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Here we report for the first time the feasibility of using metal—organic frameworks (MOFs) as electrodes for
aqueous Na-ion batteries. We show that Fe-MIL-100, a known redox-active MOF, is electrochemically
active in a Na aqueous electrolyte, under various compositions. Emphasis was placed on investigating
the electrode—electrolyte interface, with a focus on identifying the relationship between additives in the
composition of the working electrode, particle size and overall performance. We found that the energy
storage capacity is primarily dependent on the binder additive in the composite; the best activity for this
MOF is obtained with Nafion as a binder, owing to its hydrophilic and ion conducting nature. Kynar-
bound electrodes are clearly less effective, due to their hydrophobic character, which impedes wetting
of the electrode. The binder-free systems show the poorest electrochemical activity. There is little
difference in the overall performance as function of particle size (micro vs. nano), implying the storage
capacities in this study are not limited by ionic and/or electronic conductivity. Excellent reversibility and
high coulombic efficiency are achieved at higher potential ranges, observed after cycle 20. That is

despite progressive capacity decay observed in the initial cycles. Importantly, structural analyses of
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cycling. These findings suggest that limited reversibility of the intercalated Na ions in the lower potential

DOI: 10.1039/c7ra01629h range, together with the gradual lack of available active sites in subsequent cycles is responsible for the
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Introduction

Viable large-scale energy storage solutions are needed in
order for grid operators to implement renewable energy
sources in their infrastructure. This would allow for a flexible
supply of energy, independent of typical peak consumption
profiles. Several energy storage technologies for stationary
applications have been developed.® Of those, compressed air
energy storage and electrochemical energy storage have been
shown to have the most promising performance to cost ratio.”
In addition to cost, safety, reliability via long cycle life, round-
trip energy efficiency and minimal maintenance are also
important parameters to consider.” Based on these require-
ments, room temperature/aqueous Na-ion batteries (NIB)**
are becoming increasingly attractive due to: (i) natural
abundance and low production cost for Na; (ii) reduced safety
consideration as compared to traditional rechargeable
batteries based on flammable organic electrolytes; (iii) high
ionic conductivity, associated with high round-trip efficiency
and energy density.
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The vast majority of electrodes for NIB focus on known
materials extensively developed for Li-ion batteries. This is
primarily due to the fact that Na and Li-ions systems have
related chemistries, albeit distinct kinetic and thermodynamic
properties.® Metal oxides and polyanionic type compounds have
shown the most promising results to date.® Although significant
advancements have been achieved in recent years,® there is still
a need to implement novel materials with tailorable structures
and differentiating reaction mechanisms.”

In this context, metal-organic frameworks (MOFs) are
regarded as attractive battery electrode candidates owing their
high porosity and tunable framework components. Also, their
synthesis typically requires low energy input and relatively
inexpensive starting materials. MOFs are three-periodic porous
materials constructed from single-metal-ions or metal cluster
nodes and organic linkers.® Traditional applications of MOFs
relate to gas storage and separations,”™® catalysis,* and lumi-
nescence,”” to name a few. Over the course of the past few
years, the number of studies that focus on electrical conduc-
tivity"® and electrochemistry-related applications is steadily
increasing; however these reports are still scarce.'** In partic-
ular, there are no studies that focus on the electrochemistry of
MOFs in aqueous systems as battery electrodes. This is despite
very encouraging performances achieved with Prussian blue
analogues, a related materials class.”*™*
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Herein, we report for the first time the electrochemical
activity of a MOF (Fe-MIL-100)* as an electrode for aqueous
NIB. The material choice was guided by: (i) its robustness in
water, a prerequisite that few potentially redox-active MOFs can
meet, and (ii) its known electrochemical activity in a variety of
organic solvent electrolytes for NIB, as shown by our recent
investigations.”> Fe-MIL-100 is constructed from Fe-based
trimer building blocks, linked by 1,3,5-benzenetricarboxylate
struts to generate an open framework based on mesoporous
cages of 25 A and 29 A in diameter. The material is redox active
via the Fe**/Fe*" redox couple.

Traditionally, composite fabrication and particle size are
critical parameters to monitor in the performance of battery
electrodes.””*® Here, we focus on identifying the importance of
the interface between the electrode and electrolyte in the overall
performance of Fe-MIL-100 as an electrode for aqueous NIBs. In
particular, the study highlights the role of the binder additives
(Nafion, Kynar and binder-free) in the composite's electro-
chemical activity. In order to assess any conductivity limita-
tions, the performance as function of particle size (micro vs.
nanoscale) was also investigated. Finally, to better understand
the mechanism for sodium storage, the nature of the charge
storage process was interrogated. Detailed electrochemical
characterization and structural analyses of the cycled electrodes
are included.

Experimental section

All reactant materials were purchased from commercially
available sources and used without further purification. Micro-
Fe-MIL-100 (iron III 1,3,5-benzenetricarboxylate, hydrate,
porous) was purchased under the chemical name of KRICT F100
from Strem Chemicals.

Synthesis of nano-Fe-MIL-100

The synthesis was adapted from a previously published
method.” Anhydrous FeCl; (162.2 mg, 1 mmol), 1,3,5-benze-
netricarboxylic acid (140.8 mg, 0.67 mmol), and distilled H,O (5
mL) were added to a 10 mL CEM corporation pressure vial. The
reaction mixture was rapidly heated to 130 °C within one min
via a CEM discover SP microwave. The pressure vial was kept at
this temperature for 5 min and 30 s and subsequently cooled
down to 25 °C. The resulting product mixture yielded an ochre
powder that was centrifuged at 2000g and washed with distilled
water to remove any unreacted reactants. The mixture was then
washed four times with EtOH, centrifuging between washes,
yielding about 182 mg, 60% yield.

Electrochemical characterization

Electrochemical characterization was conducted on a model
Parr 263A potentiostat through cyclic voltammograms (CV) and
galvanostatic cycling (GC) with potential limitations. Working
and counter electrodes were made using BASi® stationary vol-
tammetry electrodes with 6.4 mm outside diameter (OD) and
1.6 mm diameter glassy carbon. All tests were conducted in
a three electrode cell with two glassy carbon and one Ag/AgCl
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reference electrode with 0.05 M NaCl in water as the electro-
Iyte. Fig. S1f details a CV comparison of 0.05 and 5 M salt
concentration.

Working electrode (WE) preparation method 1

For binder-free and Kynar-bound MOF composites: two glassy
carbon electrodes were first cleaned and polished. Carbon
paper circles were punched out to fit the OD of the glassy carbon
electrodes. One carbon paper circle was pasted on each glassy
carbon electrode with conductive carbon paint to maintain an
electrical connection to the BASi® electrodes. Kynar containing
electrode mixtures were based on 60 :20:20 wt% of active
material (Fe-MIL-100): sp carbonblack (Alfa Aesar): Kynar Flex
2801 (hexafluoropropylene-vinylidene fluoride copolymer,
Arkema). For the binder-free electrodes, that ratio was 60 : 20
wt% active material (Fe-MIL-100): sp carbonblack (Alfa Aesar).
1200 wt% acetone was added to a glass vial, and the slurries
were then mixed via stir bar for 24 h at room temperature before
use. The mixtures were subsequently drop cast onto the elec-
trodes with carbon paper after allowing time for the carbon
paint to dry. Carbon paper was used for all experiments
involving slurries because it was found that the carbon paper
was a necessary intermediate in the aqueous system in order for
the slurry to adhere to the electrodes. The electrodes were then
allowed to dry in ambient temperature air.

Working electrode (WE) preparation method 2

For experiments involving Nafion®, no carbon paper was used
due to Nafion's adhesive properties onto the electrodes, while
the wt% mixture of active materials to carbon was maintained
described above. Fe-MIL-100, sp carbon, and Nafion® (Nafion®
perfluorinated resin solution 5 wt% in mixture of lower
aliphatic alcohols and water, Sigma-Aldrich) were all mixed in
anti-static weigh boats into a homogeneous paste and slathered
onto bare polished glassy carbon electrodes for drying. For all
experiments, weight was acquired by taring the electrodes and
measuring the weight of slurry or paste once adhered to and
dried on the electrode. A typical weight of the dried paste is
about 1 mg. The two methods of working electrode preparation
are depicted in Scheme 1.

/Method 1 drop cast slurry \
slurry:
=—<_.<_0 60:20:20 Fe-MIL-100:carbon:Kynar

BASI electrode f “Qr-
carbon paper
conductive carbon paint

60:20 Fe-MIL-100:carbon
glassy carbon /
o

drop cast slurry

7
slurry:
60:20:20 Fe-MIL-100:carbon:Nafion

BASI electrode
L glassy carbon J

Scheme 1 Schematic representation of working electrode prepara-
tion by methods 1 and 2.
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Counter electrode preparation

Although it is common in aqueous sodium-ion battery literature
to test active materials against a sodium-free counter electrode
(such as Pt or Zn for example),* the absence of sodium in the
counter electrode leads to side reactions such as metal
dissolution/plating and/or electrolyte degradation (H, and/or
O, evolution). In either case, the composition of the electro-
lyte is modified by the side reactions at the counter electrode.
Indeed, in initial experiments containing the MOF as the
working electrode and a Pt counter electrode, bubble formation
was evident in the cell. Counter electrodes containing the rele-
vant cation involved in the electrochemical system have been
shown to be important for achieving high performance in
aqueous batteries.** Therefore, MOF-based electrodes were first
sodiated to be used as counter electrodes in later experiments.
The sodiation was achieved in a three electrode cell consisting
of MOF-based electrodes prepared by methods 1 and 2 as
working electrodes (WEs), Pt counter electrodes, and Ag/AgCl
reference electrodes (REs). This procedure was modified from
previously published work.”® The sodiation was performed by
first purging the system with N, gas and then running a galva-
nostatic reduction at a C/2.5 rate with a potential cutoff at
—0.1 Vvs. Ag/AgCl in 7 mL of 0.05 M NaCl DI water in a 20 mL
scintillation vial. A N, blanket was left flowing during all
experiments. The electrochemical data depicting this sodiation
step to prepare counter electrodes is presented in Fig. S2.7

CV and/or GC experiments

CVs and GCs were conducted using the sodiated counter elec-
trodes described above, Ag/AgCl REs, and WEs consisting of
freshly prepared slurry/paste. The counter electrode was inten-
tionally made to be 2-5 times the mass of the WE so that any
electrochemical activity within the cell left the CE relatively
unaltered. All values are reported against standard hydrogen
electrode (SHE).

Powder X-ray diffraction (PXRD)

Measurements were performed on a Siemens Kristalloflex D500
diffractometer, Cu Ko radiation (1 = 1.54178 A).

Scanning electron microscopy (SEM)

SEM analyses were captured on a FEI NovaNano SEM 230, at
various accelerating voltages between 1 and 20 kV.

Transmission electron microscopy (TEM)

TEM images were taken on JEOL 1200EX transmission electron
microscope with a maximum acceleration voltage of 120 kv.
Prior to TEM measurements, samples were dispersed in abso-
lute ethanol and deposited on a carbon film coated copper grid.

Results and discussion

In this study we focused on probing the suitability of MOFs (Fe-
based MOF, Fe-MIL-100) as candidate electrodes for aqueous
NIB. Specifically, we investigated the effects of electrode
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composition/binder (Kynar, Nafion and binder-free) as function
of particle size (micro- vs. nano-) to better correlate structural
features with this material's electrochemical activity in aqueous
electrolytes.

Particle size characterization of micro- and nano-Fe-MIL-100

Two different particle sizes of the Fe-MIL-100 material were
used in this study, micro- and nano-sized, as seen in Fig. 1a
(SEM) and Fig. 1b (TEM), respectively. There is a wide size
distribution for the large particles, 25-200 pm, whereas the
nanoparticles are more homogeneous, with sizes in the 20-
50 nm range.

The initially desodiated micro-Fe-MIL-100 is first reduced
and then oxidized. The Nafion-bound electrode exhibits larger
reduction and oxidation current densities than the other binder
systems and has a well-defined oxidation peak at ~0.55 V and
a smaller peak at ~0.2 V. All curves exhibit strong reductive
peaks at ~0.1 V and shoulders at higher potentials, Fig. 2a. The
Kynar-bound and binder-free electrodes share similar charac-
teristics, but exhibit lower current densities. The nano-Fe-MIL-
100 CVs generally show similar activity to micro-Fe-MIL-100,
Fig. 2b. However, nano-Fe-MIL-100 shows higher peak current
densities than micro-Fe-MIL-100 for the Kynar- and Nafion-
bound electrodes. In conjunction, the oxidation peaks shift
such that they merge closer together for nano-Fe-MIL-100. Also,
the binder-free nano-Fe-MIL-100 electrode exhibits lower
current density and less distinctive peaks than all other
samples.

Na storage capacity of Nafion, Kynar and binder-free micro-
and nano-Fe-MIL-100 electrodes

The theoretical capacity of Fe-MIL100 is 93 mA h g™, when
considering Fe**/Fe®" the electrochemically active redox couple.
Fig. 3a and b show the sodium storage capacity over 30 cycles
for micro-Fe-MIL-100 and nano-Fe-MIL-100, respectively, cycled
at a C/3 rate. All cells exhibit the highest reduction capacities in
the first cycles, which drop sharply and reach steady values after
~10-20 cycles. For the best performing system in this work,
Nafion-bound micro-Fe-MIL-100, the first cycle capacity is of 55
mA h g', representing ~60% of the theoretical capacity.
Interestingly, this storage capacity is the same as the one
measured by us on the same MOF active material, but within
a coin cell configuration and using an organic electrolyte.”> We

Fig. 1 Electron microscopy images of micro-Fe-MIL-100 (SEM, left)
and nano-Fe-MIL-100 (TEM, right).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 First cycle cyclic voltammograms of (a) micro-Fe-MIL-100 and
(b) nano-Fe-MIL-100 at a scan rate of 1 mV s~ * with a 0.05 M NaCl in
water electrolyte.

directly compared the voltage profiles of the aqueous and
organic electrolytes setups in Fig. S3.1 There are several differ-
ences between the electrochemical behavior in the two systems.
First, the potential where electrochemical activity occurs is
higher in the aqueous electrolyte. Second, the electrochemical
activity occurs in distinct, flat plateaus in the organic electro-
lytes but the plateaus slope much more gradually in the
aqueous electrolyte. This suggests that different mechanisms
might be responsible for the capacity in different electrolytes,
including: (i) unique redox sites with different energies; (ii)
different Na solvation structures, which may favor access to
distinct sites; (iii) distinct intercalation mechanisms.

A comparison to other MOFs evaluated as electrodes reveals
similar results, indicating limitations to the storage of charge in
the MOFs studied thus far in the literature.”?***** Consistent
with the CV data, the micro-Fe-MIL-100 Nafion-bound elec-
trode, shows higher capacity than the Kynar-bound and binder-
free electrodes, Fig. 3a. However, by cycle 30, the Nafion-bound
electrode shows similar capacity as the other binder systems.
Nano-Fe-MIL-100 performed similarly to micro-Fe-MIL-100
despite variations in peak current densities and peak

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cycle life (reduction values) and coulombic efficiency of (a)
micro-Fe-MIL-100 and (b) nano-Fe-MIL-100 at a C/3 rate ina 0.05 M
NaCl/water electrolyte.

locations evident in the CV, Fig. 3b. Consistent with the CV, the
binder-free nano-Fe-MIL-100 exhibited the lowest capacity.

In general, particle size has little effect on the electrochem-
istry, indicating that the capacity limitations at the rates studied
here are not related to the ionic and electronic conductivity
limitations that sometimes plague materials with micron-sized
particle morphologies.*”

The composition of the electrode and in particular, the
binder, greatly impacts the capacity in the early cycles of micro-
and nano-Fe-MIL-100 alike. For both particle systems studied
here, Nafion exhibits the highest charge storage capacity,
particularly during the first 10 cycles. The improved perfor-
mance of the Nafion-bound cells relates to the inherent
hydrophilic nature of Nafion, which allows it to be used effec-
tively in other aqueous systems, such as fuel cells** and in
electrocatalytic water splitting.** Its hydrophilicity likely
enhances wetting of the electrode allowing a more favorable
interfacial interaction between the electrolyte and composite
electrode. Additionally, whereas most binders function to
simply hold together a composite electrode, Nafion is an ion
transporter and can act as an electrolyte in aqueous systems.
Specifically, while Nafion typically transports protons in

RSC Aadv., 2017, 7, 24312-24320 | 24315
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aqueous systems such as fuel cells, it is also capable of trans-
porting Na ions.*

Conversely, Kynar is a hydrophobic binder, which impedes
wetting of the electrode and affects how the ions and water
molecules arrange at the interface between the electrolyte and
composite electrode. This had a noticeable effect on the
performance of the Kynar-bound electrodes, clearly less effec-
tive than the Nafion-bound cells.

The binder-free systems show the poorest electrochemical
activity. In particular, the binder-free nano-Fe-MIL-100 shows
much lower capacity in all cycles than binder-free micro-Fe-
MIL-100, as well as all other systems with binder. This is due
to the fact that the smaller particle sizes are more difficult to
adhere together without binder, as opposed to larger particles.
Also, many more particle to particle connections are occurring
in this system. In this case, it is likely that some of the active
material lacks a low-impedance connection to the current
collector. Poor electrical connections and isolation of some
particles can lead to lower capacity.

Although the highest capacities are reached in the initial
cycles, the coulombic efficiency (CE) exhibits the opposite trend
for all binder systems; while starting at 60%, it increases with
cycling to near 100% near cycle 20. Here we define CE as the
oxidation (desodiation) charge capacity divided by the reduc-
tion (sodiation) charge capacity multiplied by 100 to convert to
percentage. This effectively indicates the percentage of elec-
trons consumed during sodiation that can be recovered upon
desodiation. CE is typically defined this way when beginning
with initially desodiated/delithiated materials. Si anodes serve
as an example for which CE is defined as discharge capacity
(oxidation or delithiation charge) divided by charge capacity
(reduction or lithiation charge).*®

Ex situ post cycling XRD of Nafion, Kynar and binder-free
micro-Fe-MIL-100 electrodes

Powder X-ray diffraction analyses were conducted on all cycled
electrodes to assess whether the decline in performance is
related to a change in the crystalline structure of Fe-MIL-100.
Fig. 4 and S4t show that the structures of micro-Fe-MIL-100
and nano-Fe-MIL-100, respectively, are mainly preserved and
do not undergo any drastic structural changes under electro-
chemical activity. Additionally, no new crystalline or amor-
phous phases are noted.

Voltage profiles and differential capacity plots for Nafion,
Kynar and binder-free micro-Fe-MIL-100 electrodes

To better understand the cycle life behavior shown in Fig. 3,
voltage profiles as functions of capacity and differential capacity
(dQ/dv) for all compositions are presented in Fig. 5 for 1°¢, 2™
5™ and 30" cycle. Consistent with the CV data, the first cycle
data shows that the bulk of the capacity during both reduction
and oxidation occurs between ~0.1 and ~0.6 V. Highly sloping
capacity plateaus are expected based on the wide CV peaks,
rather than the flat plateaus that normally relate with sharp
peaks. The sloping plateaus largely exhibit capacity between
~0.1 and ~0.3 V during first cycle reduction, consistent with the

’
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Fig. 4 X-ray diffraction data of pristine and cycled micro-Fe-MIL-100
electrodes. All Kynar, Nafion, and Binder-free electrodes were char-
acterized in their desodiated state, after 30 cycles.

largest reduction peaks shown in the CV. We refer to capacity in
this potential range as the lower potential capacity. Differences
in reduction capacity between the various binder systems are
largely associated with differences in capacity given by this
lower potential capacity of the sloping plateau. A smaller
amount of reduction capacity relates with reduction potentials
between ~0.3 and ~0.6 V, which we refer to as the higher
potential capacity. dQ/dV data is also consistent with the CV
data for the first cycle; large reduction peaks are linked with
lower potential capacity and smaller peaks are correlated with
the higher potential capacity.

Upon oxidation, the capacity curves do not mirror the
reduction curves during the first cycle, but rather slope almost
linearly from 0.1 V to 0.6 V with reduced capacity. Again, this is
consistent with the CV and the dQ/dV plots for the first cycle in
which the lower potential peaks are smaller during oxidation
than during reduction and the oxidation peaks in general are
less distinct than during reduction. The higher potential
oxidation and reduction peaks in the dQ/dV data are more
comparable in magnitude than the lower potential oxidation
peaks.

During cycles 2, 5 and 30, the lower potential sloping plateau
and the related reduction peaks in the dQ/dV data decrease
greatly in magnitude. This decrease is accompanied by an
increase in the CE but a decrease in overall capacity, Fig. 3. The
higher potential capacity remains more consistent with cycling
as compared to the lower potential capacity. Also, the magni-
tudes of the oxidation and reduction peaks are similar in the
high potential capacity regime. The corresponding data for the
nano-Fe-MIL-100 in Fig. S5 show very similar behavior as
micro-Fe-MIL-100.

The enhanced capacity in the first cycles is largely associated
with the lower potential sloping plateau shown in Fig. 5 and the
lower potential peaks shown in the CV and dQ/dV, Fig. 2 and 5.
With cycling, the low potential electrochemical activity is greatly

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra01629h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 May 2017. Downloaded on 1/14/2026 4:36:47 AM.

(cc)

Paper

09
038
07
So6

-
-
-
.
— e —— —

o / Micro-Fe-MIL-100 w/Kynar
205 !
[ Cycle 1
§ 04 — —Cycle 2
03 - ==Cycle5
TMAN. 000 m==-- Cycle 30
02
01
0 - : -
0 20 40 60
Capacity (mAh/g)
C) 1.0 ' o
09 : .
]
084 ! i
07 | ; : I 8yc:e;
—_ i — —Cycle
% 06 1 / - = —Cycle5
g) o5\ ./ <+ /7  ===-- Cycle 30
E 04 | icro-Fe-MIL-100 w/Nafion
0.3
02 47/
01
0.0 :
0 20 40 60
Capacity (mAh/g)
€) 1.0
09
0.8
07
06
L]
205
= 4 Micro-Fe-MIL-100 Binder free
> i —— Cycle 1
0.3 — —Cycle 2
- = =Cycle5
12NN SN, Cycle 30
01
0.0 - T :
0 20 40 60
Capacity (mAh/g)

View Article Online

RSC Advances

Micro-Fe-MIL-100 w/Kynar

-300 1 Cycle 1
— —Cycle 2
-400 - ==Cycle5
----- Cycle 30
-500 r

0.0 0.2 04 0.6 0.8 1.0
Voltage (Volts)

d
) 200 15 SHE
0 {2 cau-
-200 |
>
g
$g-400
-600 | Micro-Fe-MIL-100 w/Nafion
Cycle 1
— —Cycle 2
-800 - ==Cycle5
----- Cycle 30
-1000 . :

0.0 0.2 04 0.6 0.8 1.0
Voltage (Volts)

vs. SHE
_ oxidation
100 >
0 A
>-100 -
3
T-200 -
Micro-Fe-MIL-100 Binder free
-300 1 Cycle 1
— — Cycle 2
-400 - - = =Cycle 5
----- Cycle 30
-500 ; ;

0.0 0.2 04 0.6 0.8 1.0
Voltage (Volts)

Fig. 5 Voltage vs. capacity graphs (left) and differential capacity analysis (right) for various compositions of micro-Fe-MIL-100: (a, b) Kynar, (c, d)
Nafion and (e, f) binder-free electrodes after the 1%, 2"9, 5" and 30" cycles. All cells were cycled at C/3 in 0.05 M NaCl/water electrolyte.

reduced and the Nafion-bound system becomes more compa-
rable to the other systems. All binder systems exhibit significant
capacity fade with cycling and the binder is shown to have little
effect by the 30™ cycle.

Large irreversible capacity loss is evident in the early cycles,
corresponding to low CE. The same phenomenon is frequently
encountered in organic electrolyte systems and is often

This journal is © The Royal Society of Chemistry 2017

attributed to electrolyte breakdown with concomitant forma-
tion of a solid electrolyte interphase (SEI) in early cycles.
However, in aqueous electrolytes, the breakdown products are
gases (H, and O,) rather than solid carbonaceous materials.
Barring reaction of the active electrode material with water, H,,
0,, or the electrolyte salt, irreversible capacity loss in early
cycles is generally not attributed to SEI formation in aqueous
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electrolytes.**® Because SEI is likely not the cause of the large
irreversible capacity loss, further examination of the electro-
chemical data is warranted to understand the trends in CE.

Interestingly, the system shows low CE in early cycles when
the capacity is the highest, while the trend is reversed in later
cycles, in particular after the 20™ cycle. Examination of the
multiple peaks in the CV, Fig. 2, and differential capacity plots,
Fig. 5, also helps explain the trends in the cycle life and CE data.
Although the first cycle in this system shows the highest initial
capacity, the CE is only 60%, indicating that the first cycle is not
entirely reversible, Fig. 3. Contrastingly, coinciding with the
rapid capacity fade is an increase in CE to nearly 100% after 20
cycles, when the capacity stabilizes. Close examination of Fig. 2
and 5 reveal that the irreversibility in the system is largely
connected with the lower potential sloping plateau capacity and
the large lower potential peaks in the CV. The oxidation peaks
associated with the lower potential reduction peaks are much
smaller in magnitude than the reduction peaks. In contrast, the
higher potential reduction peaks in the CV and dQ/dV plots are
typically similar in magnitude to oxidation peaks in higher
potential range. Furthermore, with greater numbers of cycles,
the lower potential sloping plateau disappears (along with the
corresponding peaks in the CV and dQ/dV plots) and the higher
potential capacity dominates. Thus, the higher potential
capacity is coupled with high CE. It is likely that the Na inter-
calation which occurs in the lower potential range is not very
reversible, while the Na intercalation in the higher potential
range is reversible. This difference in reversibility may be linked
to the high and low potential activity being related to interca-
lation into different sites.

CV analysis at variable scan rates for Nafion micro-Fe-MIL-100
electrode

In order to better understand the mechanism for sodium
storage in the best performing system (micro-Fe-MIL-100 with
Nafion binder), we undertook a CV analysis at various scan rates
(0.1, 0.25, 0.5, 1, and 2 mV s '), Fig. 6a. The square root
dependence of peak potential on scan rate shown in Fig. 6b
indicates that charge storage is faradaic in nature and likely is
associated with an intercalation process, as previously shown
with other intercalation-based battery electrodes.*** The corre-
sponding plot for the oxidation peaks exhibits the same trend,
Fig. S6.1

The complexity of the structure correlates with multiple
possible Fe active sites where the Na intercalated species can be
stored, as previously suggested by other studies.”** It is
possible that some of these sites are not accessible to Na ions or
not accessible to the electrons needed to undergo oxidation and
reduction of the Fe species. Further evidence of multiple sites
arises from the multiple broad peaks in the CV, Fig. 2, and
changes in slope for the capacity in the GC data, Fig. 5. The
changes in slope and multiple peaks suggest that there is
a range of energies associated with Na" intercalation.

There are several potential reasons for irreversibility in these
systems. It is possible that Na is intercalated into several sites
with different energies and only some of the sites have favorable
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Fig. 6 (a) CV analysis at variable scan rates and (b) reduction peak current

plotted against varying scan rates (0.1, 0.25, 0.5,1, and 2 mV s ) in 0.05 M
NaCl/water for micro-Fe-MIL-100 with Nafion binder.

energetics for the Na to deintercalate upon oxidation. Thus,
with cycling, fewer Na ions can be intercalated into those sites
because many are still occupied from the previous cycle. This
trapping of Na could also explain the low CE in the early cycles.
Additionally, even though the counter electrode is larger in
mass than the working electrode, it also likely undergoes this
process slowly over its cycling life, making the electrochemical
cell overall less efficient. It is also foreseeable that within
a larger voltage window, these Na ions could be deintercalated.
However, the voltage window studied here was limited to
prevent electrolyte breakdown.

Conclusions

In conclusion, this study has revealed that the electrode-elec-
trolyte interface plays a critical role in the overall performance

This journal is © The Royal Society of Chemistry 2017
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of the systems described herein. We have shown for the first
time that Nafion may serve as an effective binder for MOF-based
aqueous NIB, due to its hydrophilic nature and ion transporting
properties. Alternatively, the Kynar bound electrodes were
found to be less effective, because of its hydrophobicity, which
hinders wetting of the electrode. The binder-free systems had
the least favorable electrochemical activity, likely correlated
with a poor electrical connection to the current collector.
Interestingly, particle size plays only a minor role in the elec-
trochemistry of Fe-MIL-100 in aqueous electrolytes.

However, all cells experienced capacity degradation with
progressive cycling. As the integrity of the active material was
mainly preserved throughout cycling, the inability to reversibly
access active sites for Na intercalation is likely the reason for the
decay in performance. This may be a result of favourable
energetics between Na and framework, which translates into
a partially reversible intercalation-deintercalation process.

The findings of this work are important, as they provide
useful information needed for the design of more efficient
MOF-based electrode materials. Future work is focused on
using presodiated MOFs, with different structural features,
including but not limited to, pore size and type of redox-active
metal-cluster building block.
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