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ABSTRACT: Self-organization under out-of-equilibrium conditions is ubiquitous in natural systems for the generation of hi-
erarchical solid-state patterns of complex structures with intricate properties. Efforts in applying this strategy to synthetic 
materials that mimic biological function has resulted in remarkable demonstrations of programmable self-healing and adap-
tive materials. However, the extension of these efforts to multifunctional stimuli-responsive solid-state materials across de-
fined spatial distributions remains an unrealized technological opportunity. This paper describes the use of a nonequilibrium 
reaction–diffusion process to achieve the synthesis of a multifunctional stimuli-responsive electrically conductive metal–or-
ganic framework (cMOF) in a gelled medium with control over particle size and spatial periodicity on a macroscopic scale. 
Upon integration into chemiresistive devices, the resulting cMOF particles exhibit a size-dependent response towards hydro-
gen sulfide gas, as determined by their distinct surface-to-volume ratio, porosity, unique synthesis methodology, and unusual 
microcrystallite morphology compared to their counterparts obtained through bulk solution phase synthesis. Taken alto-
gether, these achievements pave the way towards gaining access to functional nanomaterials with well-defined chemical com-
position, dimensions, and precisely tailored functions using far-from equilibrium approaches. 

1. Introduction 

Out-of-equilibrium self-organization of matter in precipi-
tation reactions is pervasive in nature across multiple 
length scales.1-4 This dynamic process plays an indispensa-
ble role in the mode of function of living organisms,5 and is 
responsible for the formation of inorganic patterns of cal-
cium carbonate crystals in mollusk shells and lime mor-
tars,6, 7 the distribution of melanin pigment in zebra stripes,4 
as well as the intricate organization of microtubules,8 stal-
actites,9 and agates10 in nature. This self-organization re-
flects the unique ability of these systems to assemble their 
molecular components into permanent patterns of hierar-
chical structures with multiscale functionalities that out-
perform their in-equilibrium counterparts.11 The desire to 
harness chemical principles that govern out-of-equilibrium 
natural systems has inspired the development of novel ap-
proaches for producing hierarchically organized synthetic 
materials.12-15 One of such synthetic approaches is the reac-
tion-diffusion (RD) method, which involves the interplay 
between diffusion rates and reaction kinetics of unordered 
molecular components to generate well-defined spatial pat-
terns of materials characterized by their ability to self-rep-
licate and communicate continuously over space and time.16 
While this strategy has proven to be a powerful tool for the 
generation of smart materials in laboratory settings, includ-
ing ionic skin,13 cell signaling circuits,17 and surface en-
hanced Raman scattering detection platforms,18 extending 
this method to produce molecularly precise multifunctional 
materials with emergent programmable function in solid-
state devices remains an unresolved challenge.19 

Electrically conductive two-dimensional (2D) metal–or-
ganic frameworks represent an emerging class of porous 

crystalline materials with multifunctional characteristics 
that merge intrinsic conductivity, permanent porosity, and 
structural modularity with diverse function.20 Benefitting 
from the merits of their extended in-plane conjugation and 
out-of-plane layered stacking, this class of materials has 
been widely integrated in (opto)electronic and energy de-
vices for applications spanning spintronics,21, 22 rechargea-
ble ion batteries and fuel cells,23, 24 electrocatalysis,25, 26 as 
well as simultaneous sensing, filtration, and detoxification 
of toxic gases.27, 28 Despite their broad potential utility, the 
current mode of preparation of this class of materials, en-
compassing primarily solution-based self-assembly pro-
cesses,29, 30 has hindered strategic efforts into realizing con-
trol over their molecular design, and therefore, the under-
standing of their structure–property interconnections. As 
such, the development of novel approaches to access such 
framework materials with adaptive, dynamic, and sensing 
properties over macroscopic and molecular levels is highly 
needed.31, 32 

Herein, we report the first use of a non-equilibrium RD 
approach to achieve macroscopic periodic patterning of 
conductive metal–organic framework (cMOF) nanocrystals 
in a hydrogel medium via a periodic precipitation reaction. 
This method offers at least four unique attributes compared 
to the conventional methods currently used for synthesiz-
ing and patterning MOF materials on substrates.33 First, it 
allows the generation of particle size libraries of a model 2D 
cMOF with distinct physicochemical properties such as sur-
face areas and aspect ratios, in a one pot synthetic route. 
Conversely, conventional methods for producing MOFs 
with controlled properties often require multi-step syn-
thetic procedures, utilization of additives, and distinct tem-
perature conditions.34-36 Second, this method produces a 



 

high-resolution distribution of Ni3(HITP)2 (HITP = 
2,3,6,7,10,11-hexaiminotriphenylene) nanostructures over 
macroscopic length scales, from which the various particle 
size libraries can be isolated. Their subsequent integration 
into functional sensing devices allows the investigation of 
structure–property interconnections by examining the 
preeminent conditions pivotal for maximizing the sensing 
capabilities of 2D cMOFs.37, 38 Third, it provides fundamen-
tal insights into the self-assembly mechanism of Ni3(HITP)2 
crystals from their molecular precursors into crystalline 
structures via spatiotemporal and structural analyses. 
Fourth, it is adaptable to predesigned macroscopic geome-
tries and dimensions without the need for specialized in-
strumentation, making it a cost-effective approach.39 We 
generate precipitation patterns of Ni3(HITP) via a Liesegang 
RD process by diffusing nickel ions into an agar gel column 
containing the organic ligand. We demonstrate that macro-
scopic pattern formation in the RD system is governed by a 
set of empirical scaling laws, which defines the periodicity, 
diffusive mechanism, and mass transfer characteristics of 
the overall RD system. Our results indicate that macro-
scopic pattern formation occurs during the nucleation of 
the MOF particles, which is a defining characteristic of a 
Liesegang prenucleation model.40 The spatiotemporal reso-
lution of the permanent periodic patterns of MOF nanocrys-
tals within the gel matrix enables the isolation of particles 
of Ni3(HITP)2 with precisely controlled dimensions span-
ning from the nano- to the micro-scale. We demonstrate 
that this dimensional control influences the electrically 
transduced sensing function of this material towards hy-
drogen sulfide (H2S), a reducing toxic gas, with an increase 
in the theoretical limit of detection (LoD) exceeding one-or-
der of magnitude, going from 22 ± 4 ppb for the smallest 
particles to 384 ± 116 ppb for the largest ones. Taken to-
gether, our findings demonstrate the utility of hierarchical 
self-organization based on non-equilibrium processes for 
gaining access to functional nanomaterials with well-de-
fined chemical composition, dimensions, and precisely tai-
lored function. 

2. Experimental design 

Choice of MOF material 

We selected Ni3(HITP)2 as a model system for patterning 
layered cMOFs in a hydrogel medium for three major rea-
sons (Figures 1a and S1). First, the high intrinsic conduc-
tivity and ease of synthesis of Ni3(HITP)2 make this material 
broadly applicable in subfields of materials science in the 
context of chemical sensing,41 electrocatalysis,26 rechargea-
ble batteries, supercapacitors, and electromagnetic wave 
absorption.24, 42 Second, while the importance of controlling 
the crystal size and morphology of Ni3(HITP)2 has been 
shown to impact the functional performance of this mate-
rial, methods for reliable synthetic control over its struc-
tural features remain extremely limited.34 Third, the rela-
tively high stability and solubility of its building blocks un-
der ambient conditions allows for its processing in hydrogel 
media.43 

Choice of the preparation method 

Liesegang-type periodic precipitation reactions are typi-
cally carried out in porous hydrogel media by diffusing one 
of the reactants, generally the cation, into a gel matrix con-
taining the complementary reactant.44 The gel, as a support-
ing medium for pattern formation has at least  two main 

roles. First, it reduces disruptive convective currents and 
hydrodynamic instabilities during the RD process, enabling 
the formation of robust Liesegang patterns (LPs).40 Second, 
it attenuates the kinetics of the growing crystals along the 
tubular reactor, triggering nucleation and particle growth at 
specific sites. As a result, a gradient of immobilized MOF 
crystals with distinct sizes and physicochemical features 
can be generated in defined regions for detailed studies of 
structure–property interconnections.45 We opted to use 
agar gel throughout this study due to its i) high porosity,46 
ii) chemical compatibility with 2,3,6,7,10,11-hexaaminotri-
phenylene hexahydrochloride (HATP·6HCl), and iii) trans-
parent appearance, making a visual inspection of transport 
rates and pattern formation possible. We employed a 7:3 
volume ratio of deionized (DI) water:N,N-dimethylforma-
mide (DMF) throughout the study to ensure that the start-
ing precursors are well dissolved and the reaction is pro-
ceeding homogeneously. While DI water is necessary to ef-
fectively dissolve agar gel and facilitate the diffusion of 
nickel ions into the gel, DMF as an organic polar aprotic sol-
vent, enhances the solubility of the organic ligand, and thus 
ensures a homogeneous reaction environment. Additional 
information regarding the preparation procedures can be 
found in Figures S2-S3 and Section 2 of the SI. 

3. Results and discussion 

Ni3(HITP)2 LPs formation and characterization 

Previous endeavors into the mechanism of formation of LPs 
indicated that a careful control over the chemical composi-
tion of the reaction media is required to trigger nucleation 
and subsequently particle growth over space and time.47 
Our preliminary optimization efforts suggested a procedure 
where diffusing 150 mM of nickel acetate (Ni(OAc)2) into a 
1% agar gel matrix containing a combination of 10 mM 
HATP·6HCl and 100 molar eq. of sodium acetate (NaOAc), 
with respect to the ligand, in a 7:3 volume ratio of DI wa-
ter:DMF achieved the best pattern structure in terms of 
band separation and diffusion extent (Figures S4-S8). We 
began our investigations under this condition by examining 
the reaction dynamics and spatiotemporal arrangement of 
patterns observed in Figure 1b-c using a set of established 
mathematical models represented as empirical scaling 
laws, which included the i) spacing law, ii) time law, and iii) 
Matalon-Packter law (Figure 2).40 Applying the Jabłczyński 
spacing law provided insight into the spatial periodicity and 
allowed for the calculation of the spacing coefficient (1+p) 
according to Equation S1. The linear correlation between 
the inter-band distances (Δxn = xn+1 - xn) revealed a regular 
patterning of the LPs, as evidenced by the calculated magni-
tude of 1+p of 1.078 (Figures 2a and S9).48 Evaluation of 
the temporal dynamics of LP formation using the time law 
given by Morse and Pierce49 according to Equation S2 
showed a linear relation between band position (xn) and the 
square root of time (√t), as displayed in Figures 2b and 
S10. Given this law being analogous to the Einstein–Smolu-
chowski relation for a one-dimensional Brownian motion of 
particles in homogeneous space,50 we calculated the effec-
tive diffusion coefficient (Dfront) of the invading ions accord-
ing to Equation S3, which yielded a Dfront of 8.1 x 10-6 cm2 s-

1, confirming the fast pattern dynamics and relative high 
concentration gradient of Ni2+ ions in the agar medium.51 
Overall, these results suggested that agar maintains a rela-
tively high stability during the MOF self-organization 



 

process, as evidenced by the formation of undisrupted, 
well-defined LPs across the entire reaction zone. The align-
ment of these patterns with empirical models indicated that 
the thermal stability and viscosity of the agar gel remain 
sufficiently unchanged throughout the reaction period.52 

Examining the quantitative dependency of 1+p on the in-
itial concentration of Ni2+ using Equation S4 revealed an in-
verse correlation, which was consistent with the expecta-
tion from the Matalon–Packter law,53 suggesting a decrease 
in the periodicity with increasing [Ni2+] (Figures 2c and 
S11-S12). Inspecting the spacing and time law plots for the 
reactors at different Ni2+ concentrations, shown in Figures 
S13-S30, revealed i) a linear correlation between Dfront and 
[Ni2+] and ii) a linear dependency of 1+p on the reciprocal 
of Dfront, which were consistent with other Liesegang precip-
itation systems reported in the literature (Figures S31-
S32, and Table S1).53-55 Taken together, the strong agree-
ment with the scaling laws accompanied by the lack of evi-
dent inner-band precipitates suggested that the processes 
of nucleation and MOF particle growth govern the band for-
mation mechanism, and therefore, implied a pre-nucleation 
model describing the Liesegang precipitation reaction. Un-
der this model, Ni2+ ions diffuse into the gel matrix and react 
with deprotonated HATP to form bands of Ni3(HITP)2 via 
nucleation and growth processes in the regions at which the 
product concentration of both, Ni2+ and HATP exceeds the 
nucleation threshold of the MOF.40 As such, the positions of 
the precipitation bands and depleted regions are fixed at 
the nucleation and growth steps, with no solid precipitate 
forming in-between bands.39 Figure S33a displays time-de-
pendent snapshots of the reaction-front between 240 and 
270 hours, capturing the formation of the 14th band in the 

reactor. While initially missing at the 240th hour mark, the 
band started to appear at the 250th hour mark as a light-col-
ored, incomplete ring, before taking its final form after 270 
hours, suggesting the completion of the precipitation reac-
tion at that region. Line profile analysis of the 14th band re-
vealed an increase in the grayscale value over time in pro-
portion to the precipitate density (Figure S33b). This ob-
servation, coupled with the finding that the grayscale values 
and band positions of the preceding precipitations re-
mained intact, confirmed our hypothesis of a pre-nucleation 
model governing the RD system (Figure S34). 

To estimate the change in the concentration of Ni2+ over 
time following its diffusion into the gel matrix in the original 
RD system shown in Figure 1b, we carried out numerical 
simulations of ion diffusion on the basis of Fick’s second law 
according to Equation S5.56 To this end, we recorded the 
time course of the diffusion gradient by simulating the 
change in [Ni2+] with time at 24 hour increments. Our re-
sults, depicted in Figure S35, suggested that Ni2+ could dif-
fuse up to 3 cm into the gel matrix during the first 24 hours 
of reaction before depleting, as the diffusion profile pro-
gresses towards the edge of the reactor. Despite our exper-
imental results suggesting the formation of the last band in 
the tubular reactor at a distance of 1.1 cm from the junction, 
following 24 hours of diffusion, our theoretical estimations 
implied the presence of a concentration gradient of Ni2+ in 
the agar medium past this band. Nonetheless, due to its low 
intensity, the coupling of this concentration gradient to the 
precipitation reaction was not possible, rendering band for-
mation less likely to occur beyond this point.47 

Figure 1. a) Space filling drawings of the simulated single crystal structure of Ni3(HITP)2 MOF with top and edge-site 
views along with its starting building blocks (HATP·6HCl ligand and Ni2+ ion), solvent mixture, and a close-up view of 
the diradical Ni-bisdiimine linkages. Color codes: Ni, ice blue; C, gray; N, red. H atoms are omitted for clarity. b) Spatio-
temporal profile of Ni3(HITP)2 precipitation patterns in agar, generated via the RD approach by diffusing Ni2+ into an 
agar column containing HATP·6HCl and CH3COONa in a 7:3 volume ratio of DI H2O:DMF. c) Line profile analysis of the 
tubular reactor constructed following the conversion of the original image to an 8-bit grayscale image. 



 

Morphological features and particle size distribution of 

Ni3(HITP)2 precipitates 

With a clear picture of the optimal reaction conditions 
needed to produce Liesegang banding, we turned our atten-
tion towards characterizing the solid precipitates generated 
in the RD system. We isolated six precipitation zones from 

the tubular reactor, washed off the gel, and inspected the 
structural and morphological features of the resulting solid 
precipitates (Refer to Figure 3a and Section S7 for more 
information). Powder x-ray diffraction (PXRD) measure-
ments revealed the formation of highly crystalline 
Ni3(HITP)2 particles in all zones, as evidenced by the high 
relative intensity and well-matched peak positions com-
pared to the patterns of bulk Ni3(HITP)2 prepared via a re-
ported solvothermal method (Figure 3b).57 Estimating the 
interplanar and interlayer distances of the crystals using 
Bragg’s law revealed no significant changes in the geomet-
ric parameters of the molecular structure of the MOF crys-
tals extracted from different zones (Figure S36). Scanning 
electron microscopy (SEM) images of the precipitates, dis-
played in Figures 3d and S37-S38 indicated the formation 
of rice-shaped rods amassing nanosized irregular grains. 
The dimensions of these rods appeared to increase in both 
length and width moving away from the interface, as sum-
marized in Figure 3c. While this size trend is found to be 
marginally significant, we attributed it to the non-linear 
change in the rates of nucleation and growth of the MOF 
particles along the spatial coordinate.39, 40 At the interface 
where the concentration of Ni2+ ions is at its highest, Ni2+ 
and deprotonated HATP rapidly nucleate to form 
Ni3(HITP)2 colloidal seeds, characterized by the formation 
and partial stacking of oligomeric species,58, 59 as evidenced 
by the length-to-width aspect ratio of 3.7 for the particles 
extracted from the interface. As the concentration of Ni2+ 
decreases moving away from the junction, nucleation is 
suppressed, rendering particle growth more favorable by 
the elongation of existing MOF seeds through π-stacking in-
teractions along the c-axis of the crystals,60 resulting in par-
ticles extracted from the 5th zone having a length-to-width 
aspect ratio of 6.8. However, the specific anisotropic fea-
tures of this system complicate the simultaneous under-
standing of polymerization and crystallization processes 
governing the growth of Ni3(HITP)2 particles, as is the case 
for structurally similar 2D materials, like COF-5.61, 62 

Macro- and micro-scopic analyses of Ni3(HITP)2 LPs under 

different chemical environments  

We investigated the influence of solvent polarity on the 
morphology and periodicity of the Ni3(HITP)2 LPs by 1) in-
creasing the volume ratio of DMF-to-DI water (φDMF) and 2) 
substituting DMF with dimethylacetamide (DMAC) and di-
methyl sulfoxide (DMSO). Increasing φDMF from 0.3 to 0.6 
resulted in i) an exponential increase in 1+p, ii) the appear-
ance of less LPs throughout the gel medium, accompanied 
by a decrease in the extent of diffusion of nickel ions, and 
iii) formation of a MOF precipitate in the inter-band regions 
of the reactor (Figures S39-S41). These modifications, 
however, did not lead to any changes in the crystallinity or 
the global structure of the obtained Ni3(HITP)2 LPs, where 
regular-type LPs satisfying the spacing law plots were at-
tained under all conditions (Figures S42-S45). To add, 
while substituting DMF with DMAC and DMSO did not result 
in any noticeable changes in the crystallinity of the MOF 
particles, inter-band precipitation regions were observed in 
the case of DMSO (Figures S46-S53). Previous studies have 
suggested that precipitation occurring in-between bands 
primarily results from the competitive formation of other 

Figure 2. Verification of the empirical a) spacing law, b) 
time law, and c) Matalon-Packter law for the LPs formation 
in the RD system. Error bars represent the standard devi-
ation of two measurements. 



 

intermediate species that can alter the existing periodic 
precipitation pattern.63, 64 As such, we hypothesized that the 
temporary formation of Ni2+-DMSO complexes, slowed 
down the diffusion of Ni2+ in the agar matrix containing 
deprotonated HATP, leading to the occurrence of random 
nucleation sites of Ni3(HITP)2 throughout the gel medium 
observed as inter-band precipitates.65, 66 To add, while in-
creasing the agar concentration from 0.5 to 2.0 % w/w had 
no remarkable effect on the overall extent of the precipita-
tion zone, it resulted in a slight decrease in 1+p from 1.105 
± 0.003 to 1.063 ± 0.004, as depicted in Figures S54-S58. 

To gain mechanistic insights into the role of NaOAc in the 
precipitation system, we carried out RD reactions, both in 
the absence of NaOAc, and in the presence of ammonium 
hydroxide as a base. Photographs of the reactors taken 10 
days after the start of the RD reaction revealed the for-
mation of a small continuous precipitation zone across the 
reactor, with no apparent LPs. PXRD measurements of the 
resulting precipitates identified an amorphous material in 
the absence of NaOAc, and nickel(II) hydroxide in the pres-
ence of ammonium hydroxide (Figures S59-S60). Addi-
tionally, we inverted the chemical composition of the inner 
and outer electrolytes by diffusing HATP·6HCl into 1% w/w 
agar matrices of Ni2+ ions dissolved in each of the mixtures 

of DI water:DMF, DI water:DMSO, and DI water:DMAC. De-
spite no precipitation bands emerging in all tubular reac-
tors, as indicated by the spatiotemporal profiles shown in 
Figures S61-S63, we noted the formation of crystalline 
MOF particles in the case where NaOAc was employed in the 
same medium as HATP·6HCl. Overall, these results sug-
gested the importance of adding the base to the same me-
dium as HATP·6HCl, which facilitates the deprotonation of 
the HCl adducts and amine groups of the ligand prior to the 
latter’s coordination to Ni2+, and thus promotes the nuclea-
tion and subsequent growth of the MOF crystals.67 

2D Liesegang rings of Ni3(HITP)2 

The main disadvantage of the 1D LP system is the limited 
reaction surface area, which resulted in poor mixing of the 
starting reactants and subsequently a low conversion rate 
of 11 %, even when using a larger 1D reactor (Figures S64-
S69). One way to address this limitation is to add an addi-
tional spatial dimension to ameliorate the transport of elec-
trolytes to the reaction sites. To demonstrate this approach, 
we prepared a thin gel film containing HATP·6HCl and 
NaOAc inner electrolytes in a circular reactor of diameter = 
10 cm and height = 1 cm, and allowed nickel ions, placed in 

Figure 3. a) LPs of Ni3(HITP)2 MOF formed in an agar gel medium at room temperature. b) PXRD patterns of the 
Ni3(HITP)2 crystals isolated from the six bands. c) Particle size distribution of the MOF crystals determined via ImageJ, 
with the error bars indicating standard deviation from the mean based on 60 individual particles from each zone, and 
d) SEM images of the MOF particles extracted from the previously pointed out zones in part a.  



 

a groove at the center of the film, to diffuse onto the 2D 
plane over 7 days (Figure S70). We noted the formation of 
a continuous precipitation zone around the groove, fol-
lowed by the emergence of discrete ring patterns farther 
away from the liquid-gel junction with an overall conver-
sion rate exceeding 54 % (Figures 4a and S71). Line profile 
analysis of the resulting Liesegang rings (LRs) revealed an 
increase in the inter-band spacing as the diffusion profile 
progresses towards the edges of the circular reactor. More-
over, we found the spatiotemporal coordination of the LRs 
to obey both empirical scaling laws, which suggested a pat-
terning mechanism similar to what we observed in the 1D 
system (Figures 4b and S72-S74). Polarized optical mi-
croscopy (POM) images of the LRs formed at the interface 
revealed an increase in the lateral dimensions of the rings 
towards the first precipitation zone, suggesting that the ring 
formation process began from a nucleation point at the liq-
uid-gel junction from which periodic rings grew radially to-
ward the edge of the reactor (Figure 4c). These precipita-
tion patterns contained rod-like crystals assembled in a cir-
cular arrangement around the circumference of the LRs, 
which in turn were aligned in the direction of the flow of 
nickel ions into the gel matrix (Figure 4c). While the in-situ 
observation of the MOF self-assembly process in the reactor 
was not the focus of this study, given the sensitivity of the 
hydrogel to moisture, POM images of the LRs provided 

evidence of the anisotropic alignment of the crystals in the 
gel matrix (Figure 4c). 

To inspect the characteristic features of the obtained mi-
crostructures in the 2D reactor, we isolated four zones, each 
encompassing 2-3 precipitation rings from the gel film (Fig-
ure 4d). Similar to the 1D system, we noted the formation 
of highly crystalline Ni3(HITP)2 particles with prominent 
(100) and (200) crystallographic planes observed in PXRD 
and emergent rice-shaped nanorod morphology visualized 
by SEM (Figure 4e-g). Notably, the isolated MOF crystals 
were found to be significantly larger than those generated 
in the 1D reactor, with particles extracted 4 cm away from 
the junction having lengths spanning from 1.1 ± 0.2 µm in 
the 1D reactor, to 3.3 ± 0.6 µm in the 2D reactor (Figures 
S75-S77). We ascribed this result to the increased spatial 
dimensionality in the circular reactor, which led to a rela-
tively rapid decrease of the supersaturation gradient of 
[Ni2+], shortening the nucleation process, and thereby pro-
moting the growth of the MOF particles (Figure S78). 
Brunauer-Emmett-Teller (BET) surface area measure-
ments, shown in Figure S79 revealed a dramatic decrease 
in the surface area of the MOF particles going away from the 
interface, which was consistent with the literature, given 
the inverse relation between the size of MOF particles and 
their surface area/volume ratio.68, 69 Additionally, X-ray 
photoelectron spectroscopy (XPS), thermogravimetric 

Figure 4. a) Representative spatial profile of Ni3(HITP)2 LRs generated in a 2D reactor. b) Line profile analysis of the LRs 
along with c) representative POM images of the rings formed at the liquid-gel interface. d) Photograph and e) PXRD 
patterns of the MOF particles isolated from each zone of the reactor. f) Particle size distribution of the MOF particles 
determined by ImageJ software with the error bars representing the standard deviation from the mean for 70 particles 
from each zone. g) SEM micrographs of the MOF particles isolated from each zone. 



 

analysis (TGA), and 4-point probe conductivity measure-
ments implied similar chemical composition, electrical 
properties, and thermal stabilities for the MOF particles 
(Figures S80-S83, Tables S2-S4).57 

Chemiresistive detection of H2S using size-controlled 

Ni3(HITP)2 nanocrystals  

Encouraged by the ability to generate particle size librar-
ies of Ni3(HITP)2 with similar electrical properties, we in-
vestigated the chemiresistive performance of these crystals 
as a function of particle size. We selected H₂S as a model an-
alyte due to its significance as both, a biological signaling 
molecule and an environmental pollutant, particularly in 
contaminated hot springs, gas wells, and wastewater treat-
ment plants.70 At mid-to-high-ppm levels, H2S exposure 
gives rise to a wide array of health effects, ranging from 
headache and dizziness, to eye and respiratory tract irrita-
tion, making it an important target for sensing applica-
tions.71 While Ni3(HITP)2 has been previously used to 
achieve detection of H2S,28, 41 the understanding of the sens-
ing mechanism and the role of crystal size in determining 
the sensing properties of this material has remained largely 

unclear. We prepared chemiresistive devices by dropcast-
ing 20 µL of aqueous Ni3(HITP)2 suspensions (1 mg mL−1) 
onto interdigitated 5 μm gap gold electrodes, which gener-
ated devices with resistances in the range of ∼0.1-0.5 KΩ 
(Section S11). After loading the devices into our custom-
built gas sensing cell and conditioning them under constant 
electrical bias and nitrogen flow, we monitored the current 
change upon exposure to the gas analyte at a driving voltage 
of 0.1 V through direct-current amperometric (I−t) meas-
urements at room temperature (Figures S84-S86). 

As illustrated in Figure 5a-b, Ni3(HITP)2 devices exhib-
ited a systematic size-dependent response towards H2S 
with the smallest particles, extracted from the interface, dis-
playing the highest sensing response (-∆G/G0) upon expo-
sure to a range of H2S concentrations (5–80 ppm) for 30 
mins. Given 1) the nonalignment of the conductivity of this 
material with its particle size (Table S4), and 2) the affir-
mation from previous reports that the impact of surface 
area and morphology of Ni3(HITP)2 on its electrochemical 
behavior is more prominent than the effect of its bulk elec-
trical conductivity,34, 72 we attributed the inverse size-

Figure 5. a) Normalized chemiresistive responses of devices integrated with Ni3(HITP)2 particles isolated from four 

zones of the 2D reactor to H2S at different concentrations, under an applied voltage of 0.1 V. b) Correlation between 

length-to-width aspect ratio of Ni3(HITP)2 particles and H2S sensing response at 20 ppm. c) Correlation between the 

initial rate of response (−ΔG/G0)/Δt(min)) and H2S concentrations during the first 1 min of analyte exposure. d) Corre-

lation between length-to-width aspect ratio of Ni3(HITP)2 particles and H2S sensing response at 20 ppm during the first 

1 min of analyte exposure. 



 

response interconnection to the relatively high surface area 
of the smaller particles extracted from the junction com-
pared to the large particles isolated away from the interface, 
which translates into a higher density of favorable gas ad-
sorption sites, and thus stronger and faster intermolecular 
interactions between the analyte and the framework (Fig-
ures S87-S92).73-75 We corroborated this observation by 
analyzing the initial rates of response of Ni3(HITP)2 devices 
following a 1-minute exposure to 20 ppm of H2S. As dis-
played in Figures 5c-d and S93-S97, we noted a 12-fold in-
crease in the initial response rate of the particles extracted 
from the interface (8.7 ± 2.6 % min-1), which exhibited the 
smallest length-to-width aspect ratio (4.6 ± 0.5), and high-
est surface area (354 ± 7 m2 g-1) compared to the particles 
extracted from Zone 3 (0.7 ± 0.1 % min-1), which had the 
largest length-to-width ratio (8.2 ± 0.4) as well as lowest 
surface area (51 ± 1 m2 g-1). These results were further con-
firmed by energy dispersive X-ray (EDX) measurements of 
the MOF-deposited electrodes following H2S exposure, 
which revealed a higher sulfur uptake (3.2 ± 0.49 %) for the 
interface particles compared to Zone 3 particles (0.45 % ± 
0.11 %), suggesting a high density of favorable host sites be-
tween H2S and the smallest particles (Figures S98-S105). 

We assessed the mode of interactions between H2S and 
the best performing MOF, that is Ni3(HITP)2 particles ex-
tracted from the interface via a suite of spectroscopic tech-
niques. In-situ diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) spectra revealed the signifi-
cant electronic and bond strengthening effect of H2S on 
Ni3(HITP)2 upon their interaction. First, we noted a major 
shift in the baseline between 4000 and 2000 cm-1, which we 

attributed to electronic absorption, confirming that strong 
electronic variations are occurring in the material in the 
presence of H2S (Figure 6a).76 Second, compared to the 
ATR-IR spectrum of the pristine MOF shown in Figure 6b, 
several peaks displayed a shift in intensity to higher wave-
numbers, particularly those at 1036, 1149, and 1325 cm-1 to 
1070, 1191, and 1352 cm-1, respectively, attributed to the 
strengthening of the C-N stretching vibrations,77 consistent 
with a previous report involving partial density of states 
(PDOS) findings of Ni3(HITP)2 upon exposure to H2S.78 
Third, absorption bands relating to pristine MOF peaks, 
namely 1435 and 1519 cm-1 for C-C stretching vibrations 
and 1612 cm-1 for C=C stretching vibrations, appeared dur-
ing gas exposure, meaning that their intensities sharpened 
in the presence of H2S.77 These results suggested the reduc-
ing effect H2S is posing on the HATP ligand.79 To add, ex-situ 
XPS analysis suggested the formation of sulfite and nickel 
sulfide species following H2S exposure, as indicated by the 
emergence of new emission lines at binding energies of 
163.7, 165.0 and 168.6 eV (Figure 6d). This observation 
suggested that both, the Ni nodes and HATP ligand play a 
role in the sensing mechanism as sulfite species are likely 
getting reduced to sulfide due to the oxidation of HITP.41 We 
corroborated this hypothesis by estimating the peak area 
ratio of Ni-N-C to Ni-N=C moieties of the MOF following gas 
sensing, which revealed a 5-fold increase, signifying a 
change in the oxidation state of the ligand (Figure 6d). 
Overall, as HITP is being reduced upon exposure to H2S, the 
optimal π-d orbital overlap in Ni3(HITP)2 is being disrupted, 
increasing the resistance of the material, observed as a de-
crease in current in the sensing response (Figure S106). 

Figure 6. Spectroscopic probing of the electronic response of Ni3(HITP)2-Interface towards H2S analyte. a) Kubelka–Munk 

transformed DRIFTS of MOF particles after exposure to 0.1% H2S in N2 for 30 mins. b) Comparison of the difference spec-

trum of the MOF upon 30 min exposure to H2S to the transmittance of the pristine MOF. c) XPS survey of H2S-exposed 

Ni3(HITP)2 particles extracted from the 2D LR reactor, and d) High-resolution XPS spectra of sulfur (S 2p), nitrogen (N 1s), 

and nickel (Ni 2p) elements for the Ni3(HITP)2-Interface particles upon exposure to 1% H2S in N2 for 2 hrs. 

 



 

When normalized, it is plotted as an increase in negative 
normalized conductance. 

Notably, the devices generated via the RD approach and 
extracted from the interface displayed a remarkably lower 
theoretical LoD (22 ± 4 ppb, refer to Section 11.9 of the SI) 
and superior sensing performance, measured as 51 ± 6 % 
change in conductance upon exposure to 20 ppm of analyte, 
suggesting a strong sensitivity to H2S that exceeds well-es-
tablished room-temperature sensing materials.80 In con-
trast, Ni3(HITP)2 devices prepared from the conventional 
solvothermal method reported in the literature,  exhibited 
a considerably higher LoD (738 ± 23 ppb) and a lower re-
sponse of 13 ± 3% change in conductance under the same 
conditions, as depicted in Figures S107-S112. We at-
tributed this variation to the decrease in the level of cover-
age of the electrode interdigitations with the deposited 
MOF particles extracted from the interface to zone 3 and 
Ni3(HITP)2 synthesized solvothermally, as visualized previ-
ously in their SEM images. Remarkably, Ni3(HITP)2 did not 
undergo any significant structural changes even when ex-
posed to 10,000 ppm H2S for two hours, as opposed to other 
isostructural 2D cMOFs27 (Figures S113-S115). These re-
sults asserted the valuable role of the RD approach in gen-
erating functionality-enhancing hierarchies of Ni3(HITP)2 
microstructures with improved sensing characteristics 
compared to the reported bulk solution phase apprao-
ches.57 Finally, exposing all devices to 7 dosing/recovery 
sensing cycles at 80 ppm demonstrated the strong dosimet-
ric character of the interaction of Ni3(HITP)2 with H2S, 
where full saturation and limited recovery following ana-
lyte exposure were observed (Figure S116). 

4. Conclusion 

We presented an out-of-equilibrium strategy for the self-
assembly and patterning of Ni3(HITP)2 MOF in a gelled me-
dium. Our approach provided three innovative advantages 
in the context of MOF patterning over their traditional liq-
uid-phase counterparts. First, the Liesegang precipitation 
reaction offered a way to gain a straightforward access to 
structural multi-level complexity in Ni3(HITP)2 through dy-
namic pathways coupled with non-linear kinetics. As such, 
it enabled control over the processes of nucleation and crys-
tal growth, thus generating precisely controlled periodic 
patterns of Ni3(HITP)2 crystals over a macroscopic domain. 
Second, it allowed for the generation and isolation of spa-
tially separated MOF crystals with distinct sizes and struc-
tural properties, ranging across one order of magnitude in 
length and width via a one pot synthetic route. Third, the 
access to Ni3(HITP)2 particles with controlled sizes enabled 
fundamental insight into the role that crystal length-width 
ratio and surface area plays in determining electrically 
transduced sensing responses of this material towards a re-
ducing gas. Although our approach focused on a model sys-
tem of layered conductive materials, extending it to other 
multifunctional materials and structures81-83 should be fea-
sible by considering the initial concentrations of precur-
sors, gel type and viscosity, and solvent(s) characteristics. 
In our work, we found that ensuring solubility of the initial 
precursors is critical to systematic investigation of MOF for-
mation via an RD methodology. 

Overall, this study provides a novel design strategy to-
wards the development of functionality-enhancing hierar-
chies of layered cMOFs under far-from-thermodynamic 

equilibrium conditions. The findings achieved herein align 
well with results from existing literature regarding the im-
pact of particle size on their chemiresistive sensing perfor-
mance.74, 84 Employing small particles with high surface ar-
eas extracted from the interface minimized mass transfer 
resistance, thus ensuring unhindered, discrete adsorption 
and diffusion pathways for H2S analyte into the active sens-
ing sites of the MOFs. As such, hierarchical structuring was 
found to mitigate mass transfer limitations, enhancing both, 
the overall sensing performance of Ni3(HITP)2 and potential 
utility in other applications such as energy storage, drug de-
livery, and water remediation. Future studies that under-
take strategic optimization of reaction conditions to make 
the RD approach amendable to other ligands and metal 
nodes has the potential to turn the periodic precipitation 
approach into a platform technology for producing highly 
tailored and modular multifunctional materials with pre-
cise control over their structure and function. 
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