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ARTICLE INFO ABSTRACT

Keywords: Metal-organic framework nanosheets (MONSs) are an emerging class of 2D materials whose tunable chemistry
Mﬂal“’rga‘}ic framework nanosheets (MONs) make them ideal for a wide range of sensing, catalytic, electronics and separation applications. However,
Iswa'lmfacmrmg creating scalable routes to the synthesis of high quality, ultrathin nanosheets remains challenging and little
cale-up

consideration has been given to the economics of making these materials. Here, we demonstrate a scalable
synthesis of zinc-porphyrin based nanosheets, Zna(HoTCPP), for use in organic solar cells and conduct a techno-
economic analysis of their pilot-plant scale manufacture. A thorough investigation of the process chemistry of the
solvothermal synthesis enabled reduction of reaction time, increased solid content and scale-up of the reaction in
batch. Significantly, the addition of triethylamine accelerated the reaction kinetics, which enabled the synthesis
temperature to be dropped from > 80 °C to room temperature. Application of these new reaction conditions in a
continuous stirred-tank reactor directly formed monolayer MONs at 99 % yield with a space-time yield of 16 kg
m~3 day~!, an approximately 20-fold increase in yield compared to adapting the literature procedure. Techno-
economic analysis showed a 94 % reduction in the production costs compared to the literature reaction condi-
tions and indicated that the production cost was dominated by ligand price. The general applicability of the
method was demonstrated through synthesis of related Cua(HoTCPP) MONSs and tunability through metalation of
the porphyrin units with six different metal ions. Finally, the value of the nanosheets was demonstrated through
a near doubling in the power conversion efficiency of organic photovoltaic devices when the MONs were
incorporated into the active layer. Overall, this work demonstrates the first scalable and sustainable route to
producing monolayer nanosheets for high value applications.

Techno-economic analysis
Solar cells

“top-down” approaches, in which a layered metal-organic framework
(MOF) is exfoliated through liquid-assisted ultrasonication [10], shear-
mixing [11], and grinding/ball-milling [12] as well as “bottom up”

1. Introduction

Metal-organic framework nanosheets (MONSs) are a promising new

class of nanomaterial which combine the high surface area and nano-
scopic dimensions of two-dimensional (2D) materials with the modular
structures and diverse chemistry of metal-organic frameworks (MOFs)
[1]. MONs have already shown exceptional early performance across a
wide range of sensing, catalysis, electronics and separation applications
[2-5]. A diverse range of lab-scale approaches to the synthesis of
different MONs have been investigated [6-9]. These can be divided into

* Corresponding author.
E-mail address: jona.foster@sheffield.ac.uk (J.A. Foster).

approaches where nanosheets are assembled directly, usually with the
aid of interfaces, [13-15] surfactants [16-18] or templates [19,20] to
promote two-dimensional growth. However, in most cases only minute
(mg) quantities of nanosheets are produced as dilute suspensions
through low yielding processes conducted at high temperatures with
long reaction times. New scalable routes are therefore required to enable
economic production of promising MONs for use in applied settings
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[21].

Continuous production processes offer significant advantages over
batch reactions in large scale production, such as reduced down times,
labour costs and reactor volumes as well as more consistent products and
higher space time yields (STY) [22,23]. A variety of continuous pro-
duction methods have been developed to scale-up the manufacture of
three-dimensional metal-organic frameworks (MOFs) including ther-
mal, electrochemical and mechanochemical processes, [24-27] and
MOFs are being commercialised by BASF, and others.

The need to prevent particle aggregation and intergrowth for
anisotropic MONs poses additional challenges for the synthesis of MONs.
To our knowledge, only two examples have so far been reported of
MONSs synthesised through continuous processes [28]. In 2018, Thomas
and co-workers applied a microdroplet flow reaction set-up to synthe-
sise ~ 250 mg of multilayer (down to ~ 3 nm, three layers thick) Zr
(BTB) (BTB = 1,3,5-tris(4-carboxyphenyl)benzoate) MONs of lateral
dimensions up to 3 pm, with a space-time yield (STY) of ~ 385 kg m™>
day ! [29]. In 2020, Lapkin and co-workers demonstrated the synthesis
of ~ 250 mg of Cu(BDC) MONSs with a much higher STY of ~569,000 kg
m~3 day~!, with tightly controlled lateral dimensions < 50 nm and
thicknesses down to monolayer, using a high shear annular microreactor
[30]. The high capital and operational expenditure associated with
scaling-out microfluidics and the specialist equipment required with
high shear annular microreactors limit their potential beyond high
value, low volume manufacture of speciality products. New synthetic
routes which facilitate the scale-up of MON manufacture using well-
established, operationally easy equipment are required to make MONs
attractive for industrial applications.

Continuous stirred-tank reactors (CSTRs) are widely used in the
pharmaceutical and fine chemicals industry and provide an attractive
alternative approach for achieving scalable MON production [31,32].
We have previously developed the first CSTR synthesis for MOF-5 [33]
and mapped the synthesis process parameters [34]. CSTRs offers
consistent particle production after the reactor has reached a steady
state, which eliminates the potential variability often observed between
identical batch syntheses of MOFs [35]. Importantly, the shape of CSTR
reactors are such that reaction conditions remain constant regardless of
the size of the vessel, provided mixing and heating remain efficient. The
kinetics in CSTR reactors are different from those in previous examples
of continuous synthesis as reagents are immediately diluted to their
minimum concentration and this is maintained throughout the reaction.
We hypothesised the CSTR set-up could therefore bring benefits in
controlling the kinetics of nanosheet growth and maintaining stable
dispersions to enable the scalable production of monolayer nanosheets.

MONs based on tetra(carboxy)porphyrin ligands are amongst the
earliest and most widely investigated [36]. The planar structures and
high connectivities make them ideal candidates for the formation of high
aspect ratio nanosheets, with useful optoelectronic properties and
accessible metal sites. This distinct combination of properties has lead
them to be used in therapeutic treatments, [37,38] electro- and photo-
catalysis, [39] biological sensing, [40-43] energy storage, [44] separa-
tion [45-47] and electronics [48] applications. We recently showed how
the addition of Zny(ZnTCPP) (where H¢TCPP = tetrakis(4-carbox-
yphenyl)porphyrin) nanosheets to organic solar cells lead to a near
doubling in their power conversion efficiency [49] and allowed us to
produce the highest performing fullerene-based organic photovoltaic
(OPV) devices in the literature [50].

Keen to capitalise on these exciting results, we sought to find a
scalable route to the synthesis of these nanosheets. Zny(ZnTCPP) was
first synthesised as a MOF by Choi et al in 2009 via a solvothermal
synthesis (3:1 DMF:EtOH, 80 °C, 24 h) [51]. This was adapted in 2015
by Zhang and co-workers who showed that PVP (polyvinylpyrrolidone)
could be used as a crystal growth modifier, providing a bottom-up
synthesis for nanosheets of [Zny(ZnTCPP)] [52,53]. Anticipating the
PVP would interfere with device performance or require extensive
washing procedures to remove, we created monolayer nanosheets of
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Zn(ZnTCPP) via a top down approach using ultrasonic liquid exfoliation
[49,50]. However, in all cases, batch processes, long reaction times, high
temperatures, dilute concentrations and additional steps are required to
form and/or isolate nanosheets and therefore do not lend themselves to
scale-up.

Here, we 1) explore the process chemistry to design and use indus-
trially relevant CSTRs to demonstrate the first scalable route to the
synthesis of porphyrin MONs, 2) investigate the factors affecting the
economics of manufacture, and 3) demonstrate a high value application
for the materials produced. A previously reported batch synthesis for
Zno(ZnTCPP) MOF was systematically studied in order to reduce the
reaction time, temperature and DMF content whilst maximising solid
content and yield. Optimised conditions were used in a CSTR set-up to
demonstrate the production of monolayer MONs with a high yield. A
techno-economic analysis of the continuous production of MONs in
pilot-plant scale was conducted for the first time, to investigate the
impact of these changes on the cost of production and identify where
future efforts should be focussed. The generality of the approach was
then demonstrated through the synthesis of a copper-based analogue,
and MON tunability shown through post-synthetic metalation of the
MONSs. Finally, the as-synthesised nanosheets were used as additives
within the active layer of an OPV resulting in a near doubling of the
power conversion efficiency of the devices.

2. Results and discussion

Synthetic methodologies for Zny(ZnTCPP) MOF typically use adap-
tations of that first reported by Choi et al. in 2009 [51]. Solvothermal
syntheses are performed in 3:1 vol:vol mixtures of DMF:EtOH (DMF = n,
n-dimethylformamide, EtOH = ethanol) or DEF:EtOH (DEF = n,n-
diethylformamide) for 16-24 h at 80 °C, with yields of the layered MOF
ranging 53-87 %. Zhang and co-workers demonstrated a bottom-up
route of MON synthesis in 2015 using conditions inspired by the
initial MOF synthesis, but at lower concentration and adding PVP into
the reaction mixture prior to solvothermal treatment [52]. The reagent
concentrations corresponded to [solids] = 0.0625 wt%, and a total
solvent volume of 16 mL was used. Other authors have used reaction
times ranging from 16 to 24 h [47,52,53]. In our previous work, we
adapted the synthesis used by Choi et al. to first make the layered MOF
Zny(ZnTCPP) over 18 h at 80 °C without PVP (Fig. 1a) and then used
ultrasonic liquid exfoliation (1 h) followed by centrifugation (10 mins)
to isolate predominantly monolayer nanosheets (Fig. 1b) [49,50].
However, the prolonged reaction times used in all of these syntheses are
not conducive to scalable MON manufacture, so we undertook a sys-
tematic study to optimise the reaction conditions for use in a CSTR set-

up.
2.1. High-temperature syntheses

Initial studies were undertaken to investigate if the reaction time
could be reduced, the concentration of reactants could be increased and
the reaction scaled, starting from conditions used by Zhang et al [52].
See Section 4.2. and ESI Figs S1-54 for details and characterisation of in-
house synthesised HsTCPP used in studies. To make the conditions more
relevant to later studies, a stirrer bar was added to the reaction mixture,
which was stirred throughout. Kinetic studies were performed at 80, 100
and 120 °C with six replicates which were stopped after 1, 2, 3, 4, 5, and
16 h by cooling the reaction vessel rapidly using iced water. Solids were
immediately washed with EtOH through centrifugation and air-dried at
room temperature. The mass of isolated dry solids was used to calculate
the yield at each time point (Fig. 1c). After 5 h at the reference tem-
perature of 80 °C, the yield was only 18 %, which increased to 60 % after
16 h. Increasing the temperature to 100 °C produced>80 % yields after
5h. At 120 °C, just 1 h of reaction time yielded 87 %, increasing to 96 %
after 3 h. PXRD indicated the same phase was produced in all cases (ESI
Fig. S5) which matched that of Zny(ZnTCPP) [49]. It is likely that further
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Fig. 1. Synthesis of Zny(ZnTCPP). a) Schematic of the synthesis of
Zn,(ZnTCPP) MOF, with crystal structure (CCDC 652596), and b) image of a
single 2D layer. Hydrogens are omitted in both cases for clarity, and axially
coordinated H,O are not shown in b). Atomic colours are light blue, red, blue
and grey for zinc, oxygen, nitrogen and carbon, respectively. c) Yield plot of
kinetic studies of Zn,(ZnTCPP) MOF synthesis at 80, 100 and 120 °C.

increase in the reaction temperature would result in even more rapid
product formation, however these high temperatures are highly unde-
sirable from both an energy cost, risk and environmental perspective.

Next, the reagent concentration was increased from 0.0625 wt% to
0.25, 0.5, 0.75 and 1 wt% and the reactions run with consistent reaction
conditions of 120 °C for 1 h. [Solids] of 1 wt% required gentle heating to
fully dissolve the HgTCPP precursor. Purple solids were obtained with
broadly consistent yields of 84, 71, 86 and 87 %, respectively (Table 1),
and PXRD confirmed the expected phase in each case (ESI Fig. S6). These
results indicate that the reaction concentration can be successfully
scaled to 1 wt% with no detrimental effect to the yield or phase purity of
Zno(ZnTCPP). It is possible that higher concentrations of solids could be
used, but for continuous synthesis the limited solubility of the HeTCPP at
room temperature in the solvent mixture is likely to cause problems
during scale-up.

To investigate the scalability of this methodology, the batch reaction
was scaled up to a reactor volume of 200 mL (12.5-fold increase) which

Table 1
Yields of Zny(ZnTCPP) obtained under process intensification through batch
syntheses.

[Solids] Vol. Time Temp. Yield
(wt %) (mL) (h) O (%)
0.0625 16 1 120 87
0.25 16 1 120 84
0.5 16 1 120 71
0.75 16 1 120 86

1 16 1 120 87

1 200 3 120 86

Chemical Engineering Journal 477 (2023) 146871

corresponded to 1 g of solids. The reaction was run using 1 wt% of solids
at 120 °C for 3 h after which 858 mg of dried solids were isolated,
corresponding to a 86 % yield. PXRD analysis was consistent with small
batch syntheses (ESI Fig. S7) and previous literature for the
Zny(ZnTCPP) phase. SEM of the dried solids (ESI Fig. S8) showed stacked
lamellar square platelet morphologies with lateral dimensions <10 um
and thicknesses of <5 um. Material produced this way would therefore
require additional exfoliation steps in order to produce nanosheets, in
line with our previous work.

We applied the knowledge gained through our exploration of the
reaction space to a CSTR set-up (Fig. 2a). The reactor was initially set-up
(see section 4.2.3.) to run using 0.0625 wt% solids with a temperature of
120 °C and a flow rate such that the average residence time was 50 min,
which was expected to provide good yields based on the initial batch
syntheses investigations. Given the high temperature of the reactor, the
outlet flow was passed through a heat exchanger to cool to <25 °C
before passing through the final peristaltic pump to protect the me-
chanics. Upon operation, the temperature inside the reactor was
measured to be 113 °C, due to the boiling point depression caused by
dissolved reagent in the reaction solution. Samples were collected at
intervals of 14 mins (except the final sample, where collection was 7
min) for a total of 175 mins and solids washed through centrifugation
with EtOH.

There was an initial lag-time observed in the formation of
Zno(ZnTCPP) (Fig. 2b). Solids were first observed in the third fraction
collected (28-42 min, 6 % yield), which increased up to a steady-state
yield of ~ 28 % after approximately 1 h of operation and decreased
again slightly after 150 mins to ~ 25 %. PXRD analyses of dried samples
indicated that Zny(ZnTCPP) was formed phase-pure from the first
observed solids (Figs. 2c, ESI S9). Some variations in peak intensity were
observed between the different samples which was attributed to crys-
tallite preferred orientation, due to highly anisotropic crystal growth. In
contrast to previous work on MOF-5,[34] no intermediary solid phases
were observed prior to formation of the desired MOF, which is consistent
with other studies on MOFs such as UiO-66-NH,[54] and HKUST-1 [55].

Given the relatively small reactor volume, low flow rate and efficient
mixing, it is likely that the residence time follows the theoretical
exponential profile for a CSTR. A key precursor for the synthesis of
Znp(ZnTCPP) is dimethylamine (DMA), a hydrolysis product of DMF,
[56,57] which is present in increasing amount throughout the reaction
time of a batch reactor. DMA acts as a base and can deprotonate HgTCPP
carboxylate group; the initial lag time observed may be due to the initial
low DMA concentration. The continuous removal of DMA and addition
of fresh DMF throughout the reaction will also inhibit the deprotonation
of the HgTCPP precursor to H,TCPP*, and thereby slow the reaction
kinetics relative to the batch process, resulting in a low yield. In prin-
ciple this could be mitigated by increasing the residence time, or
including DMA within a feedstock solution, however DMA is a gas at
room temperature and therefore has difficulties associated with feed-
stock introduction. This insight lead us to investigate the addition of
another base to the reaction which we anticipated would enable us to
have greater control over the reaction kinetics.

2.2. Addition of triethylamine to the synthesis conditions

Triethylamine (TEA) is commonly used as a base to accelerate MOF
crystallisation kinetics through the deprotonation of carboxylate groups
enabling co-ordination to metal ions. Inspired by Lapkin and co-workers
[30] who used TEA to accelerate reaction kinetics to form Cu(BDC)
MONSs at room temperature, we explored the effect of adding TEA to our
process, initially in batch conditions as in Section 2.1.

Four molar equivalents of TEA was added to the H¢TCPP solution
prior to the addition of the Zn?" solution. 4:1 TEA:HsTCPP stoichiom-
etry was used as HeTCPP has four carboxylate groups, which have a
lower pKa than the central pyrrole units and so are anticipated to
preferentially deprotonate. Upon adding the zinc solution, dark
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Fig. 2. Operation of the CSTR for MOF production. a) Photograph showing CSTR set-up, pictured without back-end heat exchanger, b) yield of Zn,(ZnTCPP) isolated
from fractions collected throughout the continuous synthesis. Time points refer to the time at start of fraction collection. Filled circles indicate samples analysed using
PXRD, for which diffraction patterns are portrayed in c), normalised to the highest intensity of each diffraction pattern and offset for visualisation.

flocculates were observed within seconds which aggregated and drop-
ped from suspension revealing a colourless supernatant (Fig. 3a), indi-
cating very little remaining H¢TCPP in solution. The reaction was
allowed to proceed for 1 h before the solids were collected, washed and
dried giving a 82 % yield. UV-vis spectroscopy of the resulting material
shows four Q-bands (ESI Fig. S10) rather than two, indicative of a lower
symmetry,[58] but PXRD of solids indicated the same phase of material
was being produced (Fig. 3b). Together, this evidences that the addition
of TEA results in a similar overall structure, but the centre of the
porphyrin units within the framework are not metalated with zinc, i.e., a
framework with the structure Zn,(HoTCPP). This is consistent with other
low temperature syntheses of porphyrin-based MOFs [59], whilst pro-
longed reaction times at elevated temperatures are typically required to
metalate the centre of the porphyrin units.

After washing through centrifugation, a small amount of solid ma-
terial was redispersed in EtOH, and an aliquot of this was dried onto a
freshly cleaved mica substrate for AFM topographical analysis in order
to visualise the particles formed through this rapid crystallisation pro-
cess. As shown in ESI Fig. S11, this synthesis yielded monolayer
Zny(H,TCPP) MONs with lateral dimensions between 50 and 250 nm.
Whilst these lateral dimensions are relatively small, this may be bene-
ficial for applications where composite materials are required due to
ease of suspending and blending the MONSs, and lateral size may not
have a significant effect on MON performace in applications such as
catalysis and sensing, which make use of sites presented on the 2D
surfaces [1].

Forming uniformally monolayer MONs through a bottom-up meth-
odology without the use of surfactants or capping ligands is unusual.
H,TCPP* can be considered as a highly directional ligand and the square
planar coordination motif lends itself well to layer formation. The initial

deprotonation of the ligand precursor by TEA means that highly direc-
tional coordination into the 2D layers and rapid reaction kinetics upon
mixing in the Zn?>' solution promotes the direct crystallisation of
Znp(HyTCPP) MON:S, i.e., a bottom-up synthesis.

The higher yields achieved with a short reaction time at a low tem-
perature provide a much more attractive route to scale up than our
previous high temperature method without TEA, or those previously
reported in the literature. Before testing these conditions within the
CSTR we also sought to reduce the DMF content as it is relatively
expensive and harmful to health and the environment. The ratio of DMF:
EtOH used for the batch synthesis with TEA was therefore varied, with v:
v ratios of 3:1, 1:1 and 1:3 assessed. Pure EtOH was not investigated as a
solvent for synthesis due to the low solubility of the zinc salt. A reaction
time of 1 hr was used, and the temperature was controlled at 25 °C to
account for differences between ambient room temperature on different
days. Solids formed were washed with ethanol, and a small aliquot
removed for UV-vis and AFM analyses (Fig. 3c) to assess MON structure
and size, then dried and analysed using PXRD (Fig. 3b) to confirm phase.
Isolated solids were purple, microcrystalline powders (Fig. 3d,e).

AFM of the materials produced using a 1:1 ratio again showed uni-
formly monolayer MONs with height ~ 0.6 nm, with lateral dimensions
<300 nm (Fig. 3c). Reducing the DMF content to a 1:1 v:v ratio (cor-
responding to a 33 % decrease in DMF volume) produced material with a
76 % yield, and PXRD patterns matched the expected phase for
Zny(H,TCPP) (Figs. 3b, ESI S12). However, further reduction in the DMF
content to a 1:3 ratio resulted in the production of a purple solid with a
different, unidentified phase, and therefore no further reduction in DMF
content than 1:1 was utilised. The nanosheets suspend similarly well in
both ethanol and DMF which may explain why no change in morphology
is seen with increasing ethanol content. However, the metal salts are

28 ()

a) Addition of TEA/ b)
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Fig. 3. Characterisation of Zny(H,TCPP) MONSs. a) Flocculates and subsequent settling observed upon mixing reagent solutions to form Zn,(HgTCPP), b) topo-
graphical AFM image of MONs synthesised using 1:1 DMF:EtOH v:v; c) offset PXRD patterns of solids isolated after synthesis using different volume ratios of DMF:

EtOH; and photographs of Zny(H,TCPP) d) pellet post-centrifugation and e) dried.
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poorly soluble in ethanol so the phase change may be due to a change in
effective concentration or more rapid growth kinetics. Further gains
could potentially be made by exploring other lower cost or less envi-
ronmentally damaging solvents or more soluble metal salts, but is
beyond the scope of this study.

TCPP nanosheets have been extensively studied in the literature and
used in a wide range of applications ranging from water purification and
catalysis to sensing and drug delivery [37-48], in part due to their high
thermal and chemical stability. The thermal stability of the
Znp(HoTCPP) MONs was therefore assessed using thermogravimetric
analysis (TGA). The samples were found to be stable up to 300 °C which
is typical for this class of MOFs as decarboxylation takes place above this
temperature (ESI Fig. S13). An initial mass loss of 13.4 % was observed
up to around 200 °C which we ascribe to loss of DMF co-ordinated at the
axial positions of the paddle-wheels (expected 13.7 % for
[Zny(H2TCPP).2DMF]). Chemical stability was also tested through
titration of phosphoric acid into an aqueous suspension of the nano-
sheets, which was monitored by UV-vis spectroscopy. The UV-vis
spectra for the nanosheets remained unchanged with a maximum for the
Soret band around 424 nm until pH 5.2 below which the Soret band
dropped to 416 nm, consistent with dissolution of the nanosheets upon
protonation of the carboxylate groups.

2.3. Application of optimised conditions to CSTR

The successful room temperature synthesis of MONs using TEA was
further scaled-up using a CSTR. The reactor was set-up as described
previously, and pump flow rates were varied such that the residence
time was 0.5, 1 and 2 h. Solids were collected through centrifugation,
and the supernatant was analysed using UV-vis to assess the amount of
unreacted HgTCPP remaining in the reaction mixture. For each resi-
dence time, the first collected fraction showed<1l wt% HgTCPP
remaining by UV-vis, indicating a reaction yield >99 %, which was
maintained throughout the CSTR operation.

Solids were washed through centrifugation and a 20 pL aliquot
removed for UV-vis and AFM analyses, then air-dried, yielding near
quantitative isolated solids in all cases (Fig. 4a—c). Due to the rapid
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reaction kinetics, there was no lag time observed for reaction yield, even
for the shortest 30 min residence time. PXRD confirmed the correct
phase was produced throughout (ESI Figs S15, 17,19), and UV-vis
identified that the porphyrin units were unmetalated throughout each of
the synthesis processes (ESI Figs S16, 18, 20). As the reaction proceeded
to >99 % completion in each case, increasing the residence time from
0.5 h to 1 and 2 hrs decreased the space-time yield (STY) from 16 kg
m > day ! to 8 and 4 kg m~> day ! respectively.

AFM revealed uniformly monolayer MONSs across the different resi-
dence times, and throughout each reaction process (ESI Figs. 521-23). It
may have been anticipated that upon prolonged reaction time, layers of
Zny(H,TCPP) already formed but not yet removed from the reactor
could template multilayer MON formation through epitaxial growth, or
a nucleation point for multiple nanosheets to grow from, however this
was not observed. SEM of an example sample (residence time of 1 hr,
final fraction 180-200 mins, ESI Fig. S24) showed discrete lamellar
particles of relatively uniform size, <2 um laterally, consistent with
AFM. TGA of the final fraction (180-200 min) collected using residence
time of 1 hr showed a similar TGA trace to those observed for the batch
material but with an additional mass loss of 3.2 % below 130 °C which
was attributed to the presence of water (ESI Fig. S25). This could be due
to the ethanol used for bulk synthesis being slightly wetter than for batch
synthesis or the difficulties in drying the larger quantities of material.

To investigate process intensification, feedstock concentrations were
then increased by four, to [solids] = 0.25 % and the CSTR operated with
a residence time of 30 min, in order to increase the STY of MONSs pro-
duced. UV-vis of centrifuged reaction mixture again showed <1 wt%
HeTCPP remaining, and isolated solids gave a yield >95 % which cor-
responds to an STY of 64 kg m~> day '. PXRD patterns and UV-vis
spectra corresponded to unmetalated porphyrin units. However, AFM
showed that the MONs at this concentration were not monolayer (ESI
Fig. S26). MONs were instead observed up to 10 nm thick with lateral
dimension <300 nm. Large agglomerates were observed, however this is
thought to be a result of the increased concentration and drying process
onto the AFM mica substrate as opposed to multiple MONs growing from
a central nucleation point, as distinct MONs with edges can be observed.
This process likely yields multi-layered (but still ultrathin <10 nm)
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MONSs due to the increased reagent concentration. Reagent feedstock
concentration could be increased further to increase STY, however this
would likely increase the thickness of the MONs produced even further.

An alternative method to increased STY is to reduce residence time
further. The lowest residence time assessed (0.5 h) produced >95 %
yield, with no lag time; it is likely that even lower residence times could
be used to produce monolayer MONs, with an associated increase in
STY. The reaction kinetics when using TEA also favour the adaptation of
the process to alternative rapid-mixing methodologies, such as an
annular microreactor, which would enable increased STY as there is no
static reactor volume.

2.4. Assessing the economic performance

Three different scenarios were considered: 1) a baseline from liter-
ature building on the work by Choi et al [51]. and Zhang et al., [52] and
2,3) two scenarios from this work comparing the presence/absence of
TEA. The main assumptions for each are shown in Table 2, and all were
assessed with the process layout in Fig. 5.

The theoretical pilot plants were designed based on the following
processes. Respective solutions were prepared in agitated vessels, which
mixed Zn(NO3)y-6H20, HeTCPP and TEA (if used) with appropriate
amounts of DMF and EtOH. These solutions were pumped to a jacketed
CSTR to yield a suspension of MOF/MON, which was cooled before
separation in a filtering centrifuge. The solids were washed in fresh
EtOH to remove contaminants, before resuspension in EtOH to form the
final product of MOF or MON. Solvents were recovered from the effluent
of the centrifuge (including washings) by distillation, with a small
fraction (5 %) of both the distilled EtOH and DMF purged for removal of
contaminants (for example, solvent degradation products). Recovered
solvents were then transferred to respective tanks for intermediate
storage (with appropriate make-up of EtOH and DMF), before reintro-
duction to the mixing vessels for recycled use. All heating and cooling
was designed for saturated low-pressure steam and mains water
respectively, and all power utilised mains electricity.

Table 2
Scenario assumptions and main results for techno-economic analysis of
Zn,(XTCPP) syntheses (X = H, or Zn).

Parameter Scenarios Unit
Literature This Work This Work
(Without (With TEA)
TEA)
Assumptions
Reaction temperature 80 120 25 °C
Residence time 180 @ 50 30 min
Reagent 0.0625 0.0625 0.0625 wt %
concentration
Solvent composition 31 3:1 1:1 vol
(DMF:EtOH)
Product yield 5 28 99 %
Other additive(s) None None TEA -
Product formed Zny(ZnTCPP) Zny(ZnTCPP) Zny(H,TCPP) -
MOF MOF MON -
Results
Production Cost 84,700 16,000 5,100 £2020/
kg
... of which FCC 1.2 2.3 4.4 %
... of which WCC 2.3 2.4 2.5 %
... of which FOC 1.4 5.1 14.4 %
.. of which VOC 95.1 90.2 78.7 %

T Choi et al. employed a reaction time of 24 h (with a further 9 h for cooling),
and other similar syntheses achieved product yields between 53 and 87 %. To
remain consistent with this work (without the addition of TEA), a reaction time
of 180 min was estimated to be only sufficient to produce MOFs with a product
yield of 5 % (based on our investigations of reaction space in batch conditions).

E Acronyms: fixed capital costs (FCC), working capital costs (WCC), fixed
operating costs (FOC), variable operating costs (VOC).
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In Table 2, it is important to note that monolayer nanosheets were
not achieved directly under the literature scenario outlined by Choi et al
[51] or our synthesis without TEA. Hence, the products in these cases
have been designated as Zny(ZnTCPP) MOFs, and costly exfoliation and
purification steps would be additionally required to afford the corre-
sponding MONSs. This exfoliation step has not been considered within
this techno-economic model, and instead the respective MOF/MON
products are compared as synthesised. Modelling the very long resi-
dence times needed to give high yields under the literature conditions
implied impractically large reaction vessels. Under batch conditions, a
yield of around 5 % was observed after 3 h at a reaction temperature of
80 °C (the literature condition) with no TEA, therefore this shorter re-
action time with the correspondingly lower yield was used to provide a
benchmark for the techno-economic model.

The main techno-economic results are summarised in Table 2 and
Fig. 6. The calculated production costs (PCs) show the syntheses
developed in this work offer vast improvements over the baseline sce-
nario. Improvement in PC was largely driven by better conversion of
HeTCPP, which increased from an estimate of just 5 % in the baseline
case, to 28 % without TEA and 99 % with TEA (Table 2). This results in a
higher efficiency which gives rise to a range of benefits across the entire
process: (i) lower variable operating cost (VOC) (e.g., less heating,
pumping, reagents, etc.); (ii) lower fixed capital costs (FCC) (i.e. smaller
processing equipment), and (iii) lower working capital costs (WCC) (i.e.,
fewer stockpiled chemicals). Fig. 6a shows that even without TEA, the
process saw significant reductions in PC of 81 %, but excitingly the
negligible additional cost of TEA (and the consequently improved con-
version of HeTCPP) raised savings to 94 %.

Fig. 6b reinforces that the economic viability of these processes is
critically reliant on the price of HsTCPP, where ~59 % of the total PC are
attributable to the organic linker for the synthesis with TEA, reduced
from ~70 % for the reference synthesis. This is further demonstrated in
Fig. 6¢, which explored the impact several process parameters (+50 %)
on the total PC for the synthesis with TEA (although the other scenarios
had largely analogous results). A strong positive correlation existed
between the price of HeTCPP and the total PC: a reduction in the price of
HeTCPP by 30 % would realise significant savings of up to 18 %, for
example. Although a techno-economic analysis of the linker synthesis is
beyond the scope of this study, the high cost (~£45 g1) of H¢TCPP
means the linker is likely to dominate costs of the manufacture of
Zny(H,TCPP) nanosheets, at least on a pilot scale.

The next most important area for improvement is centred around
reducing the quantity of solvent used during production, which accounts
for ~18 % of PC (Fig. 6b). If the same 30 % improvement could be
achieved in solvent purge rate or reaction concentration, the trend in
Fig. 6¢ implies this would realise savings of 5 % each. This is under-
standable as the extreme dilution of all three syntheses (0.0625 wt%
solids) means any reduction in solvent due to (i) increased concentration
of the reagents, and/or (ii) better recycling of solvents will have a sub-
stantial impact toward reducing PC (for a given production rate). A 30 %
variation in unit price for DMF and EtOH saw more modest savings of 4
% and 2 % respectively, with this impact likely driven down by high
solvent recycling (95 %, from an assumed purge of 5 %). Lastly, Fig. 6¢
showed the comparative insensitivity of the process to variation in the
cost of capital (WACC), reinforcing that capital requirements are not
expected to be prohibitive (at least at pilot scale).

In summary, we have shown that adoption of our developed manu-
facture process improves techno-economic performance drastically, the
main contributor being up to 94 % decrease in PC. This results in a
break-even price of £5.10 g~* MON, based on the price for operation of
pilot plant producing 400 kg yr!, for 10 years. This is very favourable
compared to those of other components within the chosen high value
OPV application (e.g. £72 g~* for P3HTand £240 g~ for PCBM) [60]
discussed in Section 2.7. Linker costs are likely to dominate the eco-
nomics of the synthesis of some other MONS, for example those based on
the popular Zr¢BTB systems (where BTB is 1,3,5-benzenetribenzoate)
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[16,61]. For other MONs, such as MOF-2 [62] or MIL-53 [63] derived
nanosheets, which use terephthalic acid (used to make polyethylene
terephthalate (PET) drinks bottles, ~£0.001 g’l), other factors are likely
to begin to dominate. In these cases the break-even price will be sub-
stantially lower, opening up MON use in lower value applications. The
further complete elimination of DMF in our process would be highly
desirable not only due to cost reduction but also the safety and practical
limitations of working with this solvent at scale. Aqueous or solvent-free
methods of MON syntheses [64,65] are highly attractive candidates for

scale up. Other insights gained from the scale-up of MOFs are also highly
applicable to the formation of nanosheets, for example replacing nitrate
salts with safer and lower cost salts could provide further cost savings.
Although metal chloride salts are generally cheaper, HCl by-product is
destructive for many metal-organic materials, so oxide or hydroxide
salts may be preferred, [22,23] where the by-product is water. Promis-
ingly, all of the processes considered here have plenty of scope to be
further optimised and intensified, meaning there is likely scope to
improve the competitiveness of these MONSs.
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2.5. Application of process to other MONs

Whilst the cost of manufacture is an important metric for economic
viability, the instilled value of materials can be considered as a function
of their properties and applications. Manufacturing methods which are
easily generalizable and/or adaptable to produce materials with tailored
properties are therefore significant. In order to explore the general-
isability of our approach we used our CSTR method to synthesise
nanosheets of the isostructural copper-based framework, Cuy(H,TCPP).
This material is also well known (normally as Cup(CuTCPP)) and has
been synthesised using a variety of similar methods to Zny(HoTCPP): at
elevated temperature followed by exfoliation to yield MONS, at liquid-
—air interfaces or using surfactant additives to prevent epitaxial growth
[9,66]. These MONs have been exploited in applications including
electrochemical devices [67], sensors [66] and gas sieves [45].

The CSTR was run using conditions based on [solids] = 0.0625 wt%
and a 30 min residence time in an identical manner to the Zn,(H,TCPP)
process, using equimolar Cu(NO3),-3H20 instead of Zn(NO3),-6H20,
which produced a purple crystalline solid. UV-vis of the reaction
mixture supernatant indicated <1 % unreacted HeTCPP, and solids were
collected with an apparent yield over 100 % (ESI Fig. S27). PXRD
showed solids were the correct phase (ESI Fig. S28) and UV-vis of MON
suspension indicated the porphyrin centres were unmetalated (ESI
Fig. 529). The Cua(H2TCPP) MONs observed by AFM were <10 nm in
height (ESI Fig. S30) and presented as agglomerates of nanosheets with
lateral dimensions < 300 nm. The apparent yield over 100 % indicates
that there may be residual solvent held within the pores of the frame-
work, which is possible due to the multilayer structure of these MONs
[51] (and not possible for previous monolayer Zny(HoTCPP). The ag-
glomerates observed in AFM are likely a result of MON concentration in
the aliquot used for analysis, and the subsequent drying process on the
AFM substrate. Multilayer MONs may be due to a combination of fac-
tors. Cu®" is a softer ion than Zn2+, and so the reaction kinetics between
Cu?* and the deprotonated CO3 groups may be slower than for Zn?*/
COq, and so the in-plane reaction is not as heavily favoured, resulting in
some epitaxial growth. [68] We expect this approach could also be
adapted to synthesise similar MONs with other metals (for e.g. Co, [69]
Ni, [70] Al, [37] lanthanides [39] and many others [51]) bound to the
porphyrin carboxylate groups.

2.6. Post-synthetic metalation of porphyrin units

The unmetalated porphyrin centres within Zny(HoTCPP) MONs hold
an opportunity to introduce a selection of different metal ions through a
post-synthetic modification strategy, which offers an element of
tunability to the chemical properties of the MONs. Porphyrin-based
MONSs with different metal centres have been used for a range of cata-
lytic and sensing applications. [1].
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Zno(HoTCPP) MONs were dispersed in DMF (2 mg mL ). Metal (M)
salts of Zn, Cu, Ni, Co, Mn, and Cd (see Section 2.2.4. for salts used) were
dissolved in DMF. Metal solution was added to MON suspension in a 2:1
stoichiometric ratio of M:H,TCPP, then the mixture was heated under
reflux for 2 h, conditions which have been previously demonstrated to
quantitatively metalate the porphyrin centres, [71,72] then cooled.
From UV-vis spectroscopy, the red shift in soret band (424 to 438 nm)
and presence of two Q-bands evidenced the porphyrin units were
metalated (Fig. 7a). Small shoulders in Q-bands indicated there may be a
very small fraction of unmetalated porphyrin units still present within
the MONs. PXRD of the samples indicate phases consistent with the in-
going material (Fig. 7b), each metalated material showed a very similar
FTIR spectra (ESI Fig. S31), and ICP-OES of digested samples revealed
the Zn:M ratio in the samples (theoretical 2:1) to be 2:1.66, 2:1.35,
2:1.39, 2:2.18 and 2:1.86 for Zn:Cu, Ni, Co, Mn, Cd respectively (Zn-
metalated MONs could not be analysed this way). Together, this char-
acterisation shows metalation of the central porphyrin units, yielding
MONs with structure Zny(MTCPP). The overrepresentation of the
inserted metal could be due to metalation of the peripheral carboxylate
groups, and/or slight metal exchange with zinc in the paddlewheel
units. As an example, AFM of Zny(CoTCPP) MONs confirmed they
remained monolayer (Figs. 7c, ESI S32).

2.7. Application in organic photovoltaic cells

Solar energy has a vital role to play as our society transitions away
from fossil fuels and in creating a more connected world by powering the
Internet of Things (IOT). Organic photovoltaic (OPV) cells offer many
potential advantages over current silicon-based technologies, such as
low-cost production, large area manufacturing and the ability to create
flexible, stretchable and semi-transparent devices for use in wearable
electronics and powering the IOT [73].We previously demonstrated that
the incorporation of Zny(ZnTCPP) MONs within the active layer of an
organic solar cell resulted in almost doubling of the power conversion
efficiency [49]. This was attributed to i) increased fraction of absor-
bance of the incident solar spectrum resulting from the absorbance
contribution of the porphyrin units n-n* Soret band (400-490 nm), and
ii) a templating effect of the MONs which increased the fraction of
crystalline P3HT domains, which reduced the average grain size and so
aided the charge carrier transport. We recently showed that MONs can
be used to enhance a wide range of other OPV devices, setting a new
record for this extensively studied class of devices [50]. The
Znp(ZnTCPP) MONs used in these studies were formed using parallel
batch MOF syntheses on a 20 mg scale and subsequent exfoliation
through sonication producing predominantly monolayer nanosheets
with average lateral dimensions of 200 nm. Here, we investigate the
performance of the Zny(H,TCPP) MONs synthesised directly from our
scalable CSTR method to assess their potential within this high-value
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application (Fig. 8a).

The optical properties of the unmetalated Zny(HoTCPP) were first
investigated to determine their suitability for use in OPV devices. There
is a blue shift in the major soret absorbance band (A = 424 nm, see
Fig. 7b) of the unmetalated porphyrin units in the MONs compared to
the metalated porphyrin units (A = 438 nm). This would result in a small
change to the optical band gap, however this was not expected to
significantly affect the relative position of the energy levels of MONs
with respect to the P3HT donor and PCBM acceptor [49]. We also pre-
dicted that the unmetalated porphyrin MONs would not impact the
templation effect due to the monolayer morphology and similar size of
the nanosheets used. As such, we expected Zny(H,TCPP) MONSs to
function in a similar way to Zny(ZnTCPP) MONs when blended into the
ternary photoactive layer within organic photovoltaic cells (Fig. 8b).

The ternary blends of P3HT:Zny(H2TCPP):PCBM (1:0.5:1 wt%) were
suspended in chlorobenzene and incorporated into the devices and
evaluated for their current-voltage response according to the protocols
outlined in reference [49]. The results (Fig. 8c, Table 3) show the
maximum power conversion efficiency (PCEyy) increased from 2.67 to
4.78 % compared to reference devices without MONSs, representing a 79
% increase. These results match well with our previous data (Table 3)
demonstrating that Zny(H2TCPP) nanosheets produced using a scalable
manufacturing route can achieve comparable results to those achieved
for Zny(ZnTCPP) nanosheets formed at high temperatures on mg scales
using batch processes.

The performance of these devices is ultimately limited by the band
gap of P3HT, however the P3HT:PCBM blend is a well-studied and
characterised bulk heterojunction device composition and so provides a
useful reference material. It is interesting to note that removal of the zinc
ion from the porphyrin centre has little effect on device performance
which provides further support for our templating hypothesis [49]. Our
previous studies indicate that the improvement to device performance
observed upon the introduction of Zna(H>TCPP) MONSs blended within
the active layer should be applicable across a range of high-performance
device compositions [50]. Post-synthetic metallation could still provide
an opportunity for further fine tuning the opto-electronic and surface
properties of the nanosheets, but is beyond the scope of this study. The
ability to synthesiseMONSs through a low-cost, low-intensity continuous
process, could therefore help enable the formation of commercially
viable, low cost, high performance organic solar cell device
compositions.

3. Conclusions

Metal-organic framework nanosheets (MONSs) are a promising new
class of 2D material but their use in a wide variety of applications is
currently limited by the inefficient, small-scale methods used to prepare
them. We have demonstrated the first example of a scalable continuous
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Table 3

Device performance metrics for solar cell devices, measured at 25 °C. Jgc =
short-circuit current density (-mA em2); Voo = open circuit voltage (V); FF =
fill factor (%); PCE = power conversion efficiency (%).

MONSs Jse Voe FF PCE' PCEpmax

None” 7.09 + 0.66 + 57.44 + 2.67 + 2.67
0.15 0.02 2.20 0.01

Zn,(ZnTCPP)”  10.54 + 0.70 + 63.12 + 4.65 + 5.20
0.20 0.03 0.15 0.30

Zny(H,TCPP)  10.06 + 0.77 + 53.90 + 416 + 4.78
0.68 0.03 8.11 0.52

# Data previously reported in reference [49].

 PCE is reported as the average of all workable pixels tested across all devices
used.

¥ PCEmax is reported as the maximum average PCE across pixels tested on an
individual device.

flow synthesis using a CSTR to directly synthesise monolayer nanosheets
in high yield, analysed the economics of this process and demonstrated
the use of nanosheets in a high value application.

The literature batch procedure to synthesise Zny(ZnTCPP) was sys-
tematically modified to enhance the rate of reaction, reduce its cost and
environmental impact and translate it into a CSTR process. This dem-
onstrates the applicability of the enhanced synthetic process towards
scalable and sustainable manufacturing. Addition of triethylamine as a
base dramatically increased the reaction kinetics allowing direct syn-
thesis of monolayer Zny(H>TCPP) nanosheets in high yields and under
mild conditions without the need for surfactants or crystal growth
modifiers. We also demonstrated the broader applicability of our
approach by showing the CSTR could be used to form a wide range of
different MONSs, either through direct synthesis or post-synthetic
metalation.

A techno-economic analysis of our refined process clearly demon-
strates the benefits of utilising a high yielding, low-temperature syn-
thesis, enabled through the use of triethylamine. Further optimisation
should allow some cost reductions by further reducing the residence
time, increasing the space-time yield, decreasing or eliminating DMF
use and increasing the solid content. OPEX costs for Zny(H,TCPP) MONs
are dominated by the high price of the H¢TCPP ligand and significant
investment in the synthesis of this ligand would be needed to substan-
tially reduce the costs of producing TCPP-based MONSs.

HeTCPP was chosen for this study due to its potential for use in high
value solar cell applications where the cost of the material produced is
comparable to those of other components within the OPV devices. We
show that MONs produced using our scalable CSTR approach can lead to
near doubling in the performance of archetypal OPV devices. We
therefore anticipate that this work will help overcome the challenges in
scaling up MONs towards industrial-scale manufacture, to enable their
use in a wide range of real-world applications. Further, the methodology
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developed herein, which integrates synthetic and process chemistry,
scale-up, manufacture and applications will be of wide interest for
developing sustainable and scalable manufacturing for a range of high-
value nanomaterials.

4. Experimental
4.1. Materials

All solvents and reagents were purchased from commercial suppliers
and used without further purification, other than pyrrole which was
distilled prior to use to remove the dimeric impurity which forms over
time under storage: pyrrole (Sigma Aldrich, 99.9 %), 4-formylbenzoic
acid (Fluorochem, 99 %), propionic acid (Fisher, 99 %), EtOH (Fisher,
99.8 %), DMF (Fisher, 99 %), MeOH (Fisher, 99.8 %), CHCl3 (Fisher,
99.8 %), HgTCPP (Sigma Aldrich, dye content 75 %, and synthesised in-
house), Zn(NO3)2-6H20 (Acros organics, 98 %),Cu(NO3)2-3H20 (Sigma
Aldrich, 99 %), Co(CH3COg2)2-4H0 (Sigma Aldrich, 98 %), Ni
(CH3CO3)2-4H20 (Alfa Aesar, 99 %), Mn(CH3CO3)2-4H20 (Sigma
Aldrich, 99 %), and Cd(CH3CO3)2-2H,0 (Alfa Aesar, 98 %).

HeTCPP was purchased from Sigma Aldrich (95 %), as well as syn-
thesised in-house. CSTR syntheses of Zn,(HoTCPP) using residence times
of 30 mins and 2 h used purchased H¢TCPP, all other syntheses used in-
house synthesised HgTCPP (ESI Figs S1-54).

4.2. Methods

HeTCPP synthesis. Tetrakis(4-carboxyphenyl)porphyrin (HeTCPP)
was synthesised by adapting a previously reported procedure [74,75].
Pyrrole was freshly distilled prior to use. Pyrrole (1.4 mL, 20 mmol) and
4-formylbenzoic acid (3.02 g, 20 mmol) were added to a 500 mL round
bottom flask equipped with a magnetic stirrer bar which was then
charged with propionic acid (100 mL). After heating under reflux for 15
h the reaction mixture was cooled to room temperature. The resulting
purple precipitate was collected and washed via vacuum filtration, with
hot water (60 °C), methanol and chloroform. The powder was then dried
overnight in vacuo (~80 °C) to remove solvent, yielding a dark purple
powder of HTCPP (3.53 g, 89 %). 'H NMR (400 MHz, DMSO-de): 8.86
(s, 8H), 8.37 (m, 16H), —2.95 (s, 2H) (ESI Fig. S1 for 'H NMR, and Figs
52-54 for MS, UV-vis and FTIR spectra).

4.2.1. Batch syntheses of [Zny(ZnTCPP)] MOF

General set up. H¢TCPP (4.5 mg, 0.005 mmol) was dissolved in 4
mL DMF:EtOH mixture (3:1 v:v) and added to a solution of zinc nitrate
hexahydrate (4 mg, 0.015 mmol) in 12 mL DMF:EtOH mixture (9:3 v:v)
in a glass reaction vial, with a 12 mm Teflon magnetic stirrer bar. The
equates to a [solids] = 0.0625 wt%. The reaction mixture was sealed
with a Teflon-lined cap and placed in a steel case on a stirrer hot-plate
set to the required reaction temperature, under stirring. After the
desired time had elapsed, the vial was removed and cooled to room
temperature. The contents were transferred to a polyvinylpyrrolidone
(PVP) centrifuge tube and solids washed through centrifugation with
DMF (3 x 3 mL) and EtOH (3 x 3 mL), then air dried at room temper-
ature, yielding Zny(ZnTCPP) as a dark purple microcrystalline powder.
Yields are based on the anticipated repeat formula unit [Zny(ZnTCPP)
(DMF)5(H20)1,, where there are DMF molecules coordinated to the axial
Zn within the paddlewheel unit, and a water molecule coordinated to
the Zn within the porphyrin unit (if present).[49] This is termed, more
simply, as Zny(ZnTCPP) throughout.

Kinetic studies. Three parallel sets of six syntheses were performed
at 80, 100 and 120 °C. Reaction mixtures were removed from heat,
rapidly cooled to room temperature in ice/water to halt the reaction and
then centrifuged to collect solids at time points of 1, 2, 3, 4, 8 and 16 h.

Concentration study. Reaction were set-up according to the general
method, but with concentrations increased by 4, 8, 12 and 16 times
(equivalent to 0.25, 0.5, 0.75 and 1 wt% solids).
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Scaled-up batch. Conditions were selected based on the above ex-
periments. [Solids] = 1 wt% was used and the volume scaled by 12.5
times, to give a total 200 mL solvent volume. To enable the large-volume
reaction, the reaction was performed in a 500 mL round-bottom flask
under a reflux condenser to minimise solvent loss. N.B. The reaction was
open to atmospheric pressure, unlike the small-scale reactions in sealed
reaction vials. The reactor was loaded with Zn(NO3),-6H20 (909.3 mg,
3.057 mmol) in DMF:EtOH (100 mL, 3:1 v:v) and preheated to 110 °C.
HeTCPP (808.7 mg, 1.023 mmol) was dissolved in DMF:EtOH (100 mL,
3:1 v:v) and added to the reactor and heated to reflux, 109 °C (boiling
point depression caused by the dissolution of reagents in the reaction
mixture). The reaction was left for 3 h, then cooled quickly in an ice bath
and the contents collected and washed three times with DMF and EtOH
through centrifugation (12,000 rpm) and air-dried, yielding
Znp(ZnTCPP) MOF (858.0 mg, 0.749 mmol, 73.5 % yield).

4.2.2. Batch syntheses of [Zny(H2TCPP)] MONs

Addition of triethylamine (TEA). The synthesis was set up as per
the general set up, except TEA (2.1 mg, 2.9 pL, 0.02 mmol) was added to
the H¢TCPP solution (4:1 stoichiometry of TEA:H¢TCPP). Reaction
mixture was analysed after 1 hr at 25 °C.

Solvent mixtures. Syntheses were set-up as above, except the
starting solutions were made up using 3:1, 1:1 and 1:3 v:v mixtures of
DMF:EtOH. Reactions were analysed after 1 h at 25 °C.

Chemical stability test. Aqueous solutions of phosphoric acid (1
mL, various concentrations) were added to a suspension of Zny(HyTCPP)
MONSs in EtOH (1 mg mL’l). The shift in absorbance maxima of the Soret
band of the TCPP unit was monitored using UV-vis spectroscopy.

4.2.3. Continuous stirred tank reactor set up

Process set-up. The experimental layout of the system was split into
three sections: feed (1), reactor (2) and collection (3). (1) The feed
section comprised of two feedstock solutions of Zn(NOg3)2-6H20 and
HeTCPP contained in glass media screwcap bottles at room temperature.
Calibrated peristaltic pumps (Watson Marlow, 120S) was used in com-
bination with silicone tubing (d;j = 3 mm) and PTFE tape (for enhanced
sealing connections) to feed the reactor, through stainless steel
compression fittings (dy = 1/8 in) secured in bored rubber bungs. (2)
The reactor was pre-loaded with an appropriate amount of HgTCPP
solution, with a secondary solution of Zn(NOgs)2-6H20 prepared to add
upon reaction initiation (t = 0), calculated based on the intended resi-
dence time of the reactor, in combination with set feed rate of the
pumps. The feed tubes drip-fed the reactor from slightly above the sol-
vent line. The reactor was operated under a reflux condenser to mini-
mise solvent loss, which was connected to a bubbler unit filled with
mineral oil, to prevent moisture ingress. The reactor temperature was
maintained by a thermocouple placed into a surrounding heat jacket. (3)
PTFE tubing was used to remove the reaction mixture from the reactor,
which was passed through a counter-current double-pipe water-fed heat
exchanger, constructed from stainless steel compression fittings with an
internal tube for the hot process stream (dy = 3/8 in) to protect the back-
end pump from the high temperature of reaction mixture. Testing
showed this exchanger cooled hot reaction mixture from 120 °Cto 19 °C.
A third calibrated peristaltic pump was used to pump the reaction
mixture for collection into new, disposable PVP centrifuge tubes. Sam-
ples were collected for 14 min periods then washed three times with
EtOH through centrifugation at 12,000 rpm.

High temperature, no additives. Feedstock solutions of Zn
(NO3)2-6H50 (281 mg, 0.94 mmol) in 500 mL of 3:1 v:v DMF:EtOH, and
HgTCPP (250 mg, 0.32 mmol) in 500 mL of 3:1 viv DMF:EtOH were
prepared. The reactor was loaded with H¢TCPP (75 mg, 0.09 mmol)
dissolved in 280 mL 3:1 v:v DMF:EtOH, and a solution of Zn
(NO3)2-6H20 (84 mg, 0.28 mmol) in 20 mL 3:1 v:v DMF:EtOH was
prepared to be added at t = 0. [Solids] was 0.06 %. The reactor was
heated to 112 °C (reflux) and the pumps started at t = 0. Residence time
was 50 min.
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25 °C, with TEA. Feedstock solutions and the reactor pre-loading
were calculated based on [solids] = 0.0625 wt%, as for the initial
high temperature set-up. Feedstock solutions of Zn(NO3),-6H20 (225
mg, 0.76 mmol) in 400 mL 1:1 v:v DMF:EtOH, and HgTCPP (200 mg,
0.25 mmol) and TEA (145 uL, 105 mg, 1 mmol) in 400 mL of 1:1 v:v
DMF:EtOH were prepared. The reactor was loaded with H¢TCPP (30 mg,
0.04 mmol) and TEA (21.75 pL, 16 mg, 0.16 mmol) in 100 mL of 1:1 v:v
DMEF:EtOH, and a solution of Zn(NO3)2-6H20 (33.75 mg, 0.12 mmol)) in
20 mL of 1:1 v:v DMF:EtOH was prepared to be injected at t = 0. The
reactor loadings concentrations differ so that there was only a relatively
small volume to be injected, but the resulting mixture is the same
[solids] as the combined feed solutions.

Varying residence times. Residence times were varied by adjusting
the inlet/outlet flow rates, controlled by the peristaltic pumps. Cali-
bration showed each pump had a flowrate of 1 mL min ! for every 2 rpm
(within the low range tested). The back-end pump was therefore oper-
ated at twice the rpm of the two front-end pumps. The reactor volume
was kept constant at 120 mL. 1 hr residence time was achieved operating
the front-end pump at 2 rpm (1 mL min 1), and the back-end at 4 rpm (2
mL min~!). Residence times of 30 mins and 2 hrs were achieved by
halving and doubling the flowrates, respectively.

Process intensification. CSTR set-up was as described above for a
residence time of 30 mins, other than the concentration of all solutions
were increased by a factor of four, resulting in [solids] = 0.25 wt%.

Copper analogue. CSTR set-up was as described for a residence time
of 30 mins, [solids] = 0.0625 wt%, other than equimolar metal solutions
were made using the suitable mass of Cu(NO3)2-3H20 The feedstock
solution was made using Cu(NO3)2.3H20 (183 mg, 0.75 mmol) in 400
mL 1:1 v:v DMF:EtOH, and the reactor injection solution using Cu
(NO3)2.3H20 (27 mg, 0.12 mmol) in 20 mL of 1:1 v:v DMF:EtOH.

4.2.4. Post-synthetic metalation

Znp(H,TCPP) MONs were dispersed in DMF (2 mg rnL’l, ~2 mol/
dm~3(—|-)), with the aid of low power sonication to separate agglom-
erates. Metal salt solutions were prepared in 5 mL DMF using the metal
salts Zn(NO3)2-6H;0O (5.6 mg), Cu(NO3)2-:3H0 (4.5 mg), Co
(CH3C02)2-4H20 (4.7 mg), Ni(CH3C02)2-4H20 (4.7 l'l‘lg), Mn
(CH3C02)2'4H20 (4.7 mg) and Cd(CH3C02)2-2H20 (5.1 mg), using
masses of metal salt that equate to 0.02 mmol of respective metals.

MON suspension (5 mL, 10 mg of MON, 0.01 mmol MON) was added
to metal salt solution (5 mL, 0.02 mmol), in a 50 mL round-bottom flask,
which was then refluxed (153 °C) for 2 h. The suspension was cooled to
room temperature, MONs washed through centrifugation with DMF (x1)
then EtOH (x2) and air-dried at 30 °C, and a small amount redispersed
for UV-vis spectroscopy to assess metalation. Solids were analysed using
PXRD and FTIR and then used for ICP-OES.

4.3. Characterisation

Powder X-ray Diffraction (PXRD) data were recorded using a
Bruker D8 Advance powder X-ray diffractometer equipped with a Lyn-
xeye detector, using Cu k, radiation (A = 1.5406 10\) operating in flat-
plate mode, using a fixed goniometer stage and rotating sample hold-
er. Samples were sprinkled onto a low-background silicon plate.

Fourier Transform Infrared Spectroscopy (FTIR). Spectra were
recorded with a PerkinElmer Spectrum One spectrometer equipped with
a diamond ATR accessory. Data were collected from 500 to 4000 cm ™!
using a resolution of 1 cm™! and 8 scans in air, against a background
collection of air.

Thermal Gravimetric Analysis (TGA) was performed on a Perkin-
Elmer Pyris TGA from 30 to 700 °C at 10 °C min~!, under a 20 mL
min~?! nitrogen flow.

Scanning electron microscopy (SEM) samples were prepared on a
carbon sticky tab loaded on an aluminium sample stub and coated with
approximately 20 nm gold using an Edwards S150B sputter coater. SEM
micrographs were collected using a TESCA VEGA3 LMU SEM instrument
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operating in secondary electron mode.

UV-vis spectroscopy was performed using a Cary 50 UV-vis spec-
trophotometer with samples inside either a non-absorbing quartz or
polystyrene cuvette (for samples in DMF and EtOH, respectively), both
path length 10 mm. Samples were scanned at 600 nm s~! using a reso-
lution of 1 nm, against a background of fresh solvent.

1H NMR spectroscopy was performed at room temperature using a
Bruker Avance IIIHD 400 MHz spectrometer. 'H chemical shifts are re-
ported in parts per million on the § scale and referenced to the residual
proton resonance of the solvent.

Atomic Force Microscopy (AFM) was performed with a Bruker
Multimode 5 AFM operating in soft-tapping mode using Bruker OTESPA-
R3 cantilevers (nominal resonance frequency = 290 kHz,). Samples
were prepared by drop-casting 10 uL. MON suspension onto freshly
cleaved mica held on a magnetic sample holder, which was pre-heated
to just below the boiling point of the solvent to minimise potential
agglomeration upon prolonged drying time. Images were processed
using standard techniques within Gwyddion image processing software.

Inductively coupled plasma optical emission spectroscopy (ICP-
OES). Samples (~7 mg MON) were digested using 1:0.3 (v:v) nitric acid:
perchloric acid and diluted to a suitable concentration. Metal contents
were quantified using a Spectro Green ICP-OES spectrometer using

argon as the carrier gas and a fluid flow rate of 2 mL min~'.

4.4. Techno-economic assessment

A techno-economic analysis was performed to compare the syntheses
of Zny(ZnTCPP) MOFs and Zny(HoTCPP) MONSs at a pilot-scale (400 kg y
1 of MOF/MON). This was performed using a traditional costing pro-
cedure as outlined below, full details of which are given in the ESI
(Tables S1-S4). Process equipment was sized with heuristics and costed
from correlations. [76] These were updated by the respective CEPCI
values for 1987 and 2020 (324 and 596), and an assumed exchange rate
(~0.79 £2020/$2020). Capital (CAPEX) and operating (OPEX) expendi-
tures were estimated using a conventional factor method. [77] CAPEX
was annualised over the project lifetime with a capital recovery factor
(CRF) (Eqn. (1)), assuming a weight average cost of capital (WACC, i =
15 %) and project lifetime (t = 10 y) reflective of the high risk of such a
project. Hence, the calculated production cost (PC,, for n = MOF or -
MON) includes both CAPEX and OPEX components (Eqn. (2)).
CRF — i(1+i)

_ CRF(CAPEX,) + OPEX,
mn

PC, @

Presently, HgTCPP is sold in gram-quantities at significant cost (~
£45,000/kg), however bulk purchasing is known to substantially reduce
unit prices of speciality chemicals. The method by Hart & Sommerfield
was used to estimate the bulk price (Pg) of HgTCPP in bulk quantities
(Qg) based on prices (P;) and order quantities (Q;) currently available at
laboratory-scale (Eqn. (3)) [78]. The cost exponent (k) was assumed at
—0.34 to afford a bulk price for HeTCPP of £3,700/kg, which was within
the range for similarly functionalised porphyrins in the market (~
£2,100 to 6,700/kg,) [79]. Prices for all other chemicals were estimated
from existing data at bulk scale, and all scenarios used the same pricing
to remain consistent.

k
en()

4.5. OPV device preparation and testing

3

Devices were prepared in accordance with our previous study [49].
In brief, pre-patterned ITO glass substrates were sequentially cleaned
with hellmanex, boiling water, sonication and isopropyl alcohol, then
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dried with a nitrogen gun and cleaned with a UV-ozone cleaner. A
PEDOT:PSS solution (A14083, Ossila) was spin-coated (6000 rpm) onto
the substrate to give a film of approximate 25 nm thickness and then
annealed (120 °C). The P3HT (Sigma Aldrich), Zny(HoTCPP) MONs and
PCBM (99 % purity, Ossila) mixture (1:0.5:1 wt% ratio) was prepared in
chlorobenzene then spin-coated (1000 rpm) onto the ITO/PEDOT:PSS
substrate with an approximate thickness of 150 nm, then solvent-vapour
annealed with chlorobenzene (120 °C). The ITO/PEDOT:PSS/Active
layer substrates were then placed under vacuum and covered in layers of
thermally evaporated BCP (5 nm) and silver (100 nm) using a shadow
mask and the devices were then encapsulated using an epoxy resin
(Ossila, E131) with UV cure.

Device performance was determined under ambient conditions by
measuring J-V (current density — voltage) curves using a Newport
92251A-1000 solar simulator, with devices illuminated through a
0.0256 cm? aperture mask. Before each set of measurements, the in-
tensity was calibrated to 100 mW cm 2 using an NREL certified silicon
reference cell. The applied bias was swept from 0.0 to + 1.2 V and back
again at a scan speed of 0.4 V s! using a Keithley 237 source measure
unit. Eight pixels were assessed from each of five different identically
prepared devices. Results are presented as the mean + standard devia-
tion (not including dead pixels), and the maximum efficiency result
presented as the maximum mean performance for a single device. See
ESI Fig. S34 for statistical analysis of device performance metrics.
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