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separation membrane applications.[2] The 
presence of transition metal atoms is 
highly attractive from catalysis and sus
tainability applications perspective. Lastly, 
2D MOFs can be isolated down to mono
layers, and owing to their mechanical 
flexibility they can be implemented into a 
variety of optoelectronic applications.[3]

Despite their potential, studies to date 
show that it is extremely challenging to 
synthesize and manufacture 2D MOFs 
at large scales with ultimate control over 
crystallinity and thickness. Innovative 
studies by Kitagawa’s team have demon
strated that 2D MOF crystal growth (such 
as NAFS1 and NAFS2 nanofilm) takes 
place at the liquid/air and liquid/liquid 
interfaces.[4] Study by Gascon and co
workers developed a threephase strategy 
in which metal cation (Cu2+) and organic 
ligand (carboxyl groups) were localized 
into two liquid layers and separated by 
a third layer.[5] Other complementary 
methods, such as ultrasonication[6] and 
chemical intercalation,[7] were utilized 
to yield ultrathin MOFs; however, these 

studies only lead to the production of small scale 2D MOFs. As 
such, many fundamental questions remain open for scalable 
manufacturing of 2D MOFs. i) How can one attain control over 
the bonding nature (van der Waals (vdW), hydrogen, or chem
ical bonding) between layers to produce weakly coupled 2D 
sheets similar to those in MoS2, graphene, and others? ii) How 
can one optimize the synergistic effect among the metal clus
ters, ligands, and other reaction additives to avoid the tradeoff 
between productivity and crystallinity without compromising 
on its aspect ratio? iii) How to probe fundamental properties of 
2D MOF nanosheets through nondestructive methods?

In this work, we have demonstrated the governing effects 
of interplanar hydrogen bonds induced by coordinated water 
molecules on the framework dimension (2D vs 3D) of MOF2. 
Replacing water with pyridine is a critical piece to attain layered 
MOF2D structures while adding controlled amount of trieth
ylamine (TEA) and formic acid allows for tuning kinetic reac
tion constants by adjusting the proton concentration. Detailed 
Kelvin probe force microscopy (KPFM) and Raman spectro
scopy measurements on these highquality 2D MOF sheets not 

Large-scale synthesis of van der Waals (vdW) metal–organic framework 
(MOF) nanosheets with controlled crystallinity and interlayer coupling 
strength is one of the bottlenecks in 2D materials that has limited its suc-
cessful transition to large-scale applications. Here, scalable synthesis of 
mBDC (m = Zn and Cu) 2D MOFs at large scales through a biphase method 
is demonstrated. The results show replacing water molecules with pyridine 
eliminates hydrogen bond formation at metal cluster sites. This prohibits 
tight coupling across adjacent MOF layers and sustains controllable 2D vdW 
MOF growth. It is further shown that control over the growth speed, crys-
tallinity, and thickness can be achieved by addition of a controlled amount 
of triethylamine and formic acid to achieve highly crystalline vdW MOF 
nanosheets with extraordinarily high aspect ratio. The described synthesis 
route can easily be scaled up for large-scale production either by deposition 
onto desired substrates or in crystalline layered powder form. Owing to its 
large lateral size, vdW nature, and high crystallinity, it is possible to perform 
atomic force microscopy, Kelvin probe force microscopy, and Raman meas-
urements on the 2D MOFs. The results not only establish their vibrational 
properties and layer-dependent responses but also show striking differences 
from other 2D inorganic materials.

Metal–Organic Frameworks

Atomically thin layered organic frameworks are a subcat
egory of 2D materials which can be constructed by coordina
tion bonding of monomers or by inorganic metal clusters and 
organic linkers to form 2D polymer and 2D metalorganic 
frameworks (2D MOFs), respectively. These 2D MOFs offer 
advantages of both 2D layers and traditional MOFs in that they 
have large surface to volume ratio offering high surface reac
tivity/sensitivity.[1] Highly crystalline porous structure within 
the 2D plane has promising applications in gas sensing and 
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only establish their vibrational properties for the first time, but 
also show striking differences between inorganic 2D sheets 
(dichalcogenides) and 2DMOFs when material thickness is 
reduced. These results and established synthesis route enable 
largescale strategy to realize the layerbylayer growth of 2D 
MOF2 with high yield and scalability.

Achieving Control over Interlayer Hydrogen Bonds versus vdW 
Forces: Conventional MOF2 can be described as a ZnBDC 
framework consisting of Zn tetrahedral clusters connected by 
four benzene1,4dicarboxylic acid (H2BDC) via coordination 
bonds, forming molecular arrangements in 2D landscape. 
Following Yaghi’s original work,[8] although these repeated 
units constructed along 2D directions, their layers are stacked 
onto each other tightly through hydrogen bonding. As such, 
common thinningdown methods such as mechanical exfo
liation, polymerassisted transfer, and liquid phase exfolia
tion largely fail to produce largescale MOF2 nanosheets with 
high aspect ratios. For example, the uniform solution (shown 
as blue liquid in Figure 1a) in conventional growth consists of 
dimethylformamide (DMF), water molecules (pink branches), 
ligand–terephthalic acid (gray bar), and zinc cluster (blue dots), 
and the established synthesis involving these precursors simply 
produces strongly coupled sheets (Figure 1b) that have overall 
chunky/bulk appearance (labeled HB MOF2) as shown in 
Figure 1c.

In order to achieve 2D vdW MOF nanosheets that are weakly 
coupled through vdW forces, we have developed a novel dimen
sioncontrollable growth method. In this method, the goal is to 
minimize interlayer (outofplane) growth and reduce interlayer 
coupling strength to yield ultrathin vdW layered MOF2 sheets 
(Figure 1e), while controlling the inplane (sheet) growth rate 

to achieve high aspect ratio (large size 2D sheets) with high 
crystallinity. Strategy used for achieving vdW layers relies on 
replacing precursor H2O that is used in HB MOF2 synthesis 
with pyridine molecules along with rate controlling TEA and 
formic acid agents. In MOF2, Zn sits in a squarepyramid 
coordination geometry with a coordination number at 5, in 
which the deprotonated ligands (BDC) occupy four coordina
tion sites and the remaining site is occupied by H2O. Latter site 
is the origin for the formation of hydrogen bonding across the 
layers which in return creates strong coupling and thus chunky 
morphologies as shown in Figure 1c. To limit the formation 
of hydrogen bonds and change the interlayer bonding from 
hydrogen to vdW, our method substitutes H2O with pyridine 
molecules (C5H5N depicted in red in Figure 1d,e), which has 
energetically favorable binding energies to Zn (0.92 eV) in com
parison to H2O–Zn bonding (0.51 eV). In parallel, our process 
utilizes TEA and formic acid agents that have been found to be 
necessary for high yield synthesis of vdW MOF2 by controlling 
the reaction speeds.

Synthesis of vdW-MOF-2 by Water/Pyridine Replacement Route: 
Overall reaction setup is a biphase synthesis which includes 
1) the upper phase (pink region in Figure 1d) consisting of 
hexane mixed with TEA (which is displayed as branches in light 
purple highlighted in red circle) and 2) the bottom phase con
taining diethylformamide (DEF) solved with metal precursors 
(M = Zn and Cu) and the ligand (H2BDC), as well as pyridine 
(highlighted in red circle). In comparison to established HB 
MOF2 growth, the addition of pyridine itself in the bottom 
phase was found to be highly effective in producing highly 
lamellar vdW MOF2, as shown in Figure 1f and Figure 2a–c, 
which—we argue—is due to the replacement of hydrogen 
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Figure 1. Synthesis routes toward industrially scalable 2D MOF. a) Schematic description of synthesis routes utilized in conventional growth yielding 
traditional HB MOF-2; b) schematic description of HB MOF-2 and c) SEM image collected from HB MOF-2 materials; d) schematic description of 
novel biphase growth of vdW MOF-2; e) these lamellar MOF-2 sheets interact through van der Waals forces (vdW MOF-2) by maximizing the in-plane 
construction and limiting the out-of-plane growth rates (see depiction) and f) SEM image clearly shows highly lamellar nature of these vdW MOF-2 
materials.
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bonds with pyridine molecules around metal sites and reduction 
of interlayer forces. When replaced, it effectively reduces the 
hydrogen bond nature, but increases the interlayer separation 
by linking large pyridine molecule to these metal sites and sus
tains vdW interactions. This point is clarified later in the article.

The elemental composition of vdW MOF2 is confirmed 
by the corresponding energydispersive Xray spectroscopy 
(EDX) (Figure 2a) wherein silicon and partial oxygen contribu
tion comes from the underlying Si/SiO2 solid substrates. This 
method can be used for the synthesis of bulk vdW MOF2 crys
tals (Figure 2e) which is naturally collected at the bottom of the 
reaction vial or in thin film form which can easily be depos
ited onto any arbitrary substrate. Bulk vdW MOF2 crystals 
easily reach gram scales (Figure 2e, inset) and even scaled to 
larger volumes by simply increasing the overall volume of the 
precursors. Synthesized bulk vdW MOF2 shows striking simi
larities to lamellar hBN, graphite, or MoS2 crystals in which 
they can easily be exfoliated using Scotch tape (Figure 2e) to 
yield monolayers (see atomic force microscopy (AFM) images 
in Figure 2g) on arbitrary substrates such as indium tin oxide 
(ITO)coated glass or transparent sapphire which will be used 
for Kelvin probe force microscopy and optical measurements 
later in the article (Figure 2d–g). After adjusting reaction speeds 
by TEA and formic acid chemistry (see below), deposited vdW 
MOF2 sheets can reach full coverage on substrates as shown 
in Figure S11a,b (Supporting Information) which is critical for 
their meaningful applications. Even lowmagnification SEM 
images are sufficient to observe extremely thin lamellar sheets 
(≈10 nm) which comfortably reach up to 10 s of µm and lateral 
sizes (Figure 2b,c). Such obtained MOF2 with extremely high 
aspect ratio (>103) is a direct evidence of the dimensioncontrol
lable stacking behavior.

Control over Aspect Ratio and Crystallinity by TEA/Formic 
Acid Chemistry: Here, we note that largearea coverage vdW 
MOF2 deposition or highly crystalline bulk vdW MOF2 largely 
depends on our ability to control the reaction speeds. For 
example, without using TEA or formic agents, pyridine alone 

only produces very low yield (limited) synthesis of bulk vdW 
MOF2 crystals (Section S.1.1, Supporting Information).

We have performed ≈200 independent measurements/sys
tematic growth studies to reach fundamental understanding of 
how addition or concentration of formic acid, TEA, hexane, and 
other factor influence the growth kinetics. Scalable manufac
turing of MOFs typically requires high reactant concentration 
synthesis to avoid high volumes of solvent. It has been reported 
that uncontrolled MOF growth in such a condition would lead 
to amorphous products since the overspeed coordination reac
tion limits the framework reparation.[9] Therefore, traditionally 
the high crystallinity of MOFs is obtained with the sacrifice of 
production yield.[10] Similar to traditional MOFs, inplane con
struction of MOF2 involves coordination reaction between 
organic ligands (dissociated BDC) and metal cations in solu
tion. In this solution, rates are determined by the dissociated 
proton concentration (cH+) and control over cH+ is essential to 
achieve highly crystalline MOF2.[11]

Here, we increased cH+ by utilizing formic acid (HCO2H) in 
the reaction solution (bottom phase) to effectively reduce the 
reaction speed as established in our control measurements 
(Section S.1.2, Supporting Information). Meanwhile, increasing 
cH+ may also lead to early termination of inplane growth poten
tially causing small size MOF2 crystallites.[12] To circumvent 
this problem, we added a deprotonating agent triethylamine 
(i.e., N(CH2CH3)3) in the upper hexane phase (Figure 1d, pink 
phase) which has been successfully shown to be effective in 
increasing the reaction speeds (Section S.1.3, Supporting Infor
mation). As TEA diffuses into the bottom phase, it governs the 
quantity of proton in a direction where TEA diffuses.[13] Here, 
hexane also buffers the contact between formic acid and TEA, 
in that way we have the high crystallinity and yield all at the 
same time, and optimizing the hexane amount is of paramount 
importance in the growth process as shown in Section S.1.4 
(Supporting Information). Hexane amount is an important 
synthesis parameter. In this sense, TEA and formic acid agents 
act as gas and brake pedal for the reaction and control the 
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Figure 2. Growth and morphology of vdW MOF-2 and Cu(BDC) nanosheets. a–d) Deposited vdW MOF-2 sheets appear lamellar/layered (a), exhibit 
smooth surfaces with thickness 10 nm and lower (b), and reach large lateral single-crystal sizes (c,d). e–g) Large crystals of vdW MOF-2 can be attained/
collected at the bottom of the reaction vial (e), and these crystals can easily be exfoliated using the standard Scotch tape method (f) onto any arbitrary 
substrates to yield even monolayer-thick vdW MOF-2 sheets as shown by our AFM measurements (g). h) The technique can be applied to synthesize bulk 
crystals or even to deposit thin films, as shown by our optical image for CuBDC film grown on substrates. Corresponding EDX data are inserted in (a).
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overall growth speed. Since coordination reaction takes place 
in an environment with strictly defined proton concentration, 
this biphase method gives birth to the scalable synthesis of 2D 
MOFs. We also point out that mixing formic acid and TEA in 
a single phase solution while producing vdW MOF2 also sac
rifices the yield as well as the crystallinity. Thus, our studies 
show that it is necessary to separate these two counteracting 
agents into two phases as demonstrated in Section S.1.5 (Sup
porting Information). Overall, all above parameter influences 
the growth kinetics and outcome and careful optimization is 
needed to achieve large size crystallites as demonstrated in 
Section S.1.6 in the Supporting Information.

The novel biphase growth method described here has  
several advantages over other established 2D MOF growth 
routes. First, our method replaces water with pyridine and 
reduces the hydrogen formation intentionally, and produces 
vdW MOF2 sheets. Based on our exploratory studies, it can 
also be applied to—at the very least—Cu(BDC) (Figure 2h; 
Figure S11c,d, Supporting Information).[14] Second, the formic 
acid and gradient TEA along the bottom reaction phase offer 
effective control over proton concentration as well as the quan
tity of partially deprotonated ligand (see Section S.1 in the Sup
porting Information all together). This growth mechanism 
offers the capacity for scalable synthesis of 2D MOFs without 
sacrificing the crystallinity as evidenced by full width at half 
maximum (FWHM) Raman spectrum analysis that is detailed 
in the next section. The overall yield can reach 71% in the syn
thesis of vdW MOF2 and 80% in CuBDC, respectively. To the 
best of our know ledge, such high yield of 2D MOFs is remark
able in published bottomup methods.[15]

Fundamental Insights on vdW MOF-2 Structure: While elec
tron diffraction techniques allow for direct ways to confirm 
this crystalline structure, our extensive scanning transmission 
electron microscopy (STEM), transmission electron micro
scopy (TEM), and cryoTEM measurements were shown to be 
ineffective due to damage threshold far below 60 keV. To shed 
light into the structure of MOF2, we have constructed and 
relaxed vdW MOF2 unit cell (Figure  3a) using density func
tional theory, calculated the expected Xray diffraction (XRD) as 
well as vibrational spectrum (Raman spectrum). Results were 
compared to experimental data (Figure 3b) and both theory 
and experimental results were iterated a number of times until 
good match in calculated and measured XRD and Raman spec
trum was achieved.

To show the efficacy of the approach, we have first calculated 
the diffraction pattern of refined HB MOF2 unit cell which was 
found to be consistent with prior literature[16] and compared it 
to our experimental HB MOF2 datasets. Striking similarities 
between these two datasets (dark green and yellow) are shown 
in Figure 3b (green). Using similar methodologies, similar 
comparisons were made for vdW MOF2 first by constructing 
and relaxing the vdW MOF2 structure (Figure S12, Supporting 
Information). Resulting vdW MOF2 structure is shown in 
Figure 3a (inplane and side views): comparison between theo
retical XRD patterns (black solid line) and experimental data
sets acquired from synthesized vdW MOF2 (red solid lines) 
are shown in Figure 3b. First, experimental XRD data col
lected from HB (green) and vdW (red) MOF2 show differences 
mostly related to outofplane distance differences which is fur
ther clarified below. Similarly, Cu(BDC) vdW layers also exhibit 
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Figure 3. Structural and vibrational properties of 2D vdW MOF-2. a) Refined structure of vdW MOF-2; b) powder XRD patterns of HB MOF-2 
(experimental and simulated) and vdW MOF-2 (experimental and simulated) as well as vdW Cu(BDC); c) interlayer binding energy calculated by DFT; 
d,e) vdW MOF-2 samples soaked under water under irreversible transformation from vdW to HB due to pyridine–water replacement mechanism.  
f) Micro-Raman spectra of vdW MOF-2 (ZnBDC), as well as DFT simulation results, respectively, and inserted optical images of MOF-2 and CuBDC 
with white spots show the locations where micro-Raman spectra are measured.
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similar prominent peaks but at different positions due to dif
ferent lattice spacings originating from Cu and Zn clusters.

A closer look at the calculated and experimental XRD pat
terns of vdW MOF2 shows confirmed 00lreflections related to 
reflections from adjacent vdW layers, and most of the promi
nent peaks can be closely matched to those simulated ones. 2θ 
values are as close as ≈0.4°. We also note that vdW MOF2 is 
indeed lamellar in nature as evidenced by DFT binding energy 
calculations: plotting interlayer binding energy with respect 
to interlayer distance shows that energetic minima (stable 
stacking) can only be attained by vdW functional corrections 
that are incorporated into DFT calculations (Figure 3c).

Here, to further demonstrate the similarities between HB 
and vdW MOF2 structures, we have immersed vdW MOF2 
sheets under ultrapure H2O for 24 h. Our results show that vdW 
MOF2 structure successfully transitions from vdW like to HB 
like (Figure 3d) which means that H2O molecules effectively 
diffuse between the layers and replace pyridine groups with 
H2O. We note that large crystal structure changes are highly 
unlikely since the process itself is limited to room tempera
ture. This process also offers an evidence that pyridine mole
cules originally sit where hydrogen bonds are positioned since 
interaction with H2O simply reduces vdW into HB MOF2 (see 
schematic in Figure 3d and XRD datasets in Figure 3e). This 
chemical reaction is unidirectional since drying transformed 
HB MOF2 does not reverse the structure (Figure 3d).

Vibrational Dispersion and Raman Spectrum: Further struc
tural confirmation was obtained by comparing calculated vibra
tional spectrum (simulated Raman spectrum) to experimental 
Raman spectrum in Figure 3f. The black solid line in Figure 3f 
represents simulated Raman spectrum coming from DFT cal
culations near Γ = 0 point which displays a close resemblance 
to our experimental results (red solid line). Observed close 
agreements between calculated XRD, vibrational spectrum, and 
our experimental results convincingly demonstrate that antici
pated structure is accurate. Our detailed angleresolved Raman 
measurements on vdW as well as HB MOF2 structures also 
show further evidence for proposed structure as well as crystal
linity in Figures S13 and S14 (Supporting Information). Here, 
we note that while Raman spectrum analysis has been success
fully applied to many inorganic 2D crystals, previous studies 
failed to apply this method to vdW MOFs due to limitations in 
synthesis methods to achieve larger area nanosheets with high 
crystallinity, and our work introduces this technique for vdW 
MOF2.

Typical Raman spectrum collected from MOF2 sheets exhib
ited five prominent peaks with low FWHM (≈6 cm−1), located at 
864, 1017, 1137, 1434, and 1611 cm−1 and marked as P1, P2, P3, 
P4, and P5, respectively (Figure 3f). Rather low Raman FWHM 
values suggest that the defect concentration is low and most 
of the phonon vibration modes only come around the Γ = 0 
point due to Raman selection rules. This means that resulting 
materials exhibit high crystallinity though intrinsic point defect 
concentration remains unknown currently. Finite displacement 
analysis was also performed to extract out the atomic vibra
tional character of predicted modes which has been outlined in 
Table 1. Here, P4 peak position shows appreciable disagreement 
between predicted and measured Raman peak positions. Since 
this mode is related to atomic vibrations around Zn clusters 

and C–H bending in DEF, we attribute this slight discrepancy 
to a deviation from local force field generated from the interac
tion between solvent and MOF network.

While it is clear that FWHM, peak position, as well as 
Raman lineshapes allow us to distinguish crystallized vdW 
MOF from constituent chemicals, it is essential to also develop 
guidelines for recognizing different types of vdW MOFs from 
simple and nondestructive Raman measurements. Close com
parison between vdW Cu (CuBDC, blue curve) and Znbased 
vdW MOFs (MOF2, red curve) shows three striking differences 
between these two materials: 1) P1 and P4 peaks located at 864 
and 1434 cm−1 split and shift in CuBDC vdW MOFs in com
parison to MOF2. Interestingly, these two modes are made of 
atomic vibrations involving metal clusters as listed in Table 1. 
This finding is quite reasonable since atomic weight directly 
influences vibration frequencies of these modes. As such, these 
effects manifest it in terms of different peak positions as well 
as line shapes as observed in Figure 3f, and P1/P4 peaks can be 
used as material type identification.

Additionally, the Raman spectra of MOF2 and CuBDC vdW 
layers are compared to constituent chemicals such as DEF, 
H2BDC, and pyridine to understand the contributions arising 
from these chemicals to the overall Raman spectra (Figure S15, 
Supporting Information). While observed Raman peaks of vdW 
MOFs show distant resemblances to H2BDC and DEF, well
crystallized vdW exhibit peaks that are much more intense, 
welldefined, and are located at different frequencies. For 
example, in comparison to H2BDC and DEF, C–C breathing 
mode (P5 mode) becomes much sharper (45 cm−1 → 6 cm−1) 
after vdW MOF is crystallized. Also, P1,2,3,4 peaks are generally 
blueshifted due to the formation of new bonds and have dif
ferent Raman lineshapes.

Thickness-Dependent Behavior: Reduced interlayer coupling 
and vdW nature of these synthesized sheets enabled us to 
perform thicknessdependent material properties for the first 
time. In past, small lateral size and strong hydrogen bonding 
between the layers limited our ability to shed light on their 
material behavior at nanoscales which is precisely why the lit
erature predominantly focuses on the bulk material behavior 
instead of ultrathin 2D response. Due to their low electronic 
optical activity, we have performed KPFM measurements to 
probe their surface potential values as a gauge for material 
behavior. Previously, the KPFM technique has been applied in 
graphene and other 2D systems as a successful tool to probe 
spatial distribution of charge carriers as well as interlayer 
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Table 1. Description of atomic vibrations involving Raman active modes 
in vdW MOF-2.

Location  
[cm−1]

Vibration modes

P1 864 Zn cluster breathing, benzene ring contracting, and  

C–H stretching (new in 2D MOFs)

P2 1017 Pyridine ring breathing and C–H stretching (pyridine related)

P3 1137 Benzene bending and C–H stretching (ligand related)

P4 1434 Zn cluster contracting and C–H bending in DEF (new in 2D 

MOFs and DEF related partially)

P5 1611 Benzene ring breathing and C–H bending (ligand related)
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screening effect by measuring the surface potential of 2D mate
rial with varied thickness.[17] We have performed a series of 
KPFM studies on synthesized vdW MOFs and compared their 
thickness response to that from mechanically exfoliated moly
bdenum disulfide(MoS2), a wellknown 2D semiconductor, as a 
reference (Figure  4).

Here, the work function is determined by φtip − qVCPD = 
φsample, where φtip is the work function of the AFM tip (5.25 eV), 
q is the electron charge, and VCPD is the contact potential dif
ference measured by KPFM. As shown in Figure 4c, the sur
face potential of MoS2 shows dramatic variation with thickness 
(ranging from 1 nm to several tens of nanometers) which is 
consistent with the previously published results.[18] The origin 
of this surface potential variation has been attributed to the 
partially overlapped d orbitals of Mo and p orbitals of S atoms 
across adjacent layers which is related to how well or poorly the 
layers are coupled to each other.

In contrast, the surface potential distribution of 2D vdW 
MOF2 (Figure 4a,b) appears uniform across the flake and inde
pendent of thickness with a value of 3.22 V. These values show 

only small change from 20 to 60 mV (ΔVCPD ≈ 40 mV) from 
46L down to 5L which is minuscule comparing to traditional 
inorganic vdW 2D materials. In MoS2, for example, ΔVCPD is 
250 mV from 2 to 48 layers and 180 mV from 5 to 48 layers. 
These measurements were repeated on a variety of samples 
from different batches and similar results were observed. The 
absence of thickness dependence of the work function may be 
explained by the electron charge density distribution in layered 
MOF2: as shown in Figure S16 (Supporting Information), the 
benzene rings in MOF2 are all perpendicular to the plane, so 
the π bonds formed by p orbitals of carbon atom are extended 
inplane and do not overlap between the two layers. This is 
in stark contrast to other 2D carbonaceous materials like gra
phene where interlayer coupling predominantly occurs through 
C atoms’ p orbital interaction in adjacent layers. Despite these 
findings, we still anticipate that constituent layers in vdW 
MOFs are still coupled to each other much similar to other 2D 
vdW crystals. However, KPFM surface potential measurements 
alone show that the interaction is not strong enough to cause 
sizable changes in the surface potential values of vdW MOFs. 
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Figure 4. Kelvin probe force microscopy for thickness-dependent phenomena. a) AFM images and b) KPFM scans of vdW MOF-2 sheets deposited 
onto conductive ITO substrates; c) AFM and KPFM scans on exfoliated MoS2 sheets onto conductive ITO; d) change in VCPD with respect to sheet 
thickness for vdW MOF-2 and MoS2.
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While interlayer coupling might be weak, how the interactions 
between the vdW MOF layers influence material behavior war
rant future studies.

Summary: We have demonstrated a scalable and reproduc
ible biphase synthesis method for largescale high quality 
production of vdW MOFs sheets. Replacing water molecules 
with pyridine has been identified as the primary factor sus
taining perfectly layered vdW MOF sheets. At the same time, 
addition of TEA and formic acid deprotonating and pronating 
agents have been found to be highly effective in increasing and 
slowing down the chemical reaction rates and growth speeds 
to attain highly crystalline vdW MOF sheets which has been 
evidenced by SEM, EDX, AFM, and optical images, and con
firmed by detailed Raman spectroscopy measurements. Owing 
to large lateral sizes, vdW nature, and high crystallinity, we 
were able to perform AFM, KPFM, and Raman measurements 
to establish their fundamental vibrational properties as novel 
material characterization tool, while providing the very first 
insight on their thicknessdependent properties. Overall find
ings are anticipated to open up new avenues toward largescale 
synthesis of vdW MOFs by offering ways to manipulate inter
layer coupling strength and reaction rates, and offer funda
mental insights into their vibrational and thicknessdependent 
properties.

Experimental Section
Biphase Synthesis of vdW MOF-2: Zn(NO3)2·6H2O, Cu(NO3)2·3H2O, 

benzene-1,4-dicarboxylic acid (H2BDC), pyridine, triethylamine, hexane, 
formic acid, isopropanol, and acetone were purchased from Sigma-
Aldrich without further purification. N,N-Dimethylformamide and 
N,N-diethylformamide were purchased from Fisher Scientific. For the 
biphase system, formic acid (0.04 mL), Zn(NO3)2·6H2O (0.18 mmol), 
pyridine (0.02 mL), and H2BDC (0.1 mmol) were dissolved in 5 mL of 
DEF to form the bottom solution. And the upper solution was formed 
by adding TEA (0.07 mL) to 5 mL of hexane. After all the components 
are dissolved, the bottom solution was slowly injected underneath 
upper one. This two-phase system was sealed in a glass vial and 
kept at room temperature for 24 h. For the growth of vdW MOF-2 on 
substrates, the selected substrates were held by a Teflon supporter and 
placed in the DEF phase vertically. The same recipe was also applied 
to grow CuBDC except the Zn(NO3)2·6H2O was replaced with the same 
mole of Cu(NO3)2·3H2O. Samples collected from vials were undergone 
activation by immersing in 10 mL of acetone for 3 days and drying in 
vacuum at 120 °C for 12 h. In water intercalation, 50 mg of vdW MOF-2 
was placed in 10 mL of ultrapure water for 24 h. Then, the sample was 
dried in fume hood. In pyridine intercalation, 50 mg of HB MOF-2 was 
placed in 10 mL of pyridine for 24 h. Then, the sample was dried in fume 
hood.

Conventional Synthesis of HB MOF-2: The conventional synthesis 
of MOF-2 was extensively reported, here it is referred to as Manuel’s 
publication[19]: Zn(OAc)2·2H2O of 1.56 g (7.24 mmol) was dissolved 
in 11.04 mL (0.61 mol) of water and 0.68 g (4.1 mmol) H2BDC was 
dissolved in 14.18 mL of DMF. The blended solution under continuous 
stirring formed white precipitates within 15 min, and the suspension 
remained under stirring at room temperature for 24 h. The precipitate 
was then filtered and washed repeatedly with DMF and dried overnight.

Characterization: The morphologies of vdW MOF-2 and CuBDC 
were observed with a Philips XL30 environmental scanning electron 
microscope at a voltage of 10 kV with the assistance of Au sputter 
coating. The Raman spectroscopy measurements were taken using a  
Renishaw InVia Raman microscope under 100 objective lens using 488 nm 
laser as the excitation source, and the laser power was set to 37.5 µW.  

Ingredients, including H2BDC, DEF, and pyridine, were measured from 
powder samples purchased from Sigma. Topography and electrical 
measurements were both conducted by a Bruker Multimode 8 instrument 
with a Nanoscope V controller. Samples were mounted on an ITO 
substrate for electrical measurements. Silver or nickel paste was used to 
connect the ITO surface to a sample mounting disk. Surface potential 
was measured in an amplitude modulation mode with a Au-coated 
probe. The work function of the tip was calibrated by scanning the freshly 
exfoliated highly ordered pyrolytic graphite. Pt/Ir-coated tips were used 
for conductive AFM measurements in the contact mode. The scanning 
size was 256 × 256, and the scanning speed was set to 1 Hz. Data were 
analyzed by Gwyddion software and MATLAB. The XRD of samples was 
collected using a Bruker D8 ADVANC powder diffractometer with Cu Kα 
radiation (λ = 1.542) at 40 kV and 40 mA and scan step of 0.02°.

Theoretical Predictions: We used the Vienna ab initio Simulation Package  
(VASP)[20] to perform density functional theory (DFT) calculations. 
We also adopted the Perdew–Burke–Ernzerhof[21] (PBE) functional 
for treating the electron–electron exchange-correlation interactions. 
Correspondingly, we used the PBE version of potential datasets generated 
according to the projector augmented wave[22] (PAW) method, where the 
1s state of H, 2s22p2 states of C, 2s22p3 states of N, 2s22p4 states of 
O, and 3d104s2 states of Zn were accounted for as valence electrons. 
The cutoff energy for the plane wave basis sets was set to 500 eV. For 
the k-point sampling, we used a 2 × 2 × 1 grid for the MOF supercells 
with and without a pyridine molecule. A vacuum spacing of more than 
25.0 Å was used to separate the image interactions of each supercell 
due to the periodic boundary conditions. Before analyzing the electronic 
structure and computing the Raman spectrum, geometry optimizations 
were performed until the total energy and force was converged to 10−6 eV 
and 0.01 eV Å−1, respectively. The calculations of Raman spectrum were 
based on the method by Porezag and Pederson.[23]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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