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he considerable interest in the chemistry and applications

of metal—organic frameworks (MOFs) has led to
significant synthetic advances in this area, yet the details of
the self-assembly process that give rise to these materials are
still unclear. This is curious, but not unexpected: the
crystallization of MOFs is difficult to study because their
nucleation typically requires unpredictable induction periods
that can vary from minutes to days, depending on the medium
and metal—ligand pair, and is usually followed by rapid growth.
Mechanistic studies are further complicated by the fact that
many polymorphic structures are accessible from a single
metal—ligand pair, although remarkable selectivity for a single
crystalline phase is often observed under a given narrow set of
conditions. This is evident in the rich literature on optimizing
the synthesis of Zn,O(BDC); (MOEF-S; BDC 1,4-
benzenedicarboxylate), one of the most iconic materials in
the field, where precise control of water content, temperature,
concentration, and pH are necessary to selectively form the
Zn,0(0,C—)4 secondary building units.' ¢

Because electrochemistry confers highly reproducible reac-
tion environments addressable by several variables that can be
changed independently, it serves as a unique platform for
fabricating integrated thin films,”™'* and for studying the
electrochemical growth of MOFs. As a widely recognized
model system, we were particularly interested in the details of
MOF-5 formation and its relation to other phases made from
Zn®* and BDC?" ions.*''® For instance, we previously
reported that MOF-5 can be deposited selectively at room
temperature in 15 min on FTO electrodes under cathodic bias.®
More recently, we have also shown that modulating the applied
potential during electrolysis allowed access to heterobilayer
structures of two Zn-BDC phases with high selectivity,'”
presumably by regulating the pH gradient near the electrode
surface. Although electrochemical deposition allows the
formation of complex heterostructures with high selectivity,
finding the optimal conditions for depositing a given phase
required significant empirical screening. Surmising that a
deeper understanding of the mechanism of cathodic electro-
deposition in the Zn-BDC system would facilitate the
application of this method to other metal—ligand systems, we
present here a more in-depth study aimed at elucidating the
role of water and the supporting anions in the crystallization
process and phase selection.

Our initial hypothesis was that hydroxide generation in the
original MOEF-5 electrochemical growth medium, which
contained nitrate, water, and 1,4-benzenedicarboxylic acid,
occurred by aqueous reduction of nitrate (eq 1). However, in
principle, nitrate reduction does not require water. An
electrochemical half-reaction can be written with 1,4-
benzenedicarboxylic acid as the proton source (eq 2). In
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other words, electrodeposition should also occur from an
initially anhydrous medium, in the absence of added water.
Furthermore, in aqueous systems, water itself may function as a
viable hydroxide source (eq 3), potentially obviating the need
for nitrate. Thus, if eqs 2 and 3 become operative in the
absence of water and nitrate, respectively, the role of these
reagents in the electrochemical growth of MOF-5 could be
systematically studied.

Although water reduction could produce hydroxide (eq 3),
when the zinc source was switched from Zn(NOj;),-4.2H,0 to
Zn(ClO,),-6H,0 while holding all other experimental
parameters constant, no MOFs were deposited (Figure S2 in
the Supporting Information). This suggested that (1) nitrate
was essential for electrochemical deposition, and (2) as a sole
probase, water had a nearly negligible effect toward
crystallization of MOEF-S.

NO;j + H,0 + 2¢” — NO, + 20H™ (1)
NO; + H,BDC + 2¢” — NO, + H,0 + BDC*™  (2)
H,0 + ¢~ — ~H, + OH"
e - o
g 2’ 3)

To investigate whether water had a role in nitrate reduction,
we prepared an anhydrous solution of Zn(NOj;), and tetra-n-
butylammonium hexafluorophosphate (TBAPF;) in N,N-
dimethylformamide (DMF, see Experimental Details in the
Supporting Information).”> The use of this anhydrous electro-
deposition medium enabled a series of experiments where the
water content was systematically varied by combining different
fractions of anhydrous Zn(NOj;), and hydrated Zn(NO;),:
SH,0. As shown in Figure 1, electrolysis at —1.50 V in any of
these solutions led to the electrodeposition of both MOF-5 and
Zns(BDC)4(H,0),-4DMF regardless of the hydration level.
Although the proportion of MOF-S within this mixture
increased with the water content, powder X-ray diffraction
revealed reflections corresponding to MOEF-5 even in the
initially strictly anhydrous medium. Thus, in the absence of
water, nitrate reduction is still operative, likely through eq 2. In
other words, the electrodeposition of MOF-5 does not require
water initially. We note, however, that if eq 2 is indeed
responsible for nitrate reduction, water would be generated
during electrolysis, such that even the initially anhydrous
medium would become hydrated, possibly allowing both eqs 1
and 3 to take place under sustained cathodic bias. As
established above, the in situ generation of water could further
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Figure 1. Normalized PXRD patterns of samples that were deposited
on FTO at —1.50 V for 1S min at reagent concentrations of
[Zn(NO;),] = 150 mM and [H,BDC] = 50 mM. The water content
of the deposition baths was varied by combining different ratios of an
anhydrous metathesized Zn(NOj;), solution in DMF-anh (0 M H,0)
and a hydrated Zn(NOj;),-SH,0 solution in DMF-hyd (1.31 M H,0).
The patterns of MOF-S and Zn;(BDC);(H,0),-4DMF were
simulated.”>?¢ See Figure S3 in the Supporting Information.

change the composition of the electrodeposited MOF film,
biasing it toward the formation of MOEF-5 at the expense of
Zny(BDC)4(H,0),-4DMEF.

Another set of experiments aimed at establishing the role of
nitrate and water in the electrodeposition process focused on
systematically varying the Zn®* source by choosing different
supporting anions and by varying the hydration level of the
deposition bath. Zn(ClO,),-6H,0, ZnCl, (anh.), and Zn-
(CF;S0;), (anh.) were chosen as the sources of Zn** ions.
These Zn** precursors were dissolved together with H,BDC
and NaNOj; in either anhydrous DMF (DMF-anh) or hydrated
DMF (DMF-hyd) deposition baths. A total of six deposition
baths were prepared, two for each Zn>' starting material, with
varying levels of hydration (see Table 1). For example,
dissolving anhydrous ZnCl,, NaNO;, and H,BDC in DMF-
anh yielded a rigorously anhydrous medium that was similar to
that described above for the anhydrous Zn(NOj;), experiment,
except for the presence of chloride anions. In contrast,
dissolving Zn(ClO,),-6H,0, NaNO,;, and H,BDC in

ZnCl,/DMF-anh

/‘\ ZnCl,/DMF-hyd
A

Zn(ClO,),*6H,0/DMF-anh

N Zn(CI0,),*6H,0/DMF-hyd

A, o]

}\ Zn(CF,SO,),/DMF-anh
NN

ﬂ Zn(CF,S0,),/DMF-hyd
N

Zn(NO,),*5H,0/DMF-anh

A Zn(NO,),*5H,0/DMF-hyd
N ~

MOF-5

Na,Zn,(BDC),(H,0),(DMF),

10 15 20
MOF-5

Figure 2. Normalized PXRD patterns of samples that were deposited
under —1.50 V on FTO substrates in DMF-anh and DMF-hyd for 15
min with reagent concentrations of [ZnCl], [Zn(ClO,),-6H,0],
[Zn(CF,S0;),] = 150 mM, [NaNO,] = 300 mM, and [H,BDC] = 50
mM. The PXRD patterns of MOF-S, Zn;(BDC);(H,0),-4DMF, and
Na,Zn,(BDC),;(H,0),(DMF), were simulated.*>*” The PXRD
pattern of Zn,(BDC)(OH), was simulated with a preferential
orientation along (001) with a March-Dollase parameter of 0.5,
corresponding to the extended Zn-u;—OH sheets bridged by
BDC?>~>*** See Figures S4 and S5 in the Supporting Information.

DMEF-hyd yielded a solution with a hydration level similar to
that described in our original report, which used Zn(NO;),:
42H,0 in DMF-hyd.® As shown in Figure 2, the deposits
obtained after 15 min from these six solutions under a cathodic
bias of —1.50 V were generally similar, with MOE-5 featuring
prominently in five of the six deposition baths. In these five
cases, the nitrate anions from the NaNO; electrolyte promoted

Table 1. Deposition Bath Parameters” and Solid Species Identified by PXRD

Zn source DME solvent [H,0] (mM) observed crystalline phases [Na*] = [X7] (mM)
ZnCl, anh 0 MOE-5, Zn;(BDC),(H,0),-4DME [CI] = 300
ZnCl, hyd 560 Zn,(BDC)(OH),, Zng(OH)s(H,0),-(NOs),, Zng(OH)(Cl),-(H,0), [CI] = 300
Zn(CE;S0;), anh 0 MOE-5, Zn;(BDC),(H,0),-4DME, Zn,(BDC)(OH),, Na,Zn,(BDC),(H,0),(DMF), ~ [CE;SO;"] = 300
Zn(CF,505), hyd 560 MOE-5, Zny(BDC)5(H,0),4DME, Zn,(BDC)(OH),, Na,Zn,(BDC)(H,0),(DMF),  [CF,505] = 300
Zn(ClO,),-6H,0 anh 900 MOE-S, Zn;(BDC),(H,0),-4DME, Zn,(BDC)(OH),, Na,Zn,(BDC),(H,0),(DMF),  [ClO,~] = 300
Zn(ClO,),6H,0 hyd 1460 MOE-5, Zn,(BDC),(H,0),-4DME, Zn,(BDC)(OH),, Na,Zn,(BDC),(H,0),(DMF),  [ClO,~] = 300
Zn(NO,), SH,0 anh 750 MOE-5, Zny(BDC),(H,0),4DME 0
Zn(NO3),SH,0 hyd 1310 MOE-5, Zn;(BDC),(H,0),-4DME 0
Zn(NO,), (anh) anh 0 MOE-5, Zny(BDC),(H,0),4DME 0

4[Zn**] = 150 mM, [NO;™] = 300 mM.
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Figure 3. Proposed transformation scheme to account for the different crystalline phases observed during the electrochemically induced growth of
MOE-5. The inset shows the experimental PXRD pattern of a sample deposited at —1.50 V on FTO in DMF-hyd for 15 min with reagent
concentrations of [ZnCl,] = 150 mM, [NaNO;] = 300 mM, and [H,BDC] = 50 mM. The PXRD patterns of Zns(OH)4(H,0),-(NO;),*® and
Zny(OH)4(Cl),-(H,0),”® were simulated. The PXRD pattern of Zn,(BDC)(OH), was simulated with a preferential orientation along (001).2%*

the fast and robust formation of MOF-5 regardless of the
hydration level. However, MOF-5 was strikingly absent when
ZnCl, was used as a precursor in DMF-hyd, even though MOF-
5 was deposited from DMF-anh and ZnCl,. Instead of MOF-5,
electrolysis from ZnCl, in DMF-hyd led to the formation of
Zn,(BDC)(OH), along with a layered zinc hydroxychloride,
Zng(OH)4(Cl),-(H,0), (Figure 3). Thus, in hydrated
solutions, chloride anions completely inhibited the formation
of MOF-S.

The ability of CI” to inhibit the formation of MOF-5 has
been noted previously: published solvothermal routes to MOF-
S almost invariably use Zn(NOj;),, and one report states that
heating ZnCl, and H,BDC in N,N-diethylformamide at 110 °C
for 48 h produced no crystalline precipitates. What is more
puzzling is why the layered hydroxychloride phase, containing
Zn-p;—OH sheets, is deposited from DMF-hyd, but not from
DMF-anh, where hydroxide anions are still available through
NO;™ reduction. One possibility is that the formation of this
hydroxychloride requires both water and hydroxide. Intrigu-
ingly, Zns(OH)s(Cl),-(H,0), is also known to form rapidly
when a related layered hydroxynitrate, Zni(OH)s(H,0),
(NO;),, is topotactically intercalated with CI™.'® Thus, it is
possible that Zn;(OH)4(Cl),-(H,0), evolves from
Zng(OH)4(H,0),-(NO;),. Although the latter is not observed
in the absence of CI7, it is indeed accessible from aqueous
solutions of Zn(NO3),,'” ! under conditions that mimic those
created under cathodic bias in our deposition medium. Most
importantly, these layered hydroxide phases may serve as
precursors to the formation of Zn,(BDC)(OH),, a metastable
phase with zinc hydroxide layers bridged by BDC*~,**** which
we observed in all depositions that used non-nitrate Zn**
precursors (Figure 2).

These observations lend support to the idea that MOF-5
growth is preceded by the formation of metastable layered zinc
hydroxide phases (see Figure 3).%** Thus, the fact that MOE-5
formation is vastly accelerated by nitrate anions in both
solvothermal and electrochemical routes may reflect the
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importance of these layered hydroxide phases, and especially
of Zns(OH)g(H,0),-(NO;),, as intermediates (Figure S6 in
the Supporting Information).**** Furthermore, they highlight
a potentially important structural role for nitrate in giving rise
to these intermediate phases, a role that has not yet been
recognized.

Evidence for the formation of the key intermediate,
Zny(OH)4(H,0),:(NO;),, came from experiments that varied
the postelectrolysis treatment of films deposited from ZnCl,/
NaNO,. Thus, if freshly deposited films were immediately
soaked in neat anhydrous DMF, thereby completely eliminating
their continued exposure to water, only Zns(OH)g(H,0),
(NO;), and Zn,(BDC)(OH), were observed, while
Zng(OH),(Cl),-(H,0), was absent (Figure 4). The same
films showed weak, but discernible reflections corresponding to
MOF-5 itself. If fresh deposits were instead soaked in DMF-hyd
for 3 h, a solvent that more closely resembles our deposition
media, strong reflections corresponding to Zng(OH)g(Cl),:
(H,0), were observed, while reflections corresponding to
Zn,(BDC)(OH), were weak, and those corresponding to other
phases, including MOF-5, were absent. These experiments
suggested that Zng(OH)g(Cl),-(H,0), is formed only when
both chloride and water are present in abundance. The
formation of this phase and/or the continued exposure to
water, which is known to assist in the decomposition of MOF-
5, may also contribute to the absence of reflection peaks for the
latter when the films are left in a hydrated medium.

Taken together, the foregoing results highlight the essential
role of nitrate in the formation of the Zn,0(0,C—)4 secondary
building units in MOEF-S on fluorine-doped tin oxides.
Although water is not required initially, it is generated in situ
during nitrate reduction in the presence of protons.
Surprisingly, we also observed various Zn-;;—OH species in
the presence of other counteranions, which may be relevant to
the progression of crystalline phases proposed in the
solvothermal process, most notably a transient layered
Zng(OH)g(H,0),-(NO;), phase. Nitrate anions therefore
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Figure 4. Normalized experimental PXRD patterns of samples
deposited at —1.50 V on FTO in DMF-hyd for 15 min with reagent
concentrations of [ZnCl,] = 150 mM, [NaNO;] = 300 mM, and
[H,BDC] = 50 mM. PXRD patterns of Zns(OH)g(H,0),-(NO;),*
and Zns(OH)4(Cl),-(H,0),”* were simulated. The PXRD pattern of
Zn,(BDC)(OH), was simulated with a preferential orientation along
(001).22,23

play essential roles both chemically, initiating the formation of
base and the electrochemical deposition, and structurally, with
the formation of the layered phase.
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