royal Society of Chemistry 2025
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value was 85 mV lower than that of P1 and P2 (140 mV).
Achieving a current density of 10 mA cm™? requires overpoten-
tials of 160 mV for P1 and 190 mV for P2. For the oxygen
evolution reaction (OER), P1 and P2 yielded a current density of
~33 and 25 mA cm 2, respectively; while P3 and P4 exhibited a
current density of 10 and 8 mA cm ™2, respectively (Fig. 12(b)).
These results suggest that the OER activities of the former
catalysts are higher than those of the latter catalysts. These
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MOFs were also compared with the TTF-based MOF, as shown
in Fig. S16a and b (ESIt). As the results suggest, the Trypan
blue-based MOFs exhibit higher HER activity than the TTF MOF
under ambient conditions. In agreement with previous studies,
it is observed that TTF-based MOFs are primarily designed for
electron transfer rather than catalytic applications, limiting
their versatility. In contrast, the multifunctional character of
Trypan blue enabled strong electrolytic activity.®*®?
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Fig. 12 LSV plots obtained with P1, P2, P3, and P4 MOFs for HER (a) and OER (b) at 5 mV s~ in 0.1 M KOH.
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4. Conclusions

We have demonstrated the fabrication of a series of chemically and
thermally stable single and bimetal MOFs with a dye-based multi-
functional macrocyclic ligand (Trypan blue) via a solvothermal
route. Due to varied bonding interactions, metals and ligands
arranged themselves to minimize energy and maximize stability,
and thus these MOFs exhibited complex three-dimensional
morphologies. Shifts in the M-O stretching frequency relative to
a monometallic MOF may suggest changes in bond strength
caused by the introduction of a second metal. Among the various
peaks, symmetric stretching modes appear more prominent than
bending modes, indicating the symmetrical coordination of the
multifunctional ligand with two different metals. The detection of
stretching vibrations for azo groups, C—C bonds, and SO; groups
in all the MOFs suggests that these linkages remain intact through-
out the synthesis, indicating that Trypan blue did not degrade. This
finding contrasts with some reported Trypan blue-based MOF
syntheses. The maintenance of the typical +2 and +3 oxidation
states of Zn, Co, Er, and Yb in these MOFs indicates minimal
electronic interference from Cu. The thermogravimetric analysis
data revealed excellent thermal stability; no weight loss below
130 °C was noted. Upon heating to around 600 °C, the degradation
of solvents and organic components left approximately 30-45%
residue; this result was attributed to the formation of metal oxides.
The observed increase in current response at various scan rates for
thermally treated MOFs within the potential range of —0.1 to 1.2V
was attributed to the carbonization of organic linkers at elevated
temperatures, resulting in the formation of conductive carbon
frameworks. The difference in R.. values between 3d-3d and 3d-
4f MOFs indicates that 3d-3d MOFs can achieve higher connectiv-
ity between metal centers and ligands, leading to a more conductive
network compared to 3d-4f MOFs. The LSV analysis demonstrated
enhanced HER performance for P3 and P4 as compared to P1 and
P2. Conversely, P1 and P2 showed superior activity for OER,
achieving higher current densities. We demonstrate the tunable
electrochemical properties of Trypan blue-based single-metal and
multi-metal MOFs to assess their efficiency for electron transport.
The increased current contribution in the latter was attributed
entirely to the faradaic process. In contrast, single-metal MOFs
exhibited potential capacitive behavior, which could be further
explored for energy storage applications in the future. The potential
impacts of the study may include highly sensitive electrochemical
sensors owing to enhanced electron transfer through multimetallic
configurations, CO, reduction catalysts and carbon capture materi-
als based on electron-rich ligands (Trypan blue) and metal centers
that can stabilize CO, intermediates, as well as the stable redox
chemistry of multi-metals that can enhance the performance of
electrodes in lithium-ion or zinc-ion batteries.
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