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Abstract

Vanadium Redox Flow Battery Electrode Derived from Electrodeposition of a

Copper-based Metal-Organic Framework onto Lead Dioxide

Michael Barta

Chair of the Supervisory Committee:
Professor Guozhong Cao

Materials Science and Engineering

Metal-organic frameworks (MOFs) are metal-cation-containing structural building units
connected into crystalline nets via organic linkers, and they often possess high surface area and
coordinatively unsaturated metal ions, both features that make MOFs appealing candidates for
electrochemical applications. Vanadium redox flow batteries (VRFBs), which hold promise for
use in stationary grid-level electrochemical energy storage, are one such area of potential
application that may serve to benefit from the properties of MOFs.

Enhancing the redox kinetics of the VO**/VO," reaction at the positive electrode of the VRFB
can improve the power capabilities and cycle life of the battery. The extensive porosity of MOFs
can serve to increase the reactive surface area of current VRFB electrodes and potentially offer a
greater number of catalyst sites by means of oxygen functionals inherently present in MOFs.
Lead dioxide electrochemically deposited on carbon felt is used as a substrate for
electrochemical deposition of a well-known Cu-based MOF. Subsequent pyrolysis of the coated
carbon felt and placement in a VRFB half-cell yields results that suggest more facile electrode
kinetics and performance that matches or exceeds several other treated electrodes mentioned in
current literature. Consequently, the evidence indicates that MOF-derived structures on carbon
felt have significant potential to improve overall VRFB performance.



Table of Contents

b IR 11 o Yo [V Lot 1 [ ] 1 TSN 2
2. BACKGIOUNG o.......eeeeeeeeeeeeeereeeeeienneeeeunseetensssesensssesensssessssssssenssssssnsssssenssssssnsssessnssssssnssssennes 3
2.1 Metal-Organic FrameEWOrKS ......ccciiiiiieeeiiiiiiiiieenmeesiieereeeennassssssssssseesnnsssssssssssssennssssssssssssssnnnnsssns 3
2.2 Vanadium RedOX FIOW Batteri@s.......cccvuuiiieeiiieniereneereneireneieenesersesersessrensssenssssssssrsssssensesensessnssssnes 6

I 1Y, [o1 4172 1 1o ] 1 IS0 Ut 7
I 1V =3 1 1 To X L3 8
3 Y =Y =] = S 8
8.2 SYNENESIS..cccueenciiiiiiiiiicrecitttereeerseee st e e reennnesssee s e e e esnnnsssssssssaeeesnnsssssssssseeesnnnnsssssssseeeennnnnssnsssanns 9
4.2.1 Carbon Felt ACIH TrEAtMENT ......uuvviiieeieeiiciiireee e ettt e e e e eesebare e e e eeeseetataereeeeeeessasrasseeseeesenssssrenesesssenssnres 9

4.2.2 PO, EIECTrOEPOSITION ..ottt ettt sttt b e e st e sb b e e s st e e sabeesabeesabaeebaesnbaesneees 9

4.2.3 HKUST-1 DEPOSITION ..utttriiiieiiieiiiiieeteeesesiitittteeeeseseitaateeeesssssssassaeeeesssesssssnseeessssssnssssseesesssssssssseneeessssssnnnes 10
o YL LSS 10

4.3 Structural Characterization......cccceeeiieeeiiieeieineiireeiirenireneietnesereessrenserensesensssesessessssrensessnsssansssennns 11

L Tt 4 { D LR 11

B.3.2 SEIMIJEDS ... ettt ettt ettt ettt e e et e e e e e e s e eaa e e e e et et esaaaaeeesa b et esaa—rtesanr—aeesatteesaa—teesaaaaessaateesarreeesanares 11
0 20 T - U 12
4.3 Electrochemical Characterization .......cccceeceieeireeiieniieneieineiereeerenserenserenessesessessserensessnssssnsssennns 12
0 T8 A Vol [ To Y o =1 0 10 1 =1 o SR 12

L T 1 YR 12

4.4 EXPErimeENt DESIBN ...cciveuuiiiiinniiiiiinniiiiineeiisiinsesisiiesesssimesesssieesssssissssssstsasssssssasssssssassssssssnssssssanes 12

I =X 7] 14
5.1 Structure and MOrpholOgY ......cccoiiiiiieeiiiiiiiiieiirrceserererreesssse e s e eenaessssssssnesennessssssssssseennannes 14
5.2 Electrochemical Characterization .........ccceeeiieeiiieeiiieiiineiiieeiereeiereneerenesrenssrensssrnssesssssressssensesens 19

6. DiSCUSSION «..cueeeeeeeereneeneenereeernreeneeeereersessseresernssssssssessessssnsesssessssnsssnsessssnsssnsessssnsssnsesnssnses 21
6.1 Role Of Carbon FElt SUIACe .....ccuuiiieiiieeiiriiiiiirieiereeereeetrenesreneetsesersessrenssrensesensssssssssassssensesens 21
6.2 ROIE OFf PDO2 SUITACE ....ieeuiieeiiieeiiieeerenertneiteneiseneseresseressssensssensssssssersssssessssensssenssssssssssssssansesens 22
6.3 HKUST-1 Electrod@position........ccceeeeeeiieiiiiiiieemmeeieiiiiiiieenmeesisesssereeennesssssssssssesnnnssssssssssnsesnnannss 22
6.8 PYIOIYSiS. . cceeeeeeeeiieiiiiiiieiieeiieeetitreeenneesieeeseeeeennnsssssssssseeesnnnssssssssssreennnnsssssssseseeennnnssssssssensesnnnnnns 26
6.5 Electrochemical CharaCteriStiCs .....ccieieuireeirineiiieeiereeiereeeirenesrenesernesersessrenssrensssenssssssssssssssensesens 27

7. CONCIUSION & FULUIE WOKK ....eueeeeeveeiieeireeiireeiiteniiresieressssnsisensisenserensssensesnssesnssssnsssensssenne 29

RES@IEINCES.....c.uceeeeeneeeeenreereuneereuuseereuneerensssesensssssessssessnsssssensssessnsssssenssssssnsssesensssessnnssssennsnns 33



1. Introduction

While the search for new and better materials is perpetual in academia and industry, the
continually magnifying effects of climate change have made that search all the more urgent, as
governments and organizations seek to combat climate change or improve sustainability
meaningfully but also in a way that is cost-effective' [ 2 Part of the challenge of reducing or
even reversing the negative effects climate change is reducing or eliminating anthropogenic
carbon dioxide emissions from fossil fuel use, emissions which alarmingly have been observed
still to be steadily increasing globally according to recent data. 3! Replacement of fossil fuels as
an energy source by renewable sources, like wind or solar, is essential, but these sources of
clean energy are not without their own drawbacks; for instance, by relying on nature these
sources can provide energy only intermittently. As a result, efficient energy storage—especially
in the form of batteries, supercapacitors and more—is a crucial element of the renewable
energy implementation and success. [4°!

One particularly promising form of electrochemical energy storage is the vanadium redox flow
battery (VRFB). Originally proposed by Skyllas-Kazacos in the 1980’s, the system relies on the
versatile vanadium cation and its many oxidation states to generate a battery cell potential & 7]
Electrochemical reactions for the VRFB are heterogenous, occurring at the interface between
the solution and a battery electrode. As such, the electrode’s surface area, pore size
distribution, and catalytic characteristics of the battery’s electrode become an important
parameter for the overall performance and robustness of VRFBs. As a result, materials that
offer the opportunity to tailor these surface properties are highly desirable; metal-organic

frameworks offer just such an opportunity.



Metal-organic frameworks (MOFs) are a relatively new class of materials, but they have been
studied extensively in recent years. Though more than 20,000 varieties of MOF have been
reported since 2003, ¥ their general building blocks are the same: formally cationic units
containing a metal (i.e., a structural building units, or SBUs) are connected by a network of
organic, formally anionic units (i.e., polytopic linkers). ! These units arrange themselves in a
way that often leads to an open framework with relatively large accessible spaces within the
crystal. In other words, many MOF'’s are extensively porous materials, and that porosity can be
tailored.

With the help of a PbO; intermediate layer to aid HKUST-1 nucleation and the vanadium redox
reaction, HKUST-1 is coated onto a lead dioxide coated carbon felt electrode (CF/Pb0O;) and
pyrolyzed. The resulting carbon structure on the electrode surface helps promote better

kinetics for the VRFB positive electrode reaction.

2. Background

2.1 Metal-Organic Frameworks

Metal-organic frameworks (MOFs), though encountered previously, saw renewed interest in
the 1990’s, thanks in large part to the work of Kitagawa, Yaghi, and others. [0 11, 12]

MOFs consist of metal, or metal containing, centers commonly referred to as secondary-
building units (SBUs) connected via organic linkers. Because the crystal structure of the MOF is
determined by the geometry and connectivity of the linkers (ditopic, tritopic, etc.) as well as

that of the SBU’s, the mathematical field of graph theory has informed much of what types of

structures, or “nets”, are mathematically possible given restrictions on connectedness. [*31 And



though certain structures may be deemed mathematically possible, however, they still may not
be chemically possible. These nets often lead to wide spaces within the structure, giving large
surface areas, and in one case even a world record 7800 m?/g. 14

The coordination environment of the metal in the SBU influences its reactivity with other
molecules introduced into the structure. This means the MOFs can be chemically selective, for
instance, during gas separation. Additionally, the pore size may be controlled to the extent that
small pores are created to physically sieve larger gas molecules like CO5, N3, and others. 1!
Bonding within MOFs is a mix, with covalent bonding within the organic linker and coordinative
bonding between the metal cation and its neighbors. The strength of that metal-ligand bond is
important for chemical stability, yet many MOF’s have poor chemical stability, particularly
against water. 1®! Essentially, metal-ligand bond strength follows the Pearson principle of
hard/soft acid/base combinations (HSAB); hard acids bond strongly with hard bases and soft
acids bond strongly with soft bases. Metal-ligand bond strength increases with more acidic
metal and more basic ligand. Cations of high charge density, like Zr**, bond strongly with, for
instance, carboxylates. 7! Cations of low charge density and with a more deformable electron
bond strongly with weak bases, like azolates. Water stability can also be improved via kinetics,
like methyl groups on the ligand shielding the metal-SBUs from water

The appeal of MOF also stems from their tunability; they can be changed in any number of
ways. One common approach to enhancing pore size is to apply organic linkers of extended
length, in which case the topology of the original MOF remains but the crystal pore size
increases because of the larger organic molecules in place. 8 This area of MOF manipulation is

considered (iso)reticular synthesis. The limitation of this approach is that the risk of structure



interpenetration increases with linker length and interpenetration effectively occupies the
space desired for larger pores.

Another way to tailor the MOF structure is by direct modification of its inherent chemistry.
Post-synthetic modification (PSM) refers to the direct alteration of a MOF crystalline solid (e.g.,
introduction of new ligand functionality) by way of a heterogeneous chemical reaction. In other
words, one starts with a porous MOF that possess linkers amenable to modification and that is
stable under the reaction conditions, and then one uses solution chemistry to alter or add
functional groups to the existing MOF structure. *®! Conceivably, this method could be used to
change the reaction environment possible within a MOF, like whether a pore is hydrophilic or
hydrophobic. Also, just as ligands can be exchanged, so too can the original cations be
exchanged, for even greater manipulation of pore chemistry and catalysis. 2% 21l

MOFs can be prepared in several ways, including solvothermal (most common), 122
electrochemical, 123!, microwave-assisted, 2 and mechanochemical routes. [2°! For industrial
scalability, some methods are better than others. Electrochemical and mechanochemical
synthesis of MOFs have an advantage in terms of scalability, and indeed these methods have
been put to use for production of MOFs at an industrial scale. (2% 271 The German chemical
company BASF produces an aluminum MOF and they were the first to devise an
electrochemical route for synthesis of the Cu-based MOF, HKUST-1 (name after Hong Kong
University of Science and Technology, which is credited with its original creation). (2!
Occasionally, the pore and polygonal structure may be retained even after pyrolysis of the
MOF. Young et al. used a common Zn-based MOF, ZIF-8 (zeolitic imidazolate framework) as a

carbon source to make microporous/mesoporous carbon that retained ZIF-8 polygonal



structure even after applying temperatures of 800°C-1000°C for graphitization. ?®) The materials
heated to 900°C showed the best performance and were superior to activated carbon in several
electrochemical tests. Retention of the carbon pore structure after pyrolysis further increases

the application flexibility of MOFs.
2.2 Vanadium Redox Flow Batteries

Schematic 1 provides the general arrangement of the components of a vanadium redox flow

battery.

—| Load '_
Current Collector

Active Material %

Solution:

5+

Pump Pump

Semi-Permeable Membrane

Schematic 1. Components of a Vanadium Redox Flow Battery

A vanadium redox flow battery (VRFB) relies on the V2*/V3* and V*/ V>* redox reactions to
generate a voltage. The standard reduction potential for each couple is given in Eq.1 & Eq.2.
During discharge, anolyte solution is pumped over the negative electrode and the V?* in

solution oxidized to V3*. On the other side, catholyte solution is pumped over the positive



electrode and VO5* (i.e., V°*) is reduced to VO?* (i.e., V¥*). Ideally, only hydronium ions pass
thru the semi-permeable membrane to balance charge. The pumps are powered by the battery
itself. Typically, both solutions have some concentration of sulfuric acid, but additives are likely

also present.

VO} + 2H* + e~ 5 VO?* + H,0 E° = 1.0V (vs SHE) (1)

V3t +e sVt E° = —0.26 V (vs.SHE) (2)

The interesting aspect of the VRFB is that unlike, say, Li-ion battery systems, the capacity and
power of a VRFB are decoupled. In other words, because the redox active species are not
stored in the electrodes themselves, the amount capacity (i.e., the volume of electrolyte and
electrolyte concentration) and the electrode active surface (i.e., stack size) can be varied
independently, depending on need. 3%

There are several other advantages to VRFBs systems, like their portability, capability for deep
discharge, and high cycle life; B however, there is still room for improvement, particularly in
catalyzing redox reactions at both the positive and negative electrodes, and research continues

in this regard. 32 33!

3. Motivation

Mesoporous carbons have been shown to improve kinetics of the vanadium redox reaction and
improve flow battery performance. 3% The porosity of the MOFs, like HKUST-1 may offer the

same advantages but with easier and cheaper synthesis. Electrodeposition is fast and scalable,



especially when compared to the common yet slower solvothermal methods of MOF
preparation. The large surface area and unsaturated coordination environment of metal ions
inherent to many MOFs make them appealing materials for use in areas requiring fast
heterogeneous reactions, like catalysis. The ability to grow MOF-based thin films on various
substrates is highly desirable, but research of MOFs or MOF-derived material growth onto
carbon electrodes for use in VRFBs is limited. It has been demonstrated that HKUST-1 has an
affinity for nucleation on certain metal oxides, 3% and HKUST-1 is a well-known MOF with

myriad relatively simple synthesis methods, including electrochemical methods.

4. Methods

4.1 Materials

As the carbon felt substrate, SGL Group’s Sigracell battery felt, a graphite felt synthesized from
polyacrylonitrile (PAN), was chosen. ACS grade chemicals purchased from Sigma Aldrich include
lead(ll) nitrate [ Pb(NQOs); ], copper(ll) nitrate hemipentahydrate [ Cu(NOs); * 2.5 H,0 ],
vanadium(IV) oxide sulfate hydrate [ VOSO4 * xH,0 ], and trimesic acid [ CeH3(CO2H)s ]. Nitric
acid [ HNOs ], sulfuric acid [ H2S04 ], glacial acetic acid [ CH3COOH ], and anhydrous methyl
alcohol [ CH30H ] were purchased from Macron Fine Chemicals. Copper (ll) chloride dihydrate

[ CuCl; * 2H,0 ], sodium acetate [ CH3COONa ], lead(ll) acetate [ (CH3COO),Pb ], copper foil,
anhydrous ethanol [C;H4s0H], and boric acid [ H3BO3 ] were all purchased from Alfa Aesar. All

chemicals were used as received, without any further refinement or purification.



4.2 Synthesis

4.2.1 Carbon Felt Acid Treatment

The SGL carbon felt is received in large sheets and so were first cut into pieces of dimensions 7
x 5 x 1 mm. Carbon felt pieces were then placed in a solution 50% v/v sulfuric acid solution,
which was then sonicated for 1 h and stored for 8 h. At the end of 8 h, the carbon felt was
rinsed repeatedly with water to remove any remaining sulfuric acid and then dried in a drying
oven at 70 °Cin air for 4 h.

4.2.2 PbO; Electrodeposition

Three different lead-ion baths were used to electrodeposit PbO, onto ATCF, with each bath and
set of deposition parameters leading to a different observed morphology.

In the first method, the acid-treated carbon felt (ATCF) served as an anode and cathode in a
lead nitrate (81.0 mM) and nitric acid ( 1M ) aqueous solution and two-electrode deposition
cell. A dc-power supply was then used to apply a pulse-deposition. While stirring, a constant
current of 300 mA was applied for three seconds on, and removed for ten seconds. This
constituted one cycle. Five cycles were applied for one electrode.

In the second PbO, deposition method, ATCF served as anode and cathode in a lead nitrate
(9.2 mM ) and boric acid ( 0.728 M ) solution and two-electrode cell. A current density of 5
mA/cm? was applied for 1 h while the solution was stirred.

In the third PbO; deposition method ATCF again served as anode and cathode. The aqueous
solution consisted of lead(ll) acetate ( 1M ), sodium acetate ( 1M ), and acetic acid (1M ). A

current density of 2 mA/cm? was applied for 1 h while the solution was stirred.



In each case, after deposition was complete, the anode with the formed PbO; was immediately
rinsed copiously amounts of DI water before use as substrate. For any characterization, after
rinsing the electrode was dried in air at 75°C for 3-4 hours.

4.2.3 HKUST-1 Deposition

The HKUST-1 metal organic framework was electrochemically deposited onto the lead dioxide-
coated ATCF ( ATCF/PbO; ) from one of two possible synthesis baths. In preparation of the first
bath, Cu(NOs), * 2.5 H,0 was dissolved in DI water for a molarity of 0.172 or 0.107 , while
trimesic acid was dissolved in ethanol for a resulting molarity of 0.1 or 0.125. The two solutions
were then combined; this first HKUST-1 synthesis solution is designated HSS1. For a particular
temperature and deposition time, a constant potential was applied to a deposition cell
consisting of a ATCF/ PbO, cathode (working electrode, WE) and Cu metal anode (counter
electrode, CE), after which the working electrode was immediately rinsed with DI water and
ethanol. After rinsing, the electrode was dried in air for 3-4 hours.

The second synthesis solution, designated HSS2, is similar to the first except that copper nitrate
is replaced by copper chloride dihydrate and ethanol is replaced by methanol.

4.2.4 Pyrolysis

For pyrolysis, electrode samples were heated in a tube furnace. At 10 °C/ min and under
nitrogen gas flow, the sample was heated to 500 °C, a temperature at which it remained for 10

h. The sample was then allowed to cool naturally back to room temperature.
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4 .3 Structural Characterization

4.3.1 XRD

To obtain phase and structural information, each sample was characterized using x-ray
diffraction (XRD) patterns. XRD scans were performed at ambient temperature on a Bruker D8
Discover powder diffractometer using Cu anode x-ray source (Cu K-a wavelength = 1.5406 A)
and collimated beam geometry (0.5 mm collimator & 10.5 mm slit width) with a 2D detection
system. For a typical scan, 26 = 5° - 83°, samples were rotated during data collection to
improve sample statistics, and a wind screen was applied to reduce noise from air scattering.
2D scan information was integrated and converted to 1D spectra using Bruker’s Diffrac.EVA
software, then material phases were identified using JADE XRD analysis software. To determine
phase and weight fractions for each sample, Rietveld analysis was performed using the freely
available opensource software GSAS-I| (36}

4.3.2 SEM/EDS

Sample morphology was characterized via scanning electron microscopy (SEM), and in addition,
information about element identity, distribution, and relative quantity was gained from energy
dispersive spectroscopy (EDS). Two pieces of equipment were used, each with SEM/EDS
capability: Sirion FEI XL30 with accompanying Oxford energy dispersive x-ray spectrometer, and
JEOL JSM-6010 Plus. When necessary to improve imaging, nonconductive samples were carbon

coated or sputter coated with Au & Pd.

11



4.3.3TGA
To understand sample and phase thermal stability, thermogravimetric analysis (TGA) was
performed. For typical analysis, a sample was heated to 1000 °C from ambient temperature at a

rate of 10 °C /min under flow of nitrogen gas.
4.3 Electrochemical Characterization

4.3.1 Cyclic Voltammetry

While the bare portion of the working electrode was sandwiched between a Pt current collector
and a Teflon support via a Teflon screw, the portion of the ATCF with active material protruded
from the bottom of the holder and into the solution. The vanadium redox solution consisted of
0.25 M VOSO4 and 1 M of H,SO4 . For the remaining electrodes of the three electrode cell, the
counter electrode was platinum foil and the reference electrode was a Ag/AgCl electrode.
Typically the half-cell was cycled, beginning at open circuit voltage, between 0.1 and 1.7 V (vs.
Ag/AgCl), at various scan rates.

4.3.2 EIS

Electrochemical Impedance Spectroscopy (EIS) was performed in a three-electrode cell at room
temperature on a Solartron Impedance Analyzer. The active material on ATCF served as the
working electrode, Pt served as the counter electrode, and Ag/AgCl served as the reference
electrode. At the cell’s open circuit potential, impedance spectra were obtained at applied

frequencies between 1072 to 10° Hz at an amplitude of 10mV.
4.4 Experiment Design

In order to map out the effect of various synthesis parameters on the HKUST-1 nucleation and

growth onto the PbO» coating, elements of 2*factorial design were introduced. Specifically,

12



four factors, each with a high (+) and low (-) value, were chosen and a design matrix was used
to consider all 16 combinations of factors (Table 1). The four factors chosen were voltage (-1.0
V & -1.5V, vs. counter electrode), temperature (HSS1: 70°C & room temperature; HSS2: 60°C &
room temperature), deposition time (10 min. & 5 min.), and solvent mol ratio (Ethanol/Water:
1.16 & 0.58; Methanol/Water: 1.68 & 0.84 ). For comparison, factor combinations were
correlated with phase fraction results from Rietveld refinement of synthesized electrodes when

possible.

Table 1. First Eight Tests of the Factorial Design Matrix

Dep.
Test # \'/ Temp. Time Solvent ratio
1 + + + +
2 - + + +
3 + - + +
a - - + +
5 + + - +
6 - + - +
7 + - - +
8 - - - +

13



5. Results

5.1 Structure and Morphology

In addition to good fairly good coverage of the carbon fibers, the three different PbO;
electrodeposition methods led to three different morphologies (Fig. 1) and slight phase
variations (Fig. 2). Lead dioxide deposition Method 1 yielded a surface morphology with the
appearance nanometer-sized “rice grains”. Method 2 yielded a relatively smooth surface, while

method three yielded an undulating surface.

Figure 1. SEM of PbO2 electrochemically deposited onto acid-treated carbon felt using three different methods. a)

Method 1, b) Method 2, and c) Method 3.

The most common phase of PbO; encountered is the B- PbO; form, while the a- PbO; form is

less common. XRD spectra of each method indicate that the ration of phases also varies with

14



method. The phase and weight fraction resulting from Rietveld refinement each method
spectrum is given in Table 2.

The affinity HKUST-1 nucleation for of each type of PbO, surface was tested by submerging
each coated electrode into HKUST-1 synthesis solution 1 (HSS1). From SEM observations (Fig.3),
HKUST-1 polyhedra appear on the surface from Method 1, but hardly at all on the other PbO;
surfaces. Because of the apparent preference for nucleation on the surface from PbO; from
Method 1, as well as Method 1’s quicker deposition time ( < 2min.), it was chosen as the

primary substrate for later HKUST-1 deposition.

XRD of Lead Dioxide Coatings on Carbon Felt
35

25.3%: 31.9%
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Figure 2. XRD of the three different methods of lead dioxide coating onto carbon felt. Primary peaks for each lead
dioxide phase are indicated. The max intensity for each spectrum has been scaled to 1. Two spectra have been

shifted upwards for clarity.
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Table 2. Phase and Weight Fractions of Lead Dioxide Determined by Rietveld Refinement

Method 1 Method 2 Method 3
a B a B a B
Phase Fraction 0.126 0.874 0.061 0.939 0.224 0.776
Weight Fraction 0.224 0.776 0.181 0.819 0.443 0.557

WY
Ll

AL,

B x500 £ Sogm

Figure 3. SEM images of lead dioxide coated carbon felt after soaking in HSS1 for 10 min.

A 2% factorial design matrix yielded 16 different combinations of factors for each solution type
(HSS1 & HSS2). A combination of SEM observations, XRD observations and Rietveld analysis,
was used to roughly determine degree of HKUST-1 coverage and lead dioxide integrity.
Interestingly, the greatest degree of coverage came from Tests 3 both HSS1 and HSS2;

diffractograms, phase fractions, and SEM images are similar for each (Fig.4)
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XRD of ATCF/PbO2/HKUST with Greatest Coverage
a) —— HSSIT3 HSS2T3

HSS2T3: Phase Fraction = 0.39

Scaled Intensity
&

-

HSS1T3: Phase Fraction = 0.45

0.5

x500 50um

Figure 4. a) XRD and phase fractions of ATCF/PbO2/HKUST with greatest coverage. Maximum intensities are scale

to 1, and some diffractograms are shifted for clarity. SEM of b) HSS1T3 and c) HSS2T3

In Fig.4, visible are the characteristic diffraction peaks of HKUST-1 occurring at 26 = 11.7°, 9.5°,
6.7°, and 13.5° for (hkl) planes (222), (220), (200), and (400) respectively. 37! The characteristic

diffraction peaks for B-PbO2 are also present at 26 = 25.3°, 21.9°, 36.1°, 49.0°.

For use as an electrode in a VRFB half-cell sample HSS1T3 was pyrolyzed at 500 °C for 10 hours

under flow of nitrogen. TGA of a ATCF/PbO,/HKUST sample and, for comparison, HKUST-1

17



powder synthesized from the same solution revealed the mass changes that occurred during
pyrolysis (Fig. 5) The curves overlap up to 50°C during water loss, but after 50°C, the HKUST-1
powder continued to lose more water, while the coated electrode plateaued. HKUST-1
degradation occurred at about 300°C for the powder but just before 350°C for the electrode,
though the mass loss for the electrode due to HKUST-1 loss is less simply because there is less
HKUST-1 on the electrode compared to the pure powder. Shortly after 350°C, PbO; also

degrades, reduced to PbO and Pb metal as oxygen leaves the system.

TGA of HKUST-1 Powder and HSS2T5 Electrode

——HSS2T5  —=—HKUST-1 Powder
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Figure 5. TGA of HKUST-1 synthesized powder and HSS2T5

The products of pyrolysis, as evidenced in the diffractogram of the electrode (Fig. 6), include

PbO {20=29.0° (111), 26= 30.2° (020), 26= 32.5° (200), 26= 37.7° (201)}, Pb {26= 31.1° (111),

18



26=36.1° (200), 26=52.1° (220), 26= 62.0° (311)}, Cu {26=43.3° (111), 26=50.4° (200)}, and
carbon {26=25.1° (002)}.

The SEM micrograph of the sample after pyrolysis shows bead-like structures in the nanometer
to micron size range, which are confirmed by EDS to be Cu and Pb metal, along a bed of carbon

remnants of the original HKUST-1 polyhedra (Fig. 6, inset).

60
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Figure 6. Diffractogram of HSS2T3 after pyrolysis. Inset is SEM micrograph of HSS2T3 after pyrolysis. Scale bar is 5 microns.

5.2 Electrochemical Characterization
The pyrolyzed HSS1T3 (HSS1T3Py) was used as the positive electrode in a VRFB half-cell for

cyclic voltammetry, along with a platinum counter electrode and Ag/AgCl reference electrode;
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Fig. 7 shows the resulting curve, as well as curves for the same test but with other positive
electrodes too, like plain ATCF, and ATCF/PbO; , while Table. 3 shows the calculated peak
differences (AEpc), and anodic/cathodic peak ratios (lap/lcp). Notably, HSS1T3 possesses the
smallest peak difference and the peak ratio closes to 1 both values being a metric for

reversibility of the reduction-oxidation reaction at the electrode surface. (38
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Figure 7. Cyclic voltammogram of synthesized electrodes.
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Table 3. Peak Differences and Peak Current Ratios from CV curves.

Sample ID ATCF CF/PbO, HSS1T3 M1Py
AEpc (V) 0.37 0.36 0.3 0.24
lap/lco 2.7 1.7 1.1 1.3

6. Discussion

6.1 Role of Carbon Felt Surface

Before immersing the carbon felt (CF) electrodes in a deposition solution, the CF should be
treated. Untreated carbon felt is hydrophobic, and poor wetting of the electrode surface in the
VRFB aqueous solution hinders reactions. However, introducing oxygen functional groups (i.e.,
carboxylic, phenolic, etc.) to the surface—via heat, chemical, or electrochemical treatment—
has been shown to counteract this phenomena and improve carbon surface’s electrochemical
activity and wettability. 3% 4% For example, when testing at ambient temperatures the effect of
various heat treatments of carbon felt of VRFB negative half cells, Langner et al. observed a
significant reduction in overpotential in the heat treated CF compared to the untreated felt,
which led to an improvement of cell voltage efficiency of 10-19%. “! Additionally, treatment of
carbon felt in sulfuric acid has been showed a discernible increase in oxygen functional groups
on the surface, making it hydrophilic. [*21'" general, different treatments lead to different
surface concentrations of the various oxygen functional groups. Here acid treatment’s primary
purpose was as a basic and relatively quick way to increase CF activity, *?’and serve as the

standard against which other electrodes could be compared.
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6.2 Role of PbO, Surface

In solution, metal oxides tend to acquire a surface charge, be it through de/prototation of
surface oxygen atoms or the loss of surface species, and the pH at which the charge on the
surface is neutral is known as the isoelectric point (IEP). HKUST-1 has shown an affinity to
nucleate on metal oxide surfaces of high IEP without and applied potential, such as ZnO and
CdO, where the basicity of the metal oxide surface may aid in deprotonation of the organic
linker in solution and its anchoring to the oxide surface. *3 3% Lead dioxide has been observed
having an IEP > 8, meaning that in solutions of pH less than 8, the surface of lead dioxide is
positively charged: “4 From SEM images in Fig. 3, HKUST-1 appears to show a slight preference
for nucleation on the PbO2 electrodeposited using Method 1. It’s unclear from literature how
the alpha and beta phase fractions of PbO; might affect the isoelectric point, and here how the
phase fraction might affect nucleation if at all, but morphology may also play a role. The “rice
grain” morphology of Method 1 likely possess a higher surface energy due to the smaller radius
of the surface particles, compared to the other deposition methods, which are relatively
smoother.

6.3 HKUST-1 Electrodeposition

Electrodeposition of HKUST-1 may be divided into two categories: anodic deposition and
cathodic deposition.

Electrodeposition is a technique of MOF synthesis that is less often used than others, like
solvothermal methods. There are generally two types of electrodeposition for MOFs: anodic
deposition and cathodic deposition. In the cathodic process, the metal cation is in solution with

the organic linker. The pH of the bulk solution is high enough to suppress dissociation of the
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linker’s acid form and therefore formation of MOF particles in the bulk. Li and Dinca show that
when the potential of working electrode in solution is low enough and there is a probase in
solution, like NOs™ or triethylammonium (EtsNH?*), is electrochemically reduced, leading to more
basic species, and the pH of the region near the electrode is then increased; the pH gradient
between the solution near the electrode and the bulk solution promotes linker dissociation
and, consequently, MOF formation near the electrode. 45 46!

In the anodic electrodeposition process, the metal cation source is not the solution but the
electrode itself. For the synthesis of HKUST-1, the working electrode is Cu metal and the organic
linker is in solution with supporting electrolyte. An anodic potential is applied to Cu, and Cu2+
dissolve into solution near the surface, where once the concentration of cations is high enough
HKUST-1 nucleates. 748 |n both the cathodic and anodic deposition processes, important
parameters to consider in MOF electrodeposition include applied potential, current density,
distance between electrodes, pulse time, synth. time, solvent, linker, and electrolyte
concentration, ! many of which were used as factors in the design matrix to map deposition of
HKUST-1 onto the CF/PbO; electrode.

In trying to achieve a fairly even coating of HKUST-1 on CF/ PbO, it became more likely that the
process of HKUST-1 deposition onto PbO; is likely slightly different from other well-known
electrodeposition processes. When depositing from the more typical solution
EtOH/H20/CuNO3, the negative potential applied to the CF/PbO2 electrode induced HKUST-1
at the surface, but also Cu metal deposition and HKUST-1 formation in solution, presumably
due to PbO; particles entering solution and providing nucleation site for organic linker.

Examples of Cu metal deposition and PbO; break-off during synthesis in HSS1 are shown in Fig.
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8. We see the primary Cu metal XRD peaks present at 26 = 43° and 50°, as well as no discernible

PbO; peaks.
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Figure 8. XRD showing Cu deposition along with significant loss of lead dioxide. Inset show SEM image of lead

dioxide break-off during deposition. Scale bar is 5 microns.

If PbO; was electrochemically dissolving in solution, there are a couple possible reactions

occurring.
Pb0O, + 4H* + 2e~ & Pb?** + 2H,0 (3)
PbO, + H,0 + 2e~ & PbO + 20H~ (4)
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PbO is not observed in any of the XRD diffractograms, leading one to believe that Eq. 1 is more
likely happening during HKUST-1 deposition. Both reactions have the effect of increasing pH
near the electrode, which would induce HKUST-1 formation, similar to the cathodic reduction
method. Despite the good result from HSS1T3, there was a question of whether dissolution
could be controlled to better maintain PbO; integrity with less chance of Cu metal deposition
and whether the nitrate ion was necessary for deposition. To try and answer these questions,
methanol replaced ethanol and CuCl; replaced CuNOs for HSS2.

The chlorine anion served a number or different roles. At pH < 3, chlorine anions in solution
accelerate PbO2 dissolution. % Furthermore, they allowed elimination of the possibility nitrate
ion reduction at the working electrode as the source of any pH gradient, and they better
stabilized Cu?* cations in solution, reducing the chance of Cu metal deposition on the working
electrode, as well as HKUST-1 nucleation in the bulk solution. Without a nitrate ion present and
no visible bubbles, signaling hydrogen gas evolution, forming at the cathode during synthesis,
the belief is that lead dioxide reduction is the reaction by which the surface increases its pH to
induce HKUST-1 formation. Also, the dissolution mechanics did indeed change, evidenced by
the appearance of pore-like features in the PbO; surface (Fig. 9) that were not present in HSS1
solution deposition, and smaller HKUST-1 polyhedra were more likely in the HSS2 solution.
Though Test 3’s parameters led to the best coverage for HSS1 & HSS2 solution, noticeably the
PbO; XRD peaks in HSST3 are of greater intensity and phase fraction, suggesting HSS2T3

maintained better PbO; integrity.
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Figure 9. SEM Image of CF/PbO; surface after HKUST-1 deposition in HSS2.

6.4 Pyrolysis

Pyrolysis of HKUST-1 powder and coated electrode yielded similar TGA results. Notably, though
water loss overlaps for both materials, decomposition of HKUST-1 occurs at a slightly higher
temperature when it is coated on CF/PbO.., suggesting that its thermal stability is slightly
improved as a film.

From Fig.6, Pyrolysis of HSS2T3 drastically changes the surface of the electrode. Song et al.
pyrolyzed HKUST-1 powder and observed Cu nanoparticles embedded in a carbon matrix with
recognizable polyhedral character, similar to the source MOF. P! Here, pyrolyzing the Cu anode

that was also present in the electrochemical bath for HSS2T3, yields a similar result (Fig. 10).
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The Cu anode is actually simultaneously participating in HKUST-1 deposition via the anodic

process outlined previously. Though both electrodes are made in the same bath, their pyrolysis
yields different morphology. Upon closer inspection, there appear to be several instances of Cu
nanoparticles arranged as regular shapes in the pyrolyzed HSS2T3 sample, but it is unclear if the

arrangement is directly related to the regular polyhedral shapes of HKUST-1.
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Figure 10. Pyrolyzed Cu anode after anodic deposition of HKUSt-1. Polyhedral carbon structures and Cu metal beads remain...

6.5 Electrochemical Characteristics

CV of HSS1T3 indicates that it has less overpotential towards the vanadium positive electrode

redox reactions, and is generally more reversible than ATCF and CF/PbO2. Comparison of its
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peak current difference and peak current ratio corroborate this. Perhaps most notably, the
cathodic reduction peak for the V>*/V#* reaction occurs at a potential roughly 500mV higher
than the other electrodes and has approximately twice the current density. There is also a
plateau after each current peak in HSS1T3 at a voltage that potentially signifies another redox
reaction taking place in addition to the vanadium redox reaction. Wu et al., have synthesized a
PbO,-coated carbon felt sample but its morphology is different from that of Method 1, and its
peak ratio (~1.3) and peak difference (~0.5) are significantly higher than the case here, despite
their lower scan rate. P2 This would suggest that morphology of the PbO2 coating affects it
electrochemical performance as the VRFB positive electrode.

Unexpectedly, the electrode with the smallest peak separation is the pyrolyzed CF/Pb0O2
(M1Py) sample.

The onset potential for HSS1T3 occurs before that for M 1Py, its peak currents are still much
greater than those of M1Py, and the peak current ratio for HSS1T3 is still closest to 1. However,
the CV curve suggest that the pyrolyzed PbO; serves a catalytic role for the vanadium redox
reaction, while the addition of carbonized HKUST-1 improves charge transport. A comparison
with pyrolyzed ATCF electrode, without any coating, must be done in order to see if is the lead
species that is truly serving as a catalyst. In this regard, Melke et al. heat-treated carbon felt at
400 °C for 20 h, and CV of that electrode in the same VRFB solution showed similar, if not
better, performance than M1Py 31 So, it seems likely that part of the favorable performance of
M1Py originates from its heat-treatment rather than any lead species on the surface. However,
peak separation for the Melke group’s electrode is about 0.3V for the 5 mV/s scan rate, with a

peak current ratio of about 1.3, all of which are reversibility metric values that are less
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favorable than those for HSS1T3. It must be determined if the higher heating temperature for
the pyrolyzed electrodes presented here is at all related responsible for that comparative
improvement.

Assuming the improvement comes from the presence of HKUST-1 derived carbon, there are
some possibilities as to why that might be the case. It was suggested early on by Skyllas-
Kazacos, and since largely accepted, that oxygen groups on the carbon surface play an
important role as catalyst in the vanadium VO?*/VO," redox reaction. ¥ It is believed that VO**
in solution displace hydrogen ions from surface phenolic groups, electron transfer occurs along
the resulting —C—O—V— bond, one oxygen is transferred from another nearby surface C—0
group to V, and finally, the hydrogen ion from solution exchanges positions with the new VO,*
ion, which enters the bulk solution. There are 6 oxygen atoms from three carboxyl groups from
each trimesic acid linker in HKUST-1. Determining how much of the oxygen remains after
heating would be worthwhile because the remaining oxygens presumably can surface as
catalyst sites. It has also been shown that a large degree of graphitic carbon with exposed edge
sites (i.e., defects) can improve vanadium VO?*/VO,* redox kinetics. [>>! Determining the
concentration of edge defects for pyrolyzed HKUST-1 on the electrode would likely also prove
fruitful. The loss of the polyhedral structure after pyrolysis suggests that a great deal of disorder

is introduced into the carbon structure, which may lead to desirable exposed edge sites.

7. Conclusion & Future Work

Using peak differences and peak ratios as a metric, the electrochemical properties of the

HSS1T3 electrode is comparable or better than several electrodes found literature: % 7. 58l
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However, while it can be said that introduction of HKUST-1 as a carbon source positively affects
the vanadium redox properties of the VRFB, the degree of contribution from the HKUST-1
structure has not been strictly determined.
To truly determine if HKUST-1 derived carbon coating on carbon felt improves vanadium redox,
HKUST-1 must be directly grown onto carbon felt, instead of relying on the PbO; intermediary.
HKUST-1 growth on glassy carbon has been demonstrated, after grafting carboxyphenol groups
to the carbon surface or roughening the surface with abrasive paper. % Preliminary attempts
to duplicate these processes were unsuccessful on carbon felt, but direct growth should be
possible.

It has been demonstrated that the growth of certain crystallographic planes can be promoted
during solvothermal synthesis of HKUST-1. % Forcing preferential growth of the 100 facets on
the carbon substrate would allow one to take advantage of the larger crystal pore in that 100
plane. Presumably, because the MOF structure of HKUST-1 can be retained after pyrolysis,
having more of the large pores of the 100 plane in contact with solution may access of the
solvated vanadium ions to the electrode surface, but it may also allow exploration of its viability
as a capacitor. This preferential growth was controlled using solvothermal synthesis, but no
literature could be found about controlling facet growth during electrochemical deposition,
which potentially offers shorter synthesis times and better scalability.

Lastly, it has been demonstrated introduction of nitrogen-containing functionals onto various
carbon electrodes can enhance their properties and improve overall VRFB performance: (6162

Substituting amines onto the trimesic acid linker in HKUST-1 or simply depositing a nitrogen-

containing MOF onto carbon felt before pyrolysis may allow integrated utilization of both the
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robust MOF pore structure and the catalytic effect of nitrogen surface functionals towards

better VRFB performance.
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