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EXECUTIVE SUMMARY

This report summarizes work conducted under Grant Award NuN051421-1-225Q the Asia

Pacific Research Initiative for Sustainable Energy Syster2® QOPRISES0), funded by the

Of fice of Naval Research (ONR) to the Hawai @i
of Hawai @i at MUOnoa ( UH) APRISER0 eommises keseacch,n d u c t
development, testing, and evaluation (RDT&E) over a range of technical areas. These include
Electrochemical Technologies with a focus on fuel cellsbattéries; Alternative Fuels including
carbonization of biomas@nd hydrogentechnology Resilient Energy Systems including
developmenand demonstratioof novel technologies for advanced smart microgaiatdresource
adequacy studi es f or antAdwncetdatesalsdor enaerdy epplicatiane al ¢
including novel metal containing ionic liquids capable aintaminantremoval under harsh
environmental conditionand printablepolymea compositedor photovoltaicandotherelectronic
applicatons Ma k a i Ocean Engineering, under subcor
continued their efforts to develop higlerformance, lowcost heat exchangerA. stopwork order
terminatedhis grant prior to the initial end date, whiamited the completion of a portion of the

work proposed and planned brief summary of resultsom the completedvork, by major task

follows.

Task 1, Program Managemerand Outreachsupported senior faculty and project support
personnel responsible for overall program management and coordination, development and
monitoring of partner and subcontract agreements, and preparation of reports and outreach
materials for ONR and other s&tolders.

Task 2, Electrochemical Technologies, included RDT&E in the sicdduel cellsand batteries

Under Subtask 2.1, Fuel Cell Testing and Development, HNEI's research encompassed five
activity areas a) analyzing recovery procedures for fuel cells exposed to contamiri@nts
development of aovel layered inorganic material for the catalyst lafggrhigh temperature
proton exchange membrane fuel spll)advancements in materials to enable botsitim and ex

situ strategies fduel cellcontaminant mitigation and performance enhancendgatstudy of the
approach to calibrate reference electroeegserimentally to the reversible hydrogen electrode



scalefor standardizationand €) exploratory research into the modification of a PEMFC for
catalytic cogeneration of hydrogen peroxide and electriéigch of these are summarized below.

2.1a)Broadapplication of proton exchange membrane fuel cell (PEMFC) technalitigequire
enhancd durability to ensure reliability of fuel cell operation in reabrld environments.The
sensitivity of PEMFCs to operating and environmental conditions is a serious issue since impure
fuel or oxidizer negatively affects performance and compromises the reliability of fuelSialte.
ambient air is used as an oxidant, PEMFCs are susceptible to aidomtaeninants This work

was intendedo analyzepotentialrecovery procedures for PEMFCs exposed te BQhe air
stream and evaluate their efficiency under varyirgrafing conditionsResults suggest that while
both potential cycling and £purge technique recovery methods are effective, the latter is more
practical for field applications due to its simplicity and lack of need for auxiliary equipment.
Details of this work was published in thH&lectrochimica Actajournal and presented at a
conference

2.1b) HNEI continual to look at fundamental issues related to deeelopnent of robust and
durable fuel cell power systems (FCPS) capable of operating in harsh enviraniReoéntly
with the development of high temperatum®tpn conductiveelectrolytes forthe catalyst layer,
HsPQs doped PBI (HPQy/PBI) has been identifieds one of the approachies high temperature
(HT)-PEMFGs. Under this activity, HNEI habeen developing aewlayered inorganic material
to replaceHsPQy/PBI for the catalyst layer of HIPEMFGs, to addressthe concerns of the
application temperature limit gferfluorosulfonic acid (PFSA, Nafion®) polymer electrolyfas
typical PEM), and overcome thmhosphoric acid leaching issoéthe HsPQW/PBI (a promising
and widely studiedHT-PEM for membraneand electrolyte in the catalyst layerMicroscopy,
spectroscopyand diffraction analysis,as well as water solubility and stability tests were
conducted.The latest developments are presentddrither detail below

2.1c) As part of the continued exploration into technologies to enable operation of fuel cells
operating on ambient air in harsh environments, HNEI explored the developfremin-situ
catalytic conversion layer to remove contaminants before they reach pstcalake particle size

and loading of the contaminaattive catalysts, the compositiand structure of wsitu catalytic
conversion layer can be optimized to minimize transport resistargemaximize catalyst
utilization, contaminant removal efficiency, and the contaminant tolerance of MEA in PEM fuel
cells. Contaminaniactive catalysts based on transition metal carbides were synthasitdc:
electrochemical oxideon of agqueous Sfat transition metal carbides catalysts was initially
evaluated by esitu cyclic voltammetry in acidic mediumA potential candidate material for
selective oxidation of Sfwvas identified for integration into a single cell fuel cell.

2.1d) Efforts under this activity focused on continued advancement of advanced diagnostics for
the study of fuel cells. Thi s wor k asptpurdoiaecdh tthoe cal i brate r
experimentally to the (ReEgradialb i vwourbkyidnrgo geslne cetlre



rooartaifsecsan raagigas,weateescar dieend ndtotwattéhe cal i br
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el ectrochemitaall sf iodl|ldshutbemi wadrekd W oa ppessrli ieoveetdi o
journal

2.1e) Hydrogen peroxide is widely used as an environmentally friendly bleaching agent,
disinfectant, and oxidizeior industy, as well as the military.The main method for hydrogen
peroxide production today, an anthraquinone oxidation process, is not ideal as it is energy
intensive, expensive, not environmentally friendipd only allows for large scale operations.
Hydrogen peroxide is a strong oxidizer and can be very corrosive and even explosive when
transported in bulk from the production site to ploent of use.Because of these safety concerns,
hydrogen peroxide is not readily accessible in developing countries where they would greatly
benefit from the water treatmentJnder thisactivity, HNEI developed a new approach to the
production of hydrogen peroxide by shifting the cathode reaction which produces water, to
selectively produce hydrogen peroxide while still generating electribigtails of this work was
published in a Master of Science thesis.

Under Subtask 2.2 Battery Characterization and ModelingNEI researcltoveredthreemain

topics @) the evaluation of commercial sodition batteries,b) the characterization of the
relationship between the impact of rate and temperatmd c) the continuation of the
development of our modeling framework with the validadodimplementation of new features

2.2a)HNEI collaborated witlRWTH Aachen UniversityGermanySandiaNational Laborataes

and the University of Oviedo in Spaito evaluate the cetb-cell variations, the cycling
performance, and the diagnosability of three different batches of commercian Nzells
containing a hard carbon negative electrode and a nickel, iron, and manganese layered oxide
positive electrode.Results indicated similar cetb-cell variations compared to didon batteries

but much lower cycle life Moreover, the degradation mode approach was found to be applicable

to sodiumion batteries.Details of this work was published the Batteries &Supercapgournal
presented at a conferena@nd another manuscript was submitted for publication inEB&
Batteriesjournal and is currently under review

2.2b) HNEI focused on the emulation of the impact of temperature using data at different rates.
On-board battery diagnosis accuracy can be significantly affected by the cells tembediuite

affectt h e eokabd amdéthus some of the information fed to the battery management system.
To circumvent this problem, wiavestigaté the relationship between the impact of rate and the
impact oftemperature on the electrochemical response of two commerd@h batteries We

studied the relationship between rate and tempertaiutefine a simple set of equations enabling

the emulation of the electrochemical response of the cells at different temperature without the need



for any battery modelDetails of this work was published the Journal of Power Sourceand
presented at a conference.

2.3c) HNEI collaborated with the University of Warwick, UK, and with the Offenburg University,
Germany, to implement new features into our modeling framewMkth Warwick, HNEI
developeda novel silicorspecific diagnostic marker for the detection of silicon active material
loss. The proposed method was validated using sy
mechanistic modelling toolbox, simulating a broad range of degradation mode combinations and
cell architectures. With Offenburg, HNEI proposea@ physicallyinformed equivalent circuit
modeldirectly integraing key degradatiormodes (loss of active material at positive and negative
electrode, and loss of lithium inventoryYhe rate expressions for each aging mode indwade
calendric component (dependent on ‘&l potential) and a cycle component (dependent on
current and relative volume changes in the active mateneltsh allowed to describe well the
degradation of commercial dion cells under complex duty cycledetails of this work was
publishedin two papers in thelournal of the Electrochemical Societgnd presented at a
conference

UnderTask 3, HNEI continued research two areas: constant volume carbonization of biomass

and hydrogen refuelingechnology. Under Subtask 3.1, Constant Volume Carbonization, HNEI
investigatel the impact of pressure and oxygen content on thethatmal pyrolysis of woody
biomass Details of this work formed the basis for a U.S. provisional patent and wipiuddished

in the Energyand Fuelsjournal HNEI continued research, development, demonstration, and
assessment of hydrogen production, storage, and dispensing systems for heavy duty hydrogen
vehicl es, and evaluation of the operational [
under SubtasB.2. The team resolved critical techalicssues with the hydrogen fuel cell buses,
advanced daily busperations, completecommissioning of the hydrogen refueling station, and
installed performance monitoring systems. Various workforce training and outreach engagements
were supported by APRISES20 funds as well.

UnderTask 4, Resilient Energy Systems, HNEI continued research to enable the development of
resilient, reliable, and secure energy systems operating with a high penetration of variable
renewable generation technologidd.a w@®isttiener gy and economic Ssecu
reduction of the importation obssil fuel supplies. With options for firm renewable energy
resources limited, advancing renewable energy targets is increasingly dependent on integrating
exceptionally high penetrations of wind asolar energy. Similar issues exist on other Pacific

Islands and areas of interest tOD.

The researchincluded two closely integrated activities. Under Subtask 4.1, HNEI continued
development of enabling technology focused on the integration of new technology and reliable
control at the grid edge. Subtask #&s intended téocus on power systems analysis to ensure

that the energy systems and r el atHawiandslkands,i cal i



home to the Pacific Command and the largest military bases in the Asia Pacific region, meets the
reliability, security, and resiliency needs of DODaaklitional variablegeneration technologies

are integrated into the grid. This activity levermgesources from the Energy Systems
Devel opment Special Fund (ESDSF) mé&nestgearly by HTI
termination, much of this effort was shifted to the ESDSF.

Subtask 4.1, Advanced @rive In@e c haneosltoidgnggno f otcruast
innovative technologies and strateghesuglm temé
i nt egraadtviaoonc eod contr ol systems lasd&GBribbN BRIt 0treym
Technol ogies Adva(Get&@TAREDbEarbaiidliiie pmevi ous wor
advangrnagmet abdsenamiden § notl ® g s aplpeoattri c vehicl
i ntegration and microgrd ds alewteiaagrcsh .f o T hkei dvior &c
energy managememtd cepttiamiAdsthime®md ysBewerLa® or at o
(APStLg f acilgorte®ssi ng,, andl itdatiinamg i n advance
technol ogi es.

4. HNEI , in coll abor afl Kdn wiomhi hk®8dCadyvabtdng/(
t esminmWilgdemonstration of advanced control syst
the Uni veeawditdyi 60c6f MUTibaeammpas been ,carnedat i ng
demonstrating new algorithms designed to effi
with the goal of minfioni zs mgr @ed et lac¢.¢Si egvna hfig gcl aena
progress. wadhemagepe oj eltdncfioncgqu serdd omonetni nuously
charging management system to ma X i anii g @ h afrlgeee t

schedul es. The team developed detail ed mat he
bills for vari cCosmplaawanidissemat El sctheidal e s, and
charging and discharging data to refine opti
threshol ds were =established for each wvehicl e
transpceretdast iaonnd mircang e d@viaidcvheitrye | earning met ho
to i mprove EV energy consumption esti mates, |
Projectarfd nautignsdlsudi ng a model assessing fas:

vol tage nedrweos&rst] eEdiceante ea fthrec ee.nat pabvivdeodn hands
training for emg nuendareirngg agdreaaditegptpd ngdenhem wi t h
in sppt e mianat itomoubl eshooting.

41b) The compl etion of atcthe eANRINERPRE PESZENt s Lacm
t he Uni vidawait§i oMartihnee A®eSnt epr ovi deost haer tf | e x i
environmenbon foeséed@amadld iimttegr gtaindn,admiacrcedr iedn
technol ogi es. aBbe&®f aoBWVionp | teptl er @agddvanced i n
AC/ DC equi pmemd &ce6Ogrbay s est betlj masgweldl| sasu
suppopdwergy h-ia# dleoaorpe ( PHJ.L) Besktinwith strong
i ncludfilngsharpgr ot ected Meltric receptacles and



enables rigorougereraatuiaan ogr iod ddewxitces and c

compl eti on, the | aboratory has beetnhadwsaencc etdo v
conser voalttimghe cdeimom s tpr af ech i n Jd&kn otalwear, OMPRB afhur
pro) eand to provide advanced training for | oc
key resource for onldawaigdienamdgybeymomdati on in

UnderSubtask 4.2ResilientGrid SystemsHNEI focused on support alevelopment efforts for

the Molokadi Community Energy Resilience Action PIaBERAP) anddevelopeda paper study

to examine the potential for various eleetras e | s t o support t herhei sl and
latter is available aa draft, but cannot be considered final as the award was terminated before
references were validatedReliability studies imtiated under APRISE® were deferred to
APRISES 21.

Task 5 Advanced Materialscomprises two subtasks that includesearch on novel metal
containing ionic liquids capable of removal of acidic gas contaminants) (&®n air and
advancing photovoltaic (PV) technologies by developing printablefithirsolar cells

Under Subtask 5. Burification TechnologyNEI staffsynthesized three novel metaintaining
ionic liquids (MIL): Znz[OAc]s[C2mim]2, Mgs[OAC]1o{C2mim]2, and Fa[OAc]1o[Comim]2, and
characterized their propertie§.he besiperforming sorbent, MgOAC]1/Comim]2 impregnated
onto activated carbon, had an Skreakthrough capacity of 215 mg 3@ MIL, which was
comparable to the staté-the-art [Ccmim] [OAc] ionic liquid impregnated onto activated carbon.
Resultsfrom this workindicatal that metaicontaining ionic liquids are good candidates for
practical acidic gas mitigation at low contaminant concentratiobstails of ths work was
publishedn two papers in thACS Omeggournal and a Master of Science thesis.

Under Subtask 5.2Printable Electronic Materialgshe research team &NEI6 s Thi n Fi | r
Laboratoryaimed to advance lowost, scalable photovoltaic (PV) technologies by developing
printable thinf i | m sol ar cells based on chalcopyrite
offer a promising alternative to rigid silicon PV modules, especially foraptatand wearable
applications where flexibility and lightweight design are crucial. Leveraging earlier work funded

by ONR, researchers formulated a stalplontoxic molecular ink to fabricate CISe absorbers via

solution processing, achieving conversion efficiencies exceeding 8%.

A key innovation of this project was the incorporation of aluminum salts into the CISe ink to

enable in situ formation of nanoscale Al O d
for vacuumbased postleposition treatments typically used farfece passivation. The addition
of Al @] was shown to significantly i mprove s

aluminum content revealed that moderate levels (e.eORAbroduced absorbers with improved
morphological features and aghier density of passivating particles, leading to power conversion
efficiencies up to 11.2% in champion devices and average values as high as 9.5%.



Further electrical characterization <confir me
increased the space charge region width, and shifted the dominant recombination mechanism from
interface to bulk. Temperatuckependent opeaircuit voltage measements supported these

findings, showing activation energies closer to the bulk bandgap-dopdd films. Together,

these results demonstrate the effectiveness of aluminum doping-and thu Al O passi
enhancing CISe solar cell efficiency anshderscore the viability of lowost, inkbased
manufacturing for nexgeneration photovoltaic technologies.

UnderTask 6, Advanced Heat Exchanger Developméndékai Ocean Engineering continued to

develop their Thin Foil Heat Exchanger (TFHX with increased emphasis on designs to provide

a path to commercialization. A key accomplishment during this period was development of new
fabrication techniques to reduce weld failure. An automatedgckselhing system has been in

operation forone year. Maximizing plate area in single housing was identified as a key
requirement to meet cost targets. Various pressure rated housing designevaluated for

operations and ease of maintenance. Makai developed new methods for stacking of the plates fo
large areas designs. Makai also developed techniques, fixture designs, and equipment to improve
serviceability for mitigation of biofoulingDetails of thiswork s avai |l abl e. i n Maka

This final report describes the work that has been accomplished under each of these tasks, along
with summaries of task efforts that are detailed in journal and other publications, including reports,
conference proceedings, presentations, and patentappig. Publications produced through

these efforts are noted below and avail abl e on HNEI 6s v
https://www.hnei.hawaii.edu/publications/projectreports/aprises 20/.
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TASK 1: PROGRAM MANAGEMENAND OUTREACH

As the prime recipient of the agreement from ONR, HNEI conducts research, development, testing
and evaluation across a range of alternative and enabling energy technologies; and is responsible
for development and monitoring of partner and subcontract agreements. Undaskhgenior

HNEI staff developed and managgartner and subcontract agreememntsordinated task
activities as needednd coordinated developmentamftreach materialand reports for ONR and

other audiencesSenior staff alsengagd directly with other DOD organizations, such as the
Navy Facilities Engineering Command (NAVFAC) to assess energy needs of bases in the Asia
Pacific region in an effort to continue to build these partnerships, with a focus octemear
opportunities forapplication of emerging energy technologies into Hawses and elsewhere

in the Asia Pacific regionDetails of the varioupartner, subcontracand outreach activitiesre
included in theelevanttask summariebelow.

TASK 2:ELECTROCHEMICALECHNOLOGIES

Task 2is comprisel of two subtasks that included the development and testing ofdilejand
the evaluationcharacterizatiorand modeling of L-ion batteries and battery systeni3etails of
each research subtask are provided in the following sections.

2.1 Fuel Cell Testing and Development

Research under subtask 2icompassed a range of activitiesthe development and testing of
fuel cells. These projects included} a comprehensive analysis of recovery procedurgséwon
exchange membrane fueklls (PEMFQ exposed to contaminants when operaitecharsh
environmentsb) development of an electrolyte for the cathode catalyst layer oftéigperature
proton exchange membrane fuel cetls developmenbf an n-situ catalytic conversionlayer
mitigating contamination iNPEMFCs d) development of acalibration method forreference
electrodestandardization irrotatingring disc experiments ande) exploratory research into the
modification of a PEMFC focatalyticcogeneration ofiydrogenperoxide andlectricity. Details
of the work conducted in each of these activities are described below.
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2.1a Fuel Cell Contaminant Recovery Procedures

The sensitivity of PEMFCs to operating and environmental conditiontgnues to ba limitation

to the broader use of PEMRInhce impure fuel or oxidizer negatively affects performance and
compromise the reliability of fuel cells{ad]. PEMFCs are susceptible to airbogataminants
whenanbient air is used as the oxidar8ulfur, nitrogen oxides, anlatile organic compounds
are common air pollutants originating from natural and anthropogenic sources with average
concentrations in urban areas randumogn 520 ppb to several ppm{&]. The performance loss
caused by thenany aircontaminantxan be selfecovered by operating the fuel cell whigh
purity air. However, this simple procedure is not efficient for certain impustiet asSO,, which
partially reduces to elemental sulfur on thebB$ed electrode undeormaloperating conditions
and cannot be fully removed by pure air alon@]50nly special treatments of the contaminated
fuel cell can lead to partial or full recovery of PEMFC performancél]8 This work was
intendedo analyze several recovery procedures for PEMFCs exposed to 8@ air stream and
evaluate their efficiency under varying operating conditions.

The experimental work was performed using a test station and a segmented cell system developed
at HNEI [12]. Commercially available 100 ¢heatalyst coated membranes with Pt content of 0.1
and 0.4 mg cm? for both anode and cathode, respectively, were used in this wB@.
concentration in air stream was 5 ppithe poisoning proceeded until the cell voltage reached a
steady state, after that {Djection was stopped to assess the-adbvery in pure air folloed

by the recovery procedur®&ecoveryprocedure 1 consisted of cyclic voltammetry (CV) from 0.1

to 1.2 V for 10 cycles at 20 mV's Recovery procedure 2 included repetitive purging of the
cathode with pure £and N to ensure variation of the cathode potential from 0.1 to 0.99 V (5
cycles). The membrane electrode assemblies (MEAS) were operated at stoichiometry of 2 for
anode and cathode, 150 kPa back pressure a@@@ell temperatureOverall current density

for SO poisoning and recovery was 0.4 and 1.0 A%cm

Figures 2.1a.1 and 2.1ashow the localized performance of PEMFCs undes &Dtamination

and recovery evaluated under galvanostatic control with overall cell current densities of 0.4 and
10Acm? The performance is presented as segment s
profiles. The voltage responses from the segments are identical because the segmented cell
hardware ensures equipotential conditioformalized current density is the ratio between the
measured current response and its inwialue obtained during the ppmisoning stage. A

summary of the samples and performance parameters duringxp@sure, selfecovery, and

recovery is provided byable2.1a.1 The initial performance was 0.710 Wigures 2.1a.1and

2.1a.23and 0.6760.676 V Figures 2.1a.1and2.1a.2h for 0.4 and 1.0 A cri, respectively.

The injectonof 5ppm SO n air caused a decrease i n segme

pronounced inflection point at ~0.600680 V for 0.4 A crt (Figures 2.1a.1and 2.1a.2).
Operation at the higher current density of 1.0 A%ded to a less distinguished inflection point at

11



0.5500.560 V Figures 2.1a.1bnd2.1a.2h. A steady state condition was reached after several
hours of S@contamination and cell voltage was 0.42300 V for 0.4 A crif and 0.3580.370 V

for 1.0 A cm?. Theresults demonstrated that the potential of the inflection point was higher for
0.4 A cm? than for 1.0 A crif, and the transition period was longer for low current operation.
These findings are most likely connected to different initial cell potentials (0.750 V vs. 0.675 V)
and different water gemation rates.

12



a)  MEA-0.4-CV b)  MEA-1.0-CV

0.8 L i=0.4 A cm? 0.8 - i=1.0 A cm?
S oo 0.710 V s |
g ' / : S 06l 0675V / 0.562 V
a 0.6 ' o) ! ;
= Seg 1-10 ) \CV-induced S 9 s : 0465V ,\
. ' . \recovery S 04 ki : 1 CV-induced
: 1
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" 1 " 1 Ll " L 1 0.2 1 1 1 1 : —1 : } . 1
- i ! — . 1 1
Lol : : E1sf : ! ;
= 1 I = 1 :
— e e
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Seg 6, Seg 7, Seg 8, Seg 9, Seg 10 Seg 6, Seg 7, Seg 8, Seg 9, Seg 10

Figure 2.1a.1. Voltage and normalized current density profiles of individual segments under 5 pmath8@e exposure, sekcovery and CV
induced recoverya) 0.4 A ciif andb) 1.0 A ciif. Anode/cathode: #air, 2/2 stoichiometry, 100/50% RH, 150/150 kPa,(&0
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) MEA-0.4-0, b)  mEA-1.00,
- 2
i [ i=0.4A cm 08} i=1.0Acm?
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Figure 2.1a.2. Voltage and normalized current density profilésdifidual segments under 5 ppm S@thode exposure, sekfcovery and @
recovery:a) 0.4 A cnf andb) 1.0 A ciif. Anode/cathode: Hair, 2/2 stoichiometry, 100/50% RH, 150/150 kPa,&0
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Table2.1a.1. Initial cell voltage of the sampleg)during exposure to 5 ppm 8(¥so9, selfrecovery
(Vseltreo), after the recovery procedure £y, performance dropfV) and recovery as a ratio betweep:V
and \b.

Vsoz Vseltrec Vrec DV RECOVEI'y

Sample i[Acm?] Recovery Vol[V] V1 V1 V1 [mV] [%6]
MEA-0.4CV 0.4 Ccv 0.750 0.497 0.570 0.710 40 95
MEA-1.0-CV 1.0 CcVv 0.670 0.355 0.460 0.565 105 84
MEA-0.4-O, 0.4 O;purge 0.750 0.500 0.574 0.710 40 95
MEA-1.0-0, 1.0 O;purge 0.676 0.370 0.468 0.565 110 84

The contamination led not only to the performance drop but also caused a local current density
redistribution with a similar pattern for low and high current operatgufes 2.1d. and2.1a2).

At the beginning of poisoning, the inlet segmentsshowed a decrease in generated currents due
to adsorption and the negative impact of.®@ the ORR. Since the cell was operated under
current control of the overall cell, the outlet segmenif ad to produce higher currents to
generate the current setpoifithese changes in local performance and generated current affected
H>0 production and accumulation downstream which could partially mitigate negati\e#f&cis

on the Pt catalyst due to its solubility and removal with wakée segment currents reached their
extremum values at the potential of the inflection point, and the local performancsecewden

the current from segmentsSlincreased, while it decreased for the outlet part of the M&tAhe

steady state the local performance gradually changed with the timeaafrttagninanexposure.

The impact of poisoning time on steady state currents was more pronounced for high power
generating conditions at 1.0 A &mn

SO introduction to the air stream resulted in its reversible adsorption on the Pt surface, forming
weakly and strongly bonded $6pecies.The adsorbed SGpecies can be oxidized to bisulfate

ions at potentials higher than 0.9 V and removed from the Pt surface with generated water, while
reduction of S@to elemental sulfur can take place at potentials of lower than 0.5V (Rig&a®.

A mixture of §, SQ and sulfate/bisulfate ions is possible products of &Borption at 08.7 V

[5, 13-15].

SO, adsorption on Pt

S0, electroreduction (< 0.5 V) Pt+S0, &> Pt-S0, 80, electrooxidation (>0.9 V)

Pt — SO+ 2e- + 2H*—> Pt — SO + H,0 Pt — SO, + 2H,0 —> Pt + SO, +4H" + 2¢-

Il
0=S—0-
0 0 O |

Pt - SO+ 2e + 2H'—>Pt - S + H,0 30 0\8// S§ 5 Pt—S + 4H,0—>Pt + SO, +8H" + be-
v ¥ v
T C R e & s,
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Potential [V]

Figure 2.1a.3. Schematic of possible;$@cesses in PEMFC operation.
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At the steady state, the local current distribution depended on the kinetics of local Pt coverages by
various Scontaining species, O and water [6/]. It is possible to suggest that after the
electroreduction of SCthere was a partial recovery of the Pt surface at the inlet part of the MEA
and redistribution of €ontaining species along with the flow field to the outlet segmerite.
reduced Sontaining products stayed on the Pt surface, competed with, and suppressed oxygen
reduction and S@adsorpton from the gas phase.

The introduction of pure air partially recovered the cell voltagble 2.1a.land caused further
redistribution of the local currentsDuring this selrecovery stage, only weakly bonded,SO
species could be removed from the electrocatalyst, while strongly adsedoedasing species
and formed elemental sulfur remained on the Pt surfd@eensure full recovery, the cathode
potential had to be high enough to oxidize elemental sulfur to soluble pro&acts.CVinduced
procedure with potential variation from 0.1 to 1.2 V was applied to the MEAs exposed at 0.4 and
1.0 A cm? (Figure 2.1a.l The potential cycling further recovered the MEA performandédse
MEA contaminated at 0.4 A chidemonstrated a final cell voltage of 0.710 Vingial 0.750 V
which corresponded to 95% recoveRygure 2.1a.1a The fuel cell exposed to S@t 1.0 A cn?
increased its performance to 0.565 V compared to 0.670 V at thmisaning stage (84% of
recovery) Figure 2.1a.1p The application of @recovery showed the same results and efficiency
of the procedure: 95% of recovery for th&M-0.4-O, sample (0.4 A cn) and 84% for the MEA
1.0-02 (1.0 A cm?),

Polarization curves recorded for the total cells before (BOT) and after (EQIgda@mination

and recovery are presentedHigure 2.1a.4 It should be noted that IV curves were collected after
the CV scans performed for ECA calculatiorhe results showed that the performance drop after
the CV recovery was 280 mV for MEA-0.4-CV and 1650 mV for MEA-1.0-CV and clearly
depended on operating current during 8&posure figure 2.1a.4andb). The G recovery led

to a 1630 mV performance loss for the low current test (MEAO.) and 1660 mV for the high
current condition (MEAL.0-O.). The observed performance loss seemed to be lowemthain

was detected right after the recovefjglre 21a.1, 2.1a.2 andTable2.1a.). Thus, C\tinduced

and Q purge recoveries did not fully restore cell performance; however, the additional CV
procedure at 3% in the frame of the EOT diagnostic set contributed to further recovery of the
performance.A comparison of the IV curves revealed that the MEA performance and recovery
were subject to the operating conditions such as cell temperature and current density.
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Figure 2.1a.4. BOT and EOT polarization curves for the total cell afeBQ exposure at 0.4 A cf

and CV recoveryb) SQ contamination at 1.0 A chand CV recoveryg) SQ contamination at 0.4 A

cmi?and Q@ recovery;andd) SQ contamination at 1.0 A chand Q recovery. An/Ca: Hair, 2/2
stoichiometry, 100/50% RH, 150/150 kPa,®0

Publications and Presentations

PeerReviewed Publications

The obtained data demonstrated thdtlitional recovery techniques, such as varying cathode
humidity and cell temperature are necessary to fully restore PEMFC performance after SO
contamination and could improve recovery efficiency up t®8%. Since CVtinduced and @

purge methods provide the same recovery results, the application offiheg® technique seems

to be more suitable for practical operatiohhe QG purge recovery does not require auxiliary
equipment and can be applicable for field operation.

More detail on this work can be found in tBkectrochimica Actgublicationlisted below.

1. Reshetenko, T. V. (2024). Comprehensive analysis of recovery procedures sfor SO
contaminated proton exchange membrane fuel deléstrochimica Acta507, 145168.
https://doi.org/10.1016/j.electacta.2024.145168
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Conference Proceedings and Presentations
1. ReshetenkoT. (2025, January 146). Recovery procedures for $@ontaminated PEM
fuel cells Hydrogen and Fuel Cell Seminar, Long Beach, CAitédl States
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2.1b Proton Conductive Electrolytes for HT -PEMFC

Use of sateof-the-art PEMFC power systemdace challengs from air pollutantsand from
impurities in thehydrogen fuelwhenthey areoperated in the realistic atmospheunder previous
APRISES awards, HNBI fuel cell group extensaly investigated theontaminant8impacts on

the PEMFC performance and components degradation, and developed contamination mechanisms
for therepresentativeontaminants.The contamination effects of the pollutants are species and
operating condition dependent amage often complex involvinghe formation of multiple
intermediates that may impact dlle active fuel celimaterials (gas diffusion layer, catalyst,
ionomer) In previous work a variety ofemovery strategies were develope@®aseal on this
accumulated knowledgdNEI hasbeenpursuingeffortsto develop and demonstrate robust and
durable fuel cell power systems (FCPS) capable of operathmyshenvironmersg. These efforts
included the use oH3:PQyw doped PBI (HPQY/PBI) high temperaturg(HT) PEMFCs and
development ohigh temperaturerptonconductiveelectrolytes forcatalyst layer oHT-PEMFC

As briefly reviewed in theAPRISES19technical report,ite high temperature operation (150
200°C) of PEMFG could mitigate the poisoning effects due to the high conversion rate or weak
adsorption of the contaminarda Pt catalystsWith additionaladvantagesuch as the fastéeat

and pxygen and hydrogémmass transpartthe simplified air and fuel supplycomponentsdy
eliminaing the humidifier and the cooling systemhich are benefited froitine high temperature
differential and the absence of liqwigter in the cellthe HT-PEMFC systenis expected tgield
improvedperformance, power and energy densityd cost A novel layered inorganic material
has beemnder developmerat HNEI as proton conductive electrolgtmstead of HPQy/PBI for

the catalyst layer of HIPEMFCto addresghe concerns of the application temperature limit of
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perfluorosulfonic acid (PFSA, Nafion®) polymer electrolytasypical PEM), and overcome the
phosphoric acid leaching issoéthe H:PQuW/PBI (a promising and widely studiddT-PEM for
membraneand electrolyte in the catalyst layefThe inorganic materials contain transient metal
elements with varying oxidation states and the variety of ligand water aaldfrol in its
multilayer structureThe hydrogen bon(H-bond)switching among the ligasdranspors protors

in a Hbond network which is formedin layered structuresand provides afast proton
transporation pathway. This typeof proton conducting materials can be uspecifically as
electrolyte in the catalyst layers of HHEMFGs under high temperature and low humiditynder
APRISES19the novel inorganic proton conductiveaterial(vanadyl phosphate complex, noted
as VP)was designedndsuccessflly synthesized The yield was improved from ~5% to ~50%
with a production up to ~10 g in one batchhe pristine VP samplewere identified agirodo
shape particles with a length of-58 pm and a diameter of ~5 unihe proton conductivity of
theVP pellets was analyzed with AC impedance agdsviched in two gold electrodes or two Pt/C
gas diffusion electrodes form room temperature to 150°C without humidificaticthe pellets
the VP powders shoed a bulk conductivity of ~18 Scni' and a particles boundary/interfaces
conductivity of ~16-10* Scm* in the range of from room temperature to 150°he thermal
redox and electrochemical stability of th> powdersandpelletshad also been studied to check
the capability with HFPEMFGs. The TGA indicatedthat the VP material isstable up to 310
350°C and suitable to the HT operating at 2200°C the potential (CV) scanning andH
atmosphere exposure implied that the matesatlectrochemically stable within the PEMFC
cathode operatingotential range(~0.2-0.9V), but below-0.1V or K and electrochemical
reductionenvironmenmmight be a challenge.

Under APRISE30, HNEIcontinuedthe developnent ofthe high temperature proton conductive
electrolytes fothecatalyst layer of HIPEMFGsas one ofheirnovel materials research activities
The structuresand composition the water solubilityand thestability in solution of the novel
proton conductivenaterialhave beercharacterizé and investigatedThe ball mill grindingand
filtration treatments weralsoemployedo reduce the VP patrticles sigeeetng the requirements
aspowers in the catalyst layelhe results are briefly analyzed in the following sections.

Scanningelectronmicroscopycombinedwith energydispersive Xray spectroscopfSEM/EDS
andthe X-ray diffraction (XRD) analysiswere employed to study thmarticles sizemorphology
structuresandcompositionof theVP powders Figure 2.1b.1 are the representative SEM images
of the VP powdersFigure 2.1b.& shows the cross section of the particle after the sample were
manually grinded with gatemortar and pestlelt can be seen that the material displays a clear
layered structure as designed, véhtre Hbond networks expected to be formed for tipeoton
transporationpathway Figures 2.1b.D andc are the snapshots which were occasionally caught
during the crystal particles cracking and the multilayer structures dissociation under the high
energy beam of SEMThe EDS and XRD analysis suggested that the material has an enriched
acidic property, which are the features to potelti@cilitate theH-bond networkormation and
proton conducting, and the crystalline size of the materials is around 5Umanaetails ofEDS
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and XRDdata,which disclosed the material composited structuresnd contains proprietary
information, are not reported here.

A Y-

Figr2.b.1 S iages of the VPowcteass cross etioof e mortr grided piclb}; crstal
particles crackingand § multilayer structure dissociation of one crystal particle.

As a candidate of the proton conducting materials for PEMME@ materiabs s ol ubi | ity
stability in water are key factors that determine its applicability and durabilite solubilityand
stability of the VP powderdas beerstudiedby investigaing the precipitate of the powdein
waterand the changes in vanadium valence states dwggtigyentationas well as measuring the
concentration of the saturation solutiorfSigure 2.1b.2 shows the representative pictures of the
VP solutionsduring sedirent settling Figure2.1b.Zaandb shows the solutionafter 10 and 180
days respectivelyfor the first 5 (or 6) initial VPsampleswhich weresynthegzed with different
procedures andonditions. None of the samples completely dissolue water after 5 minutesf
sonication.The solutions of some samples changed color graduatty light blueto yellow, and

then completely dissolveid water withinseveral days, weeks, or mhs. After 180 days (even

over a year), there is no change in color of the6\#mple solution anadost of the solid particles

still precipitated in the bottom of the containéfherefore the VR6 samplewas selected as a
candidate for the furthgrosttreatment&nd concentration determinatioRigure2.1b.2 displays

the solutionsafter 10daysfor the selectedvVP sampleswhich were synthesizednder same
procedures and conditionsth that of VR6, but different postreaments Under consistentisual
observation, none of théP-6 samples with differenposttreatmentsshowed color change or
further dissolving. The concentration of the solution was determined by the inset method with a
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UV-vis spectrophotometemd standard vanadyl solutionSigure 2.1b.3 shows the liner features

of the calibration curve of the standard solutions with a concentration range from 0.1mM to 0.1M.

As a result, after theediment settid for 10 days, the maximum concentration of the saturated
solutions is ~20 mM; most of the samples showed a saturation concertation around the low
detection | imit ~0.1mM,; S 0 me s dlegativeAlssorpone n wer
Errord Theseresults indicate that thdown selected material is not soluble under the investigation
conditions anduitable to be used in the cathode catalyst layer o HEMFGs.

Figure 2.1b.2. Pictures of VP powder precipitate/solution in wadefl mg of VP samples-&) in 5 ml
after 10 daysb) 1 mg ofVP samples (B) in 5 ml after 180 daysnd 9 2 mg of VP samples-& in 20
ml after 10 days.
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Figure 2.1b.3. The standard calibration curve of the Vanadyl solutions with a concentration range from
0.1mM to 0.1M.

As mentioned previously, the particle size of the pristine VP powders is arotb@l |48, which
is even larger than the typical thickness-{BH}um) of the catalyst layerlf big particles were to
be integrated inhe MEA, it would damage the membrand@o meet the sizeequirementsthe

22



proper particles sizehould be-50-100 nm, the size of the typical Pt/C catalyst, aridum with
physical agglomerationTherefore, the ball mill grinding treatment was used to reduce the sample
particle size. SEM/EDS and XRD analysis wednductedto determinethe patrticles size,
morphology, structuresind composition of thgrindedVP powders.The SEM images ajrinded

VP powdersare shown in Figure 2.1b.4After the grinding, most of the particles could be reduced
to ~50-100 nmand with sphere sipe(Figure 2.1b.4), and thephysical agglorarated powders
could be up to 3um (Figure 2.1b.B). However, some of the big chunks still remain with a size
over3 um (Figure 2.1b.4). TheEDS and XRD analysisdicated that the samples kept the same
crystalline sizestructuresand compositionvith that before grinding treatmentse not reported
here Additionally, theproton conductivity of the grinded VP sample was also measured with
compact pellets.Figure 2.1b.5shows thampedance spectraf a ginded powderspellet from

room temperature to 150°C without humidificatiomhe pellet shows a proton conductivity of
~103%-10% S cm! at 26150°C. With a compression of the najinded particles pellet in the
previous report, the dry grinded patrticle pellet shows similar bulk proton conductivity, which is
supposed to depend on the crystal structure and the size of the crystaBine.the
boundary/interface proton conductivity is approximately one order of magnitude lower than the
nongrinded particles pelletThis is expected due to the increase in boundary/interface area with
the decrease in patrticle size.

)

2]

Figure 2.1b.4. SENmage of the ball mill grinded VP powdeg grinded nanoparticled))
agglomerated nanoparticleand § nanoparticles with big junk particles.
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Figure 2.1b.5. The impedance spectra of a grinded powders pellet under different temperatures (20
150°C) and without humidification.

Furthermore, as mentioned above, with the ball mill grinding treatment the partiats $iPe
powders can be reduced fronb8 pm to ~56100 nm, but there is still certain amount of large
particle remaining with the size up to 5 prarge particles woulde fatal fothemembrane/MEA
evenwith only a few existing.To eliminate the big particles séepby-stepnano sieving filtration
method was developed with different multilayer microporous mesHhes filtration method also
attempted to sieve out the particles tatelarger than 1 umWith preliminary observation, the

final samples obtained from filtration can be well dispersed in water or other common solvents
without any obvious precipitatioblowever the filtratiord sfficiency was low(~10%) and time
consumable Thisimplies thatthe filtration method is successfthough theme t h effitiéngy

would need to be improved for high production.

If futurefundingis available HNEI will continutethe development of theovel layered inorganic
materialfor thecatalyst layer of HIPEMFGs. Further research activiti@gould specifically focus
on: a)investigaton of the proton conductivity under HPEMFC operating environmesi.e. air
flow and low relative humidity, etc.; b) imprimg the grinding and filtration efficiency, and
optimizing particles size to make the powder suitable for the catalyst layer; c) imgrine
material properties and performang further characteriation onthe structures, compositipn
and stability as well aoptimizationof the synthesis procedureandd) integraing the selected
proton conductive materials into theathode catalyst layer of MEAand evaluaing the
performance of HIPEMFGs at 150200°Cand lowrelative humidity
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2.1cIn-situ Catalytic Conversion Layer for Fuel Cell Contaminant Mitigation

Primary air contaminants, such as>SR0O, NO, CO, can significantly decrease the performance
and durability of proton exchange membrane (PEM) fuel cells even with trace concentrations.
Severaimethods have been proposed for the recovering of contaminated PEM fuel cells, namely,
electrode potential scan, contaminant shmt/n, and polarization curvesContaminantolerant
catalyst development and air intake filter design are other important mitigation mettuvasver,

all of them present undesired side effects suchegsired cell shut down anperformance
degradation HNEI proposeddeveloping an issitu catalytic conversion layer to removes
contaminants before they reach Pt getalwhich can avoid Pt poisoning, performance |assl
degradation of PEM fuel cellsThe particle size and loading of the contamirecitve catalysts,

the composition and structure ofsitu catalytic conversion layer can be optimized to minimize
transport resistance, maximize catalyst utilization, contaminant removal efficiency, and the
contaminant tolerance of MEA PEM fuel cells.Contaminantactive catalysts based on transition
metal carbides were synthesizdthe electrochemical oxidation of aqueous &Qransition metal
carbides catalysts was initially evaluated byséx cyclic voltammetry in acidic medium.
Previous results shad that carbon black supported vanadium carbideC{KC72) exhibited

good electrecatalytic activity toward the electrochemical oxidation of aqueous\8ich would

be a promising S@active catalyst. Under APRISES20funding, VsC7/XC72 and \4Cs/XC72

were synthesized by adjusting the synthesis process (Rdurda. It should be mentioned that
VgC7/XC72 here was obtained atower temperature compared with previous wofkere is no
evidence of the presence of any vanadium oxideitiner VeC7/XC72 or VeCs/XC72. The
literature reveals that molybdenum carbide is very reactive toward-solfis@ining molecules,
being able to break-6, SH, and SC bonds at temperatures below 300 K [Molybdenum
carbidebased contaminadaictive catalysts were also synthesizAd.shown in Figur@.1c.1hno

crystal structure changes after acid leaching in 3J8@ at 8C°C, indicating that MeC is acid
resistant. Future studies will inolude evaluation of the electrochemical oxidation of agueous SO
at these catalysts by-aitu cyclic voltammetry in acidic medium, integration of the contaminant
active catalyst in MEA using the ultrasonic spray coater at HNEI, and evaluaititime
contaminant tolerance of a PEM fuel cell to.S@th an insitu catalytic conversion layer to
demonstrate its practical application.
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2.1d Reference Electrode Standardization in Rotating Disc Electrochemical
Experiments

Generally, electrochemica®ll estedblecsoasestomguo
counter (or auxiliarlyn ,t hainsd sryesfteeanme,n cteh es | cewrtrreor
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potieanlt agai nst eRélEt facal alt wsies swittudyv arRlross @l
Experi ment al cali brattioonRiBAIs¢é séroefgéyeneeoeme
t han oal duthlraotuigh t he thevhi ethi baveNbeesnt feguat iy
potentni dlhsefraeger all 3tf€¢hssowonmkappuadaehd to cal
reference electrodes experimentRHE)}aWar itohues r e
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calibration in the electrochemical field.

In this work, a platinunnotating disk electrode (RDEgpmprising a Pt wire anithin, porousPt/C
catalyst film(Pt loading: 7 14, 20uge: cmi®) deposited on the glassy carb@RDE wereusedas
working electrodes. Figure 2.1dla shows the HOR polarization curves on various working
electrodes.As shownin Figure 21d.1b, the RHE value for RE #1 at the 21st day calibration on
Pt RDE and Juge: cm® RDE both with rotation rate of 1600 rpm-i3.24041 and0.24060 V,
respectively, which is only 0.19 mV differencEor the 33rd day calibration of RE #1, the RHE
value on Pt RDE at 1600 rpm and Pt wiredi4049 and0.24074 V, respectively, which is only
0.25 mV changeThe change of RHE value for RE #3 at the 20th day calibration on Pt RDE with
rotation and Pt wire is 0.56 m\For the 21st day calibration of RE #3 on Pt RDE and Pt wire, the
difference of RHE value is 0.55 and 0.61 mV for Pt RDE with and without rotation, respectively.
And the variation bRHE value at the 2#1 day calibration of RE #3 on Pt RDE and Pt wire is
0.43 and 0.60 mV for Pt RDE with and without rotation, respectiv€he change of RHE value

for RE #4 at the 2d day calibration on Pt RDE and i« cm? RDE both at 1600 rpm is 1 mV,
which is slightly larger than previous cas@$ie RHE value of RE #7 on 2@r:cm® RDE (1600

rom, 3d day) and Pt wire {#h day) is-0.27865 and0.27803 V, respectively, which is 0.62 mV
variation. Based on the data comparison, it can be obdehat the working electrodes of Pt RDE,

Pt wire, and &hin, porousPt/Ccatalyst filmon RDE (7, 14, 2Quge:cm) exhibit the similaiRHE
values for reference electrode calibratig@enerally speaking, the selection of working electrode
will depend on the availability and convenience, but the working electrode with rotation is
recommended.
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Figure 2.1d.1. a) HOR polarization curves on various working electrodes satdrated 0.5 M £5Q,
and bc) RHE value correlates to working electrodes.

Figure 2.1d.2&hows the typical hydrogen oxidation reaction at various rotationfoateE #1

The limiting currents increase with increasing rotation ratesFigure 2.12b, the 4 cycles for
the case without rotation are rmepeatable due tioydrogen oversaturation and bubble formation
which can introduce mass transport resistanEegure 2.1d.2chowsthe full scan from:0.245 to
0.26 V with and without rotation, and narrow scan frdl249 to-0.229 V at 1600 rpm for RE
#1. As can been seen gure 2.1d.2dthe full range scan at 1600 rpm largely overlaps with that
of the narrow range scan with rotation and the repeatability of 3 cycles full range scan without
rotation is poor. Figure 2.1d.2 showsthe full scan from0.245 to 0.26 V with and without
rotation, and narrow scan frof@.245 t0-0.235 V at 1600 rpm for RE #2ZSimilar as RE#1, the
full range scan almost overlaps with that of narrow range scan both at 1600 rpm 4y dhes

of the full range scan without rotation are nepeaable Figure 2.1d.p). As shown inFigure
2.1d.3), the RHE value for 0, 400, 900, 1600, and 2500 rpr®.23874,-0.23973,-0.23971,
-0.23971, and0.23975 V, respectivelyThere is no obvious difference for the RHE values when
the rotation rate ranging from 400 to 2500 rpHowever, there is more than 1 mV difference in
RHE value with and without rotationin Figure 2.1d.B, the RHE value for RE #1 at full range
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scan without rotation, 1600 rpm, and narrow range scan 1600 rpdr28863,-0.23966, and
-0.23969 V, respectivelyThe RHE value for RE #2 at full range scan without rotation, 1600 rpm,
and narrow range scan 1600 rpm(s24083,-0.24129, and0.24136 V, respectivelyThe RHE

value is close to each other at 1600 rpm regardless of full or narrow rangetsmaaver, the

RHE value at full range scan with no rotation is 1.03 (RE #1) and 0.46 (RE #2) mV higher than
that with 1600 rpm rotationTo maximie accuracy, it is recommended to rotate Pt RDE working
electrode for RHE value calibration.
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Figure 2.1d.2. RHE scale calibration of a Ag/AgCl reference electrode with Pt RDEsmtutated 0.5 M EB5Q, at: a) various rotation rates for
RE #1, b) the enlarged view of (a), c) various scan ranges for RE #1, d) the dnMiamgef (c), e) various scan ranges for RE #2 and f) the
enlargal view of (e), and RHE value correlates to (g) rotation rates derivated from (a), (h) scan ranges derived from (c, e).
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Figure2.1d.3aexhibitsthe full range scan fror0.245 to 0.26 V, narrow range scan frebr242
t0-0.232 V for RE #3 on Pt wire working electrod&s can been observed in Figure 2.1dt8b,

full range scan almost overlaps with that of the narrow range 3d¢enfull range scan fror®.25

to 0.26 V with and without rotation, and narrow range scan #b8&b t0-0.24 V at 1600 rpm for

RE #4 on7 uge: cm? RDE are shown in Figure 2.1d.3dn Figure 2.1d.3dthe full and narrow
range scans at 1600 rpm are very close to each other, and the repeatability of 3 cycles full range
scan without rotation is goodrigure 2.1d.3showsthe full range scan fror®.245 to 0.26 V with

and without rotation, and narrow range scan frOr@35 to-0.225 V with rotation for RE #4 on

14 uge: cmi2 RDE. The full range scan largely overlaps with that of narrow range scan at 1600
rpm and the3 cycles of the full range scan without rotation arerepeatable (Figure 2.1d.3f).

The full range scan frorD.245 to 0.26 V at 1600 rpm, and narrow range scan fa25 to
-0.215 V with and without rotation for RE #6 80 pige: ci? RDE are shown in Figure 2.1d.3g.

As observed in Figure 2.1d.3hge full and narrow range scans at 1600 rpm are very close to each
other, and the repeatability of 3 cycles full range scan without rotation is not godtigure
2.1d.3j the RHE value for RE #3 on Pt wire working electrode at full and narrow range scans is
-0.23708 and0.23713 V, respectively, which is 0.05 mV variation.

The RHE value for RE #dn 7 uge: cm? RDE at full range scan without rotation, 1600 rpm, and
narrow range scan 1600 rpm-@24557-0.24565, and0.24576 V, respectivelyThe difference

of RHE value is 0.11 mV between full and narrow range scans at 1600TipenRHE value at

full range scan with no rotation is 0.08 mV higher than that with 1600 rpm rotafioa.RHE
value for RE #4n 14 pge: cm?2 RDE at full range scan without rotation, 1600 rpm, and narrow
range scan 1600 rpm i6.22824,-0.22844, and0.22850 V, respectivelyThe change foRHE

value is 0.06 mV between full and narrow range scans at 1600ThenRHE value at full range
scan with no rotation is 0.2 mV higher than that with 1600 rpm rotafitve. RHE value for RE

#6 on 20 pge: cm2 RDE at full range scan 1600 rpm, and narrow range scan with and without
rotation is-0.22095,-0.22088, and0.21991 V, respectivelyThe variation of RHE value is 0.07

mV between full and narrow range scans at 1600 rphe RHE value at narrow range scan with
no rotation is 0.97 mV higher thamat with 1600 rpm rotationFor Pt wire and 7, 14, 30ge: cm?

RDE working electrodes, there is no obvious difference of RHE value between full (to HOR
diffusion limited current range) and narrow range scaffse RHE value on 7 and 3#e: cn?

RDE is close to each other at full range scan regardless of rotation diheot. is a large variation

of RHE value on 2Quge: cm2 RDE at narrow range scan with rotation and no rotation.
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Figure 2.1d.3 (a, c, e, g) RHE scale calibration &gIAgCl reference electrode with various working electrodesisatuirated 0.5 M b5Q at
various scan ranges, (b, d, f, h) the enlarge view of (a, c, e, g), and (i) RHE value correlates to scan ranges defajed &0g).
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To further optimize the narrow range schigure 2.1d#aand2.1d.4bshows various scan ranges
for HOR/HER on Pt RDE, i.e:0.005,+0.01,£0.05,£0.1 Vaway from 0 V vs. RHE As shown

in Figure 2.1d.4cthe RHE value deviates more when the scan reige away from the RHE
value, which is due to the interfere of HOR/HERhe cyclic voltammetry potential range
suggested tde narrowed down to within approximatet.05 V away from 0 V vs. RHEo
minimize errors in the analysis, agrees well with #aarrower scan range about the zero current
point will improve the resolution of the RHE calibration vallie [
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Figure 2.1d.4. a) RHE scale calibration of a Ag/AgCIl reference electrode with Pt RDEsatudated
0.5 M HSQ at various scan ranges, b) the enlarged view of (a), and ¢) RHE value correlates to scan
range away from O V vs. RHE derivated from (a, b).

The cathodic currents dfigure 2.1d.8in N2 saturated).5 M H,SQy are due to the hydrogen

evolution reaction, and increase when ¢hectrodeworks at arotation rate of 1600 rpr(Figure

2.1d.5h. While in H, saturated).5 M SOy (Figure 2.1d.5x5 the anodic currents come from

hydrogen oxidation reaction, the cathodic currents originate from hydrogen evolution reaction.

The currents increase at 1600 rpm with increasing scan rates ranging from 2 to 10(Rigure

2.1d.5¢d. As shown inFigure 2.1d.5, the RHE value decreases with increasing scan rate
especially for the cases without electrode rotation, confirmingathas | o weawieddan mpr ov
the resolution of [th]ee \Riton af RHE value art At RDE is\083 u e
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mV between 0 and 1600 rpratation. To maximize accuracy, it is recommended to rotate RDE
working electrode for RHE scale calibration.
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Figure 2.1d.5. Cyclic voltammetry scans on Pt RDE in (a,2l@nd (c, d) H saturated 0.5 M k5Q
with/without rotation at various scan rates, (e) RHE value correlates to scan rates derivated from (c, d).

To further investigate the scan ratégures 2.1d.6ahroughc shows the cyclic voltammetry scans
on Pt wire,7 uget cm? RDE, and 14uget cmi2 RDE, respectively.For comparison, the scan at 2
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mV st without rotation was also addéffigures 2.1d.@ and ¢. The currents increase with
increasing scan rates ranging from 2 to 100 mVEhe RHE value for RE #1 ongifje:cm2 RDE

with no rotation is 0.14 mV higher than that with 1600 rpm rotatibhe change of RHE value

for RE #4 on 14uge: cmi2 RDE is 0.09 mV between 0 and 1600 rpstation. For Pt wire and 14

uge: cn? RDE, the RHE value is similar for the cases at the scan rate of 2, 5, and 1) théhs

the variation of RHE value increase when the scan rate increases from 20 to 160 Fof &

uget cm? RDE, the RHE value is similar for the cases at the scan rate of 2, 5, 10, 20, and 30 mV
s?, thenthe change of RHE value slightly increase when the scan rate increases from 40 to 100
mVsL.For the best practicreat g ¢o fi sc s of lpg@ wRiDeEd rsyc ad
calibration G smYhoswmocé Bhgaeegi|wel Ivowittatmmteh a ty
wi ahscan 1r0a tmy 1gf.
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Figure 2.1d.6. (a, b, ¢) RHE scale calibration of a Ag/AgCI reference electrode with various working
electrodes in kisaturated 0.5 M B5Q at various scan rates, and (d) RHE valwerelates to scan rates
derived from (a, b, c).

The exact cycle numbers depend on how long it takes to reach a steady state average potentil point
of zero measured current [1figures 2.1d.7a and Bhows the 20 cycles for data analydiscan

been seen that the repetability is gookthe average of the two potentials at which the current
crossed zero from the anodic and cathodic sweeps was takentlasrthedynamic potential for
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the HOR/HER, corresponding to the 0 V vs. RHE value for the RE of int&r8kt The detailed

data is shown ifrigure 2.1d.7 The average anodic and cathodic potential for 20 cyclés24042
and-0.24039 V, respectivelyThe averge potential from the anodic and cathodic sweeps for 20
cycles is-0.24041 V. S0-0.24041 V vs. Ag/AgCI of interest equals to O V vs. RHE.0.5 M
H.SOQw, E(RHE) = E(Ag/AQCI)- (-0.24041 V) = E(Ag/AQCI) + 0.24041 V.
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Figure 2.1d.7. (a) RHE scale calibration of a Ag/AgCI reference electrode with Pt RDEsatutated
0.5 M HSQ at various scan cycles, (b) the enlarged view of (a), and (c) RHE value correlates to scan
cycles derivated from (a, b).

To figure out howoftenit is necessary to calibrate theference electrod®HE scale calibration

of Ag/AgCl reference electrodes at different time intervals is shown in Figure 2R&.&1,RE
#2,RE#3,RE#4, andRE #5 are single junction Ag/AgCIl/NaCl (3Mgference electrodeghich

are from the same manufactur&E #1,RE#2, andRE#3 are old ones and used for a long time.
RE #4 andRE #5 are new onesRE #6 andRE #7 are new ones and from another manufacturer.
RE #6 is single junction Ag/Ag@{CI (4M) reference electrodevhile RE #7 is double junction
Ag/AgCl referenceelectrode with 4 M KCl internal filling solution and 10% Khléxternal filling
solution. As shown inFigure 2.1d.8, thevariation ofRHE value for RE #ht33d a yirdedval

is within 1.92 mVV The change of RHE value f&®E #2 is within 1.41 m\at 19 daysinterval
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(Figure 2.1d.8p The variation ofRE #3 is within 7.84 m\at 22 day$interval RE #4was

refilled with 3 M NaCl after two daysf usagedue to accidental contaminatiorowever, there

wasaround 5 mV change after refilling.The change of RHE value f&E #4 before refilling at

2d a yingetval and after refilling at 8 a yindetvalis within0.16 and 0.381V, respectively The

change of RHE value fdRE #5 is within 2.71 m\at3 d a yirgedval The variation oRE #6 is

within 0.86 mVVat3 d a yirdedval The chang of RHE value foRE #7at 3d a yirgedvalis

within 2.33 mV. The stability of theeference electrode manufactureelatedanddiffers from
differentreference electrodesT he best practice i s RH& cesdpebr i me |
periodecall prate to check for drift.
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Figure 2.1d.8. RHE scale calibration of Ag/AgCl reference electrodes at different time intervals in H
saturated 0.5 M E5Q.
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The working electrodes of Pt RDE, Pt wire, anthia, porousPt/C catalyst filmon RDE (7, 14,

20 pge: cm?) exhibit the similaRHE values for reference electrode calibratidime selection of

working electrode will depend on the availability and convenience, but the working electrode with
rotation is recommendedThere is no obvious difference for the RHE values when the rotation

rate ranging from 400 to 2500 rpnfor Pt RDE, Pt wire, and 7, 14, p@r: cm> RDE working

electrodes, there is no obvious difference of RHE value between full (to HOR diffusion limited
current range) and narrow(.005,£0.01 Vaway from 0 V vs. RHE) range scanSor 7 and 14

uget cm?2 RDE, the RHE value on is close to each other at full range scan regardless of rotation or

not. However, there is a large variation of RHE value at full range scan with rotation and no
rotation on Pt RDEFor Pt RDE, 7 and 1@ge: cm? RDE, there is no effect on the RHE value at

narrow range scangardless of rotation or noHowever, a large variation of RHE value at narrow

range scan with rotation and no rotation is observed q@@m?2 RDE. To maximize accuracy,

it is recommended to rotate working electrode for RHE scale calibrafioa cyclic voltammetry

potential rangas suggested to h@arrowed down to within approximatety).05 Vaway from O

V vs. RHE to minimize errors in the analysisThe stability of thereference electrodes
manufactureelated and differs from different refererce electrodes The bes't practic
experi ment aRHIE cadnlei bprearti eoadtadciabl gt e t o check fo

A manuscript describing this work wpeepared and will bsubmitted tca peefreviewed journal
for publication A citation and link to this publication will beaccessible at
https://www.hnei.hawaii.edu/publications/projgeports/aprise20/when available.
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2.1e Co-Production of Hydrogen Peroxide and Electricity in a PEMFC

Hydrogen peroxide is widely used as an environmentally friendly bleaching agent, disinfectant
and oxidizer by multiple industries, as well as the militaffhe main method for hydrogen
peroxide production today, an anthraquinone oxidation process, is not ideal as it is energy
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intensive, expensive, not environmentally friendind only allows for large scale operations.
Hydrogen peroxide is a strong oxidizer and can be very corrosive and even explosive when
transported in bulk from the production site to the point of B®xause of these safety concerns,
hydrogen peroxide is not readily accessible in developing countries where they would greatly
benefit from the water treatmentThese issues emphasize the need to explore economical,
environmentally friendlyand safe alterriee methods of hydrogen peroxide production, allowing
worldwide access to this valuable chemical.

Polymer electrolyte membrane fuel cells (PEMFC) are susceptible to airborne sulfur contaminants
which cause catalyst degradation thus disrupting the oxygen reduction reaction and producing
hydrogen peroxide as an undesired intermediate product within the membrane electrode assembly.
Sulfur adsorbs onto the surface of the platinum/carbon catalyst, blocking active platinum sites and
changing the reaction mechanism from apbghway producing water, to a Zmthway which
produces hydrogen peroxiddJsing this fact, platinum catalysts can be intentionally poisoned
with sulfur to promote the 4pathway to purposefully produce hydrogen peroxide and electricity
within a PEMFC.

Using a rotating ringlisc electrode measurement systemsiéix experiments were conducted
where thenitial phase was to identify a stable catalyst which can perform effectively and maintain
integrity under the challenging conditions within a fuel celliiter achieving a stable catalyst
(Figure 2.1e.1), further experiments were conducted to optimize the operational parameters for the
co-generation of hydrogen peroxide and electricitywas observed that the catalyst, when used
without applying potendil holds, produced the highest yield of hydrogen peroxidewever,
introducing potential holds led to a significant increase in current suggesting enhanced efficiency
for electricity generation.Despite a slight reduction in hydrogen peroxide production with the
potential holds, the tradaff was a marked improvement in overall current performaridesse

results elucidate possible preferred conditions to maximize the production of hydrogen peroxide
and electricity at an applied potential near 0.3 V vathindirect measurement of hydrogen
peroxide yield up to 89% (Figure 2.1gPable2.1e.1). Extended period tests (Figure 2.1e.3)
indicated stability of the modified catalyst where platinum active sites were suppressed by the
sulfur species, as indicated by the suppression of the hydrogen adsorption currents (Figure 2.1e.1).
These findings provide a foundation for further refinement of the catalyst and operational
conditions to enhance both hydrogen peroxide production and electricity generation wiven mov
into the next phase of the projedthis work was conducted by a graduate student who received a
Master of Science in Electrical Engineering in Summer 20Firther information on the
experimental program can be found in thesis listed at the end of this section.
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Figure 2.1e.2. Fraction of ¥D, yield produced from ring and disk ORR currents during potential
cycling, after 35minute potential hold at potentials between 0.1 Vto 0.4 V.
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Table2.1e.1 Summary hydrogen peroxide yields vs applied potential measured during potential cycling
following poisoning with Sgfor 25 minutes.

Poisoned Potential H202% Yield at Applied Potential
(Vref H2) 0.05 0.1 0.2 0.3 0.4 0.5
OCP 78.8 75.7 79.3 81.6 83.5 85.6
0.1 43.7 44.9 48.3 51.3 53.1 55.5
0.2 49.8 45.2 48.6 51.1 53.1 55.6
0.3 68.3 70.2 73.7 75.4 75.2 73.5
0.4 56.8 59.0 64.6 67.6 68.9 69.2
No Poisoning 24.1 12.6 5.6 2.7 2.4 2.3

With the exsitu work having demonstrated a set of operational paranstiisent for inducing
significant peroxide formation while simultaneously producing electricity, work began by scaling
up to a working single cell PEMF@n industry standard 50 cfuel cell test hardware from Fuel

Cell Technologies was selected as a starting point as this hardware has bedranseterized

over the years. We established a test protocol to systematically evaluate and optimize the
production, removal, and capture of aqueous hydrogen peroxide from the sy@lenalso
completed validation tests of an auitbator based method for determining hydrogen peroxide
yields. Several upgrades were conducted to the cell and exhaust system material and process
modificationsfor capturing product water and peroxide mixtures including adding a separate
condenser system on the fuel cell exit for vapor condensafieveral parameters were explored

to evaluate the impact on the hydrogen peroxide yields and the resultant power production from
the cell. Generally, we found it difficult to distinguish whether low reaction efficiency is occurring

or high reaction efficiency with decomposition of peroxide occurring prior to measureent.

situ RRDE based experiments were able tueae upwards of 680% production efficiencies

while the best achieved-situ prior to grant termination was3P6 which may be sufficient for

water purification applications, however ultimately the goal is to achieve >50% faradaic
efficiencies. A summarof the insitu fuel cell experimental program with results and a limited
discussion is presented below.

All experimentsver e conducted at the HNEI O0s Fuel Cell
building of the University of Hawdiat MChoa. Tests were completed on anfinuse modified

fuel cell test station originally designed by United Technologies Fuel Cells that has been upgraded
to allow for integration of advanced diagnostic tools as well as incorporating additional gas mass
flow controlers for mixing and injection of gaseous impuritiesn external polymer (PFA/PP)

gas condenser system was adaletthe outlet of the fuel cell to allow for effluent liquid collection

for analysis as well as establishing the water balance within the Mteditionally, a metered
Dl-water flow system using a valved rotameter flow meter with flow rates up to 100 mLpm was
added at the inlet to allow for mixed inlet flows of humidified gas and DI water. A standard 50
cn? Fuel Cell Technologies single cell fuel cell test hardware design was used as a starting point
as this cell has been well characterized by many orgémis over the yearsl'he endplates are
chromate treated 6061 Al with gold plated copper current collectavs.types of graphite flow
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field plates were used on the cathdde. porous, pyraealed graphite and epoxy impregnated
graphitg. The flow channels were double/triple serpentine on the anode/cathode with 0.79 mm
channel and 0.76 mm land widthSathode channels were 0.84 mm deep, whereas anode channels
had a depth of 1.14 mmThe cathode triple serpentine flow plate was also converted into an
interdigitated flow channel by placing small fluorosilicone plugs in the middle channel at the cell
inlet and the two outer channels la¢ tcell outlet. Cartridge heaters were used in both endplates
along with attached fans to facilitate convective air heat rem&aleral improvements on to the

cell configuration and test stand installation were made during the exploratory testing program.
As a significant amount of liquid is being produced in the cell, early testing showed a galvanic
interaction may be occurring between the aluminum endplates, 316L stainless steel connection
fitting, and the flowfield plates as indicated by discolaaat of the outlet effluent waterln an

effort to avoid secondary current loops that rhayedeveloped in the presence of liquid effluent

and minimize the materials the effluent comes in contact with, the standard inlet fittings were
capped off on the cathode side and PFA tubing was inserted directly into the cathode plate
perpendicular to the fl® channelgFigure 2.1e.4, along with a photograph of the test hardware
installation in the test statipn By inserting the tubing made of a compatible matgf&A) as

close to the active region as possible, we hoped to minimize the impact of dissimilar metals in the
presence of a liquid electrolyte and this also may help improve the degradation of the peroxide
prior to measurement. A summary of the modifmasi to the test hardware and installation
configuration is presented Fable 2.1e.2.An equipment ID is used later in the results section to
identify which hardware generation was used during the experiments.

Cathode Flow-Field
Current Collector

Al Endplate l

L

Swagelok Fitting
¥4" PFA Tubing

g . x l Viton o-ring

Figure2.1e.4 Typical test hardware installation with fuel cell, DI water inlet supply, and effluent water
collection vessel@eft); and schematic of modification of cathode inlet and outlet fittings to minimize
contact with endplate materials prior to the outlet collection vesiggit).

44



Table2.1e.2 Test Hardware Cell Modification History

Test Cell Inlet

Cell Hardware

Test Cell Outlet

Standard through Al. plate
w/ stainless steel fittings

Standard FC Tech hardware
w/ pyro-sealed graphite 3 channel
serpentine

Standard through Al. plat
w/ stainless steel fittings

Standard throuah Al plate Standard FC Tech hardware 10 PFA tubi
: gn/x. p w/ pyro-sealed graphite 3 channel cathode graphite plate ar
w/ stainless steel fittings !
serpentine condenser
! gtanolljtfr?(ﬁjgebsimﬁeg;eds Standard FC Tech hardware 10 PFA tubi
. PRl w/ pyro-sealed graphite 3 channel cathode graphite plate ar
graphite plate and DI water ! d
inlet TEE added serpentine condenser
10 PFA tubin Standard FC Tech hardware o PEFA tubi
stand anode supply and w/ pyro-sealed graphite 3 channel .
) : cathode graphite plate ar
graphite platé and DI serpentine and channel plugs to condenser
water inlet TEE added convert to interdigitated flow field
10 PFA tubin Standard FC Tech hardware o PEFA tubi
stand anode supply and w/ epoxy filled graphite 3 channel .
. . cathode graphite plate ar
graphite platé and DI water serpentine and channel plugs to condenser

inlet TEE added convert to interdigitated flow field

*See Figure 2.1e.4

Commercially relevant W. L. Gore and Associab@d5 MEAs with 0.1 mg Pt cfrioadings on
the anode and . mg Pt cmithe cathodevere employedas the standard MEAThese catalyst
coated membranes weireserted between SGL Carbon SIGRACET BEC gas diffusion layers
with polytetrafluoroethylene gaskesszed for 80% compression. Additional tests were also
conducted with MEAs with 0.ing Pt cnd the cathodeo look at the impact of thinner catalyst
layers as well as utilizinGIGRACET 2 AA gas diffusion layers which have no microporous
layer or PTFE weproofing that the 29BC contains. All MEA and GDL combinations were
conditioned using the following sequential protocol: 0.6 V for 1 h, cycling betwe&iVOi@r 5
min, and 0.6 V for 10 min for 20 cycle3he operating conditions for MEA conditioning were as
follows: temperature (80°C), cell inlet relative humidity (100%) and outlet pressure (48.7 kPag)
for Hz and air compartments, and, for the 50°amll, flow rates of, respectively, 0.5 and 1.5
standard L-mirt for H, and air.

To facilitate exploratory testing with a wide range of parameters, a standardized test protocol
sequence was established such that beginning of test and end of test diagnostics are consistent
between experiments with varying test conditions for the peegidduction testsT@ble 2.1e8).

Following cell build, the MEA is conditioned overnight, as described earlier, and the average
current at 0.6/ at the end of conditioning is recorded and is used to compare the impact of different
materials in a standambd manner.Beginning of test (BOT) diagnostics are then performed at

25°C to establish the equivalent hydrogen crossover current and the electrochemical surface area
of both the anode and the cathodie contrast to the controlled potential deposition in thsiax
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testing, sulfur deposition in Step 4 is performed under OCP conditions with hydrogen on the anode
andnitrogen on the cathodeSulfur dioxide is supplied from 2000 ppm source bottle, nitrogen
balance from Matheson F&as and is mixed and diluted after the station humidifier to establish

a 20 ppm S@gas stream for sulfur deposition on the cathode catdfgdiowing sulfur deposition

an additional electrochemical surface area evaluation is performed on the cathode, ,ltbigever
time the maximum potential is limited to Ov4to avoid adsorbed sulfur species oxidatidiext

the peroxide generation experiments are conducted in Step 6 under constant Vietiagé.
experiments performed, the cell voltage was held at 3.39'he majority of experiments were
conducted overnight to allow for sufficient effluent collection, howgeeaperiments which
included oxygen operation and DI water injection were conducted with a time scale of minutes
due to amount of water flowing through the test cell and the collection bottle size limitaAibns.

the end of the peroxide generation experiment, an electrochemical surface area experiment is again
performed on the cathode walidate the stability of the adsorbed sulfur during the generation
experiments. The effluent water was analyzed by peroxide test strips and where warranted,
titration.

Table 2.168. In-situ Fuel Cell Test Protocol

. - Time
Step Title Description Estimate
1 New Cell Build Assemble new cell with desired test components 1hr
Overnight Warmup to 80C, 100%RH, 500/1500 sccm JAir, 5(_) kPag
2 Conditioning ?1?r|1d at 0.6V for 1 hr, then 20 cycles of 0.85for 5 min, 0.6V 10 6-12 hrs
3 BOT MEA Cooldown to 28C, measure hydrogen crossover and perform CV 6 hrs
Diagnostics scans on both anode and cathode from-Q.08/ for 3 cycles
4 Sulfur Deposition  Purge cell with 500 sccmzabn anode, 500 sccmMi/ 20 ppm S@on 1hr
under H/N; cathode for 30 mii hr
BOT Sulfur Perform CV scan on cathode from @@V for 3 cycles to validate
5 Poisoning sulfur coverage while remaining below sulfur oxidation potentials  6-12 hrs
Validation (>0.8V)
Constant Voltage  Establish desired test conditions while purging efNglat OCP. Set
6 H20. Production and engage the load at the desired test voltage (ranged.d.v% 1-24 h
. 4 : " " - rs
Parametric ramp up air or oxygen flow depending on specific test conditions.
Experiments Effluent water to be collected, measured, and analyzed.fos H
7 EOT Sulfur Stability Perform CV scan on cathode from 0:08 V for 3 cycles to validate 1h
o . r
Validation any change in sulfur coverage vs BOT results.

As this work was exploratory in nature, a series of parameters were initially identified to evaluate
their impact on the ability eproduce electricity and hydrogen peroxidgne major difficulty in
transitioning from essitu to insitu tests is the ability to remove the generated peroxide from the
catalyst layer and reduce the residence time within the cell where degradation mayTdezur.
following concepts were identified for early evaluation as part of the research:

1. 100% relative humidity operaticio ensure saturated conditions, prevent evaporation and
facilitate liquid removal
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2. Evaluate air vs oxygen operatiom identify performance characteristics of each gas type,
whereby ambient air is readily available while oxygen must be supplied directly from a
storage source

3. AcidTreated GDLto minimize the surface area of carbon available for peroxide
decomposition reactions. To acid treat the GDL an MPL/RiTé& GDL was selected to
allow for full contact with the acid bath. The lack of the MPL might also minimize the
mass transport resistee, allowing for larger channels to form for effluent liquid exiting
the MEA

4. Induce thermepsmosisby increasing the temperature on the anode side inducing water
pumping from the anode to the cathode, possibly improving the peroxide removal from the
catalyst layer

5. Interdigitation of the flow channets force the gas to flow under the channels and increase
the velocity within the GDL for liquid effluent removaind

6. Two-phase inlet flowsnixing deionized water with the inlet oxidarxygen) to induce
concentration diffusion of peroxide in addition to convective approaches.

Prior to the grar@t termination, several experiments were completed allowing for comparison of

the above parameters in a limited manner with no repeats conducted, although they were planned.
Table 2.1e.4 presents the combination of par a
| D6 which is wused in the results section alo
hardware improvements were also made throughout the testiprogralucted.

Table 2.1e.4Test Parameter Combinations from Exploratory Experiments

PTest Cath. An/Cath An/Cat.ha Cath \?Vzlt_ GDL ,S(I:?é_ HDZIO CV Hold

aram. CellSet PtLoading GDL MPL .

D Gas Temp.[C] [mgedcm?]  Type® Proof [y/n] Treat Flow Potential [V]

[y/n] [yn]  [y/n]

P1 Air 40/40 0.1/0.4 29BC y y n n 0.35
P2 Air 40/40 0.1/0.4 22AA n n n n 0.35
P3 Air 30/30 0.1/0.4 29BC y y n n 0.35
P4 Air 32/30 0.1/0.4 29BC y y n n 0.35
P5 Air 30/30 0.1/0.4 29BC y y n y 0.35
P6 07} 30/30 0.1/0.4 29BC y y n y 0.35
P7 Air 30/30 0.1/0.4 22AA n n n n 0.35
P8 O, 30/30 0.1/0.4 22AA n n n n 0.35
P9 02 30/30 0.1/0.4 22AA n n n y 0.35
P10 Air 30/30 0.1/0.4 22AA n n y n 0.35
P11 O 30/30 0.1/0.4 22AA n n y n 0.35
P12 O 30/30 0.1/0.4 22AA n n y y 0.35
P13 O 30/30 0.1/0.1 22AA n n y n 0.35
P14 O 30/30 0.1/0.1 22AA n n y y 0.35

2GORE 510.x / M715.18 / C510.x MEAs

bGas Diffusion Layers from SGL Carbonés Sigracet | in

a7



Preliminary results angresented iTable 2.1e.5Thed ¥perimental Idrefers to the combination

of thed HrdwareBuild ID6from Table 2.1e.2and thed &ameteSet ID6from Table 2.1e.4 The

MEA ID represents the electrode assembly used during tesExmeriments with the same MEA

ID used this MEA for all experiments in sequenckhe beginning of test (BOT) conditioning
current @ 0.6/ describes the final current density level at the end of conditioning and is used to
assess the impact of the materials and/or hardware components under one standard set of
conditions. The average power produced during thgHgeneration represents the average
current density measured at 0\8&xpressed as units of powdihe percentage of water generated
exiting the aode is a way of representing the net water balance in the Telminimize the
residence time of peroxide in the cell, a flux of water from the anode to the cathode could increase
the water flowing through the catalyst layer sweeping out the peroXiues, decreasing or even
negative values of the % water generated exiting the anode would be benAficiater balance
calculations performed, however, are calculated consideritygvaater production, but are still
beneficial when comparing casesgclsuas the impact ofhermeosmosis. The final column
presents the peroxide generation faradaic efficiency, or the percentage of the current produced that
went into peroxide generation as opposed to water generdttmese values are calculated from
measurement of the effluent water in the collection vesBe¢ actual faradaic efficiencies may

be much higher if significant decomposition is occurring between the catalyst layer and the effluent
collection vesselOverall, a combination of improvementghe test hardware and test parameters
resulted in the ability to improve the faradaic efficiency from 0.005% in the first experiments up
to a range of 1:8.0% in the final tests performed prior to thev a rtetndiration. A summary
discussion of various experimental aspects sashléur deposition stability as well as the impact

of specific parameters on the average power produced, water balance, and peroxide production
efficiency is presented followingable 2.1e.5, along with recommendations for thih orward

based on the limited set of experiments performed prior to grant termination.
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Table 2.1e.5Summary of Results from Exploratory Testing ofR€aduction of HO, and Electricity
with a PEM Fuel Cell

Beginning of Test | Avg. Power Produced | % of Water H20:2
Exp. Hard-| Para- MEA Conditioning During H.202 Gen_e_rated Generatipn
D ware | meter D Current Generation Exiting Fa_ra_ldalc
ID2 | IDP @ 0.6V CV hold® Anode” Efficiency
[mA/cm?] [mW/cm?] [% H20genzar [%0]
1 A P1 | GOREOO1 599 208 47.3 0.005
2 A P2 | GOREO002 459 77 28.3 0.011
3 B P1 | GOREO003 310 116 53.1 0.018
4 B P3 | GOREO03 310 96.6 33.3 0.098
5 B P4 | GOREO003 310 102.6 6.8 0.120
6 C P5 | GORE004 800 23 - 0.04
7 C P6 | GORE004 800 51 - 0.05
8 D P7 | GOREOO05 745 199 15.7 0.07-0.30
9 D P8 | GOREO005 745 286 22.0 0.02- 0.05
10| D P9 | GOREO05 745 37 - 1.10
11| D P10 | GOREOO6 613 181 26.4 0.07-0.30
12| D P11 | GOREOO6 613 247 26.1 0.005- 0.02
13| D P12 | GOREOO6 613 82 - 0.7-1.3
14 E P13 | GOREOQO7 513 86 - 0.53-1.2
15| E P14 | GOREO08 318 135 43.1 0.02-0.04
16| E P15 | GOREOQO8 318 67 - 1.57 3.0

aSee Table 2.1e.2.
b See Table 2.1e.4.

¢ All tests held at constant potential of 0.35 V.
dWhile the water balance in a fuel cell is typically expressed as the net water drag (NWD) coefficient, presenting thi
percentage of water generated on the cathode exiting the anode is simpler to conceptualize, i.e.OMIBfer Exp. 1

Dueto various transitions between the load bank and the potentiostat as part of the test protocol,
deposition of sulfur was accomplished using 20 ppra i8@itrogen balance, while holding the

cell at open circuit with hydrogen on the anode and nitrogen on the cathsdfown inFigure

2.1e.5 the voltage rises after 15 minutes and stabilizes up abové/0.BRiring exsitu testing,
voltage control during poisoning was possible and a measurable impact was obBlenweder,

at

t he
range

scal e

t oo

of the
hi gh an

f uel cel

used,
d tFhtere studies dhoulddookkat altesnatidvet

potenti al
bi d

methods of sulfur deposition so that potential control during the deposition might be possible
the use of other sulfur species such aS.H
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Figure 2.1e.5 Example of potential profile during $S@oisoning under BN, showing

Figure 2.1e.6shows an example of cyclwoltammetryscans used in the determination of the
electrochemical surface area to validate the sulfur deposition from experimen®atitive
currents represent the energy associated with hydrogen desorption while negative currents
represent hydrogen adsorptiodithout going into too much detail of the analysis, effectiyvely

the hydrogen desorption area under the blue curve is proportional to the active area of the platinum
catalyst. After poisoning, this area idrastically reduced with the peaks disappeariregsts were
conducted after poisoning to validate the loss of surface area due to the purposeful poisoning, and
then following the peroxide generation experiments to ensure the loss in active area reRained.

the data shown ifigure 2.1e.6there may be a slight increase in the peak around 120 mV at the
end of test validation experimehbweverthe bulk of the area is still covereButure tests should
include additional analyses to correlate atofames associated with the various peaks observed
and whether or not they impact the hydrogen peroxide generation experiments. The 1%e of H
should be considered as the adsorption properties may be different than wiifsent sulfur

species exhibit varying degrees of poisoning severity and kindtibde H.S is rapidly adsorbed

and strongly bound, SOcan also adsorb, often forming sulfates or sulfites on the surface
depending on potential and presence of wa@ganic sulfur compounds like tiphenes might
decompose on the catalyst surface or adsorb more weakly but could still block sites or lead to the
formation of carbonaceous deposits containing sulfur, thugswbuld be good choice for an
alternative poisoning gas
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Figure 2.1e.6Cyclic voltammetry scans from experiment #8 showing beginning of life hydrogen
adsorption, suppression of platinum active sites afterf@i3oning and end of test minimal recovery of
platinum active sites.

Exemplary time series data from the constant voltage experiments is presented in Figure 2.1e.7.
Overall, steady state was never achieved during any of the experiments, with the current initially
rising fast, then slowly continuing to rise as time progressed for the majority of the experiments.
Adding DI water caused significant instabilities with the standard flow field (Exp. 6 and 7) and
became worse with the use of interdigitated flow field with liquid water introduction (Exp. 11 and
12). The gas diffgion layer porosity is not designed to handle consistent water flow and thus low
currents and high pressure drops were obseriretliture tests, DI water flushing should only be
considered as a last resort and should not be used with an interdigitated flow design without special
modifications to reduce the pressure drop.
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Figure 2.1e.7. Hydrogen peroxide production test time series(dagast | Dés from t op
12, 13.
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A comparison of experiments 4 andwihere the anode temperature was incr@@S€ to induce
thermososmotic water transport from the anode to the cathode, showed an improvement
(reduction) in net water generated transported to the anode from 33 % to 8%, an increase in the
average current density during®t production, as well as an increase in the amount of peroxide
measured. The increased water flux from the anode to the cathode may have contributed to
improved removal of the peroxide from the catalyst layer by reducing the residenad timee
peroxide in the catalyst layer by increased water flushing. Temperature control, however, was
difficult because of high heat generation with minimal heat removal capacity in this test cell.
Future test hardware design iterations should include improved heat dissipation and isolated
anode/cathode temperature contfebr example, a closed loop coolant channel could be added to
the cathode side for heat dissipation and maintaining the reaction temperatures at the cathode,
while a surface heater calibe used on the anode to induce a temperature difference.

Experiments 1 and 2 examine the effects of removing the microporous layer apcbofetg

(PTFE) from the cathode GDL where experiment 1 has PTFE and a microporous layer for the
GDL and experiment 2 does not have PTFE or a microporous layer for the ecdiiid
Comparing preand production test current densities between experiments shows that experiment
1 has an average higher current density than experiment 2 for both the pre and production tests,
599 mA/cnt vs. 459 mA/cnt and 595 mA/crh vs. 220 mA/cnt respectively. Although
experiment 1 showed increased current density compared to experiment 2, the net water generated
to the anode was higher in experiment 1 than in experiment 2, 4728%srespectively, which

may decrease the overall efficiency of the hydrogen peroxide readfius.can be seen in the
difference of the faradaic efficiency of the hydrogen peroxide reaction where experiment 1 showed
0.005% efficiency and experiment 2 having double the efficiency of 0.0Ei#dence from these
experimets will guide future work in determining the optimal materials for the cathode GDL by
balancing power production and faradaic efficiency of the hydrogen peroxide reaction.

Carbon radical species are known to induce hydrogen peroxide decomposition; therefore, it was
suggested to acid treat the GDL to remove any radicals from the surface to avoid hydrogen
peroxide decomposition before it can be removed from the c€lbmparing results from
experiment 11, where the cathode GDL was acid treated, and experiment 8, having the cathode
GDL not acid treated, shows only minor differenc®se and production tests currents differ in

that experiment 8 has higher pre and productioh degents relative to experiment 11, 745
mA/cn? vs. 613 mA/cnt and 569 mA/craivs. 518 mA/cnf, respectively.An interesting result is

the net water generated to the anode, where the acid treated GDL pushed more water to the anode
compared to the neacid treated GDL. This contrasts with what is expected as acid treating
carbon materials with oxidizing acids produces hydrophilic functional grthgrefore, less water

should have been transported to the anode because of the hydrophilic nature of the cathode GDL.
The data suggests otherwise, and follgpvexperiments need to be conducted to understand this
phenomenon. The faradaic efficiency of the hydrogen peroxide reaction is nearly identical
between experiments 8 and 11, suggesting that acid treating the GDL has neiffétiabn
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improving the faradaic efficiency of the hydrogen peroxide reactibnThes e f i ndi ngs
reinforce the notion that removing carbon from the GDL is benefiEiam the datat looks like
acid treating only reduces the power produced

Two different sets of graphite plates were used to determine how the porosity of the flow field
material affects the peroxide formation efficiencyhe first set of experiments were performed
with a standard, porous, pysealed graphite flow field and the next set of experiments used an
epoxy impregnated graphite flow fieldExamining data from these experiments shows that there

is no remarkable difference between tests run with the standard graphite flow field plate and the
epoxy impregnated graphiteil field plate.

Two different flow field designs were utilized in this studye being a standard triple serpentine
flow field and the other being a modified interdigitated flow fies@bmparing the prgest current
values for experiment 2 and experiment 8, it is evident that the power produced from the
interdigitated flow field design is much higher than that of the triple serpentine for this system,
459 mA/cnt vs. 745 mA/cnt. The production test current is also much higher for experiment 8,
569 mA/cnt vs. 220 mA/cnt, and the net water generated to the anode was reduced, 16% for the
interdigitated flow field and 28% for the serpentine flow fielfihe faradaic efficiency of the
hydrogen peroxide reaction increased when moving to the interdigitated flow field in experiment
8 from a value of 0.01% in experiment 1 to 0.3% in experimerki8s suggests that the forced
convection induced by the interdigitated flow field provides improved performanerefore,
further design iterations need to be considered and impledientelly evaluate this system.

The cathode gas stream was also varied from aip.td=®perimens 8 and 9 compare equivalent
experiments, where experiment 8 utilized air as the cathode gas stream and experiment 9 utilized
O2. The production test current is much higher for experiment 9 compared to experiment 8, 816
mA/cn? vs. 569 mA/cni. This is expected because utilizing purgr@uces the mass transport
loss that occurs when utilizing air as the cathode gas straldhough the production test current

is higher in experiment 9, tHaradaic efficiency of the hydrogen peroxide reaction is lower than
that in experiment 8Experiment 8 provided a range of efficiency from 8003% and experiment

9 provided a range of efficiency from 0:0205%. The increased efficiency of experiment 8
compared to experiment 9 is possibly due to the higher flowrate, 1500 mLPM for air in experiment
8 and 500 mLPM for @n experiment 9, which facilitates the rapid removal of hydrogen peroxide
out of the cell.lt is postulated that longer peroxide reside times will decrease overall faradaic
efficiency. Future design iterations will address this issue by optimizing the flow field design as
well as exploring nevGDL materialswhich may facilitate efficient peroxide removal.

Liquid water was utilized to assist in efficiently flushing out hydrogen peroxide from the cathode,
thus reducing its residence timmtroducing liquid water to the cathode causes a decrease in the
current produced during peroxide production as can be seen from the production tests where
experiment 12 had a value of 705 mAfcand experiment 13 had a value of 233 mAfcm
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Comparing experiments 12 and 13, there is a substantial increase in the faradaic efficiency of the
hydrogen peroxide reactioficxperiment 12 has a faradaic efficiency in the range of 6000%%

and experiment 14 had a faradaic efficiency in the range of10238. This provides evidence

that efficiently removing peroxide from the cathode and reducing residence time can increase
production. The flow rates used in this stu¢iy0-40 mLPM) is not conceivable to be scaled to the
industrial level for continugs operationthus, future efforts should focus on maximizing the
amount of water transported from the anode as well as reducing the residence time of the generated
peroxides.

The membrane catalyst loading on the cathode was also tebveal.platinum loadings were
utilized in this study, 0.4 mg/chand 0.1 mg/crh Experiments 12 and 15 are equivalent
experiments where 12 uses the higher platinum loading and 15 uses the lower |G&eimye

and production test currents were lower in experiment 15 compared to experiment 12, 318 mA/cm
vs. 613 mA/cnt and 387 mA/crivs. 705 mA/cnt, respectively. The faradaic efficiency of the
hydrogen peroxide reaction increased from experirhi2n0.0050.02%, to experiment 15, 0.02
0.04%. The lower platinum loading on the cathode catalyst reduces the overall thickness of the
membrane by approximately 75% which likely reduces the peroxide residence time and in turn
increases the faradaic efficiencylhis result suggests that thexhduel cell design needto
consider reducing the residence time of species in the cathode flow field.

The keytakeawaydrom this work include:

- Ex-situ testing demonstrated promising stability of thedified platinumsulfur catalyst
and achieved >60% hydrogen peroxide selectivity under defined conditions, which
subsequently informed the design of thesitu experiments.

- Removing PTFE and the microporous layer reduced current density but doubled faradaic
efficiency (0.005% to 0.011%).

- Net water transporteth anodewas reduced whetihe PTFE and microporous layerere
not present in the GDL

- Acid treatment of the cathode GDL showed no significant difference between tests when
examining current densities and faradaic efficiencies.

- Interdigitated flow field design demonstrated significant improvement in current density
and peroxide efficiency over the traditional serpentine flow field.

- Future designs should optimize the local velocities within the GDL to match those achieved
in the exsitu testing with the rotating ring disc electrode testing.

- Using O pretesicurrenacutpud, but air led to higher faradaic efficiency due to
faster peroxide removal.

- Liquid water injection to the cathode redutieelcurrent density but dramatically improved
faradaic efficiency Unfortunately, the flowrates required are not scalahtalso resulted
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in significant pressure buildup and voltage instabilities thedefore, future designs need
to consider this aspect.

- Platinum catalyst loading provided reduced current density but increased faradaic
efficiency by reducing peroxide residence tidue to the thinner catalyst layer and shorter
transport paths

- No experiments were conducted to assess the compatibility of the carbon species in the cell
(catalyst layers, GDL, floviield plate3; however literature suggests carbon can induce
hydrogen peroxide decomposition therefore future design iterations should consider
removal of carbon.This could be accomplished by using platinum black catalyst layers
and metallic or metallic coated GDL and fldigld plates.

- No experiments were performed to analyze the impact of the purposeful production of
hydrogen peroxide and its acceleration of degradation oN#f®n polymer, which is
widely known. Future evaluations should test alternative membranes and ionomers or
other modifications to mitigate any peroxide induced degradation to the fuel cell materials.

- Overall, based on the ability to produce over 80% hydrogen peroxide faradaic efficiencies
in the exsitu experiments, and having increased the efficiency from 0.005% to nearly 3%
with standard 5@n¥ fuel cell components prior to the project endimggther design cycle
is recommendedvith the aboverecommendations to be considered. For perspective,
achieving 50% faradaic efficienciessitu would be a significant advancement.

More detail on this work can be found in thesislisted below.
Publications and Presentations

Student Thesis

1. Fernandez, AM. (2024). Proton Exchange Membrane Fuel Cell Modification for
Catalytic Cogeneration of Hydrogen Peroxide and Electridviaster of Science Thesis,
Department oElectricalEngi neeri ng, University of Hawai

2.2 Battery Characterization and Modeling

The batteryresearch conducted undire APRISES20 Battery Characterization and Modeling
subtask covered three topica) the evaluation of commercial sodiiom batteries, b) the
characterization of the relationship between itng@act of rate and temperaturand c) the
continuation of the development of our modeling framework with the validation and
implementation of new featuresA | | the testing was conducted
Laboratory on the University of HavwiaM Uhoa campusKey accomplishments and details ath

work conducted werer will be published or presented at international conferences and are
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summarized belowThe associatefive publications ¢neof whichis currently under review) and
five presentations (includinigvo invited) are referenced at the endeath activity

2.2a Evaluation of Commercial Na -ion Cells

Following the work reported under APRISES18 where we investigated a commerd@h Na
batteries (SIB) comprising dfard carbon and sodium vanadflaorophosphate electrodes, our
efforts on commercial SIBs continued with the investigation of cells with a layered iron nickel
manganese oxide positive electrode chemisitifjree batches of cells using this chemistry from
different manufacturers were evaluated, one in collaboration with RWTH Aachen University,
Germany, and two in collaboration with SANDIA National Laboratory and the University of
Oviedo in Spain.

SIBs are regarded as key technology for future energy storage applications, offering potential
solutions to the ecological, economic, and ethical challenges associated with-ighibatteries.
However, a comprehensive evaluation of the applicability SéBs requires a thorough
investigation of their aging behavior under various environmental conditions. This was a
significant research gap as no extensive aging studies of commercial $¢&®baa conducted to
date. To fill this research gap, we collataded with RWTH Aachen University to analyze a design

of experiments consisting both of cyclic and calendar aging experiments and comprising 67
commercial SIBs from the same manufacturer at different temperdsaeslick et al, 2025)

Within the design, the impact of-@tes, temperaturand depth of discharge were examined to
assess aging patterns and degradation madfesanalyzed the initial cetb-cell variance across

three key attributesmaximum capacity, rate capability, and polarization talewstand the
performance distribution and its implications for future applicatior@ur findings reveal
consistent performance across cells, with all data falling withinl 442= 8 mAh) interval.
Furthermore, we conducted voltage response anéyseploying techniques such as incremental
capacity analysis (ICA) andifferential voltage analysis (DVA) to evaluate the electrochemical
behavior uniformity among cells which allowed to assess the capacity fade and resistance increase
under various aging conditionsJsing halfcell data, we constructed a virtual model of the-full

cell employing a degradation modes mo¢fébure 2.2.1). Our analysis reveals two primary
degradation modes: loss of sodium inventory and loss of active material for both the positive and
negative electrodesVithin the cycled cells, we observéalir categories of degradation, enabling

us to determine which electrode was limiting and thereby established the specific degradation
mode responsible for capacity loddotably, at high temperatures, the loss of active material on
the negative electrode was particularly evidénir work represented a crucial initial step towards

a more indepth analysis of the aging modes and degradation processes occurring in commercial
SIBs.
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58



In collaboration with SANDIA National Laboratories and the University of Oviedo (Spam),
investigatedwo additional Naon cells with the same chemistiyut from different manufacturers
(see Wittmanet al, under review). Our survey indicated manufacturing consistency within
batches that were similar than of commercialda production. As these SIB materials can use
the same production techniques asdn production techniques, it is likely that they are produced
on Li-ion production lines and repurposed to use SIB battefibs.core differences in both cells

laid in the composition of the electrolyte and the binder used in the NE matdii@shanges in
electrolyte pointed to differences in the initial solid electrolyte interphase which was verified using
X-ray photoelectron spectroscopyhe differences will likely impact cell durability, which will

be evaluated at a later time.

More detail on this work can be found in tBatteries & Supercapsublication listedbelow. An
additional manuscript describing this work was submitted to B&S Batteriegournal. It is
currently undergoing peer review. A citation and link to this publication wikhdessibleat
https://www.hnei.hawaii.edu/publications/projegeports/aprise20/ when available.

Publications and Presentations

PeerReviewedPublications

1. Klick, S., Laufen, H., Schitte, M., Qian, B., Quade, K. L., Rahe, C., Dubarry, M., & Sauer,
D. uU. (2025) . Failure mode and degradat:i
with severe gassing issue.Batteries & Supercaps 8(4), 202400546
https://doi.org/10.1002/batt.202400546

2. Wittman R.M., AnseanD., Meyerson M. L., Beck D., Valdés E. E, Garcia V. M.,
Camean |., Rich C, Langendorf J, Rodriguez M., Valdez N., RomanKustas J,
Schafer D., Juba B., Bates, A. TorresCastro, L, & Dubarry,M. (Under review)Initial
Characterization ofwo Batches of Commercial Hahrbon/NaNiyFe:Mn1.y,0> Sodium
lon 18650 CellsEES Batteries

Conference Proceedings and Presentations
1. Dubarry, M. (2025, May 21)Recent Advances ddegradation Modes Modeling for L.i
lon and Nalon Batteries, AO®574 247th ElectrchemicalSociety Meeting, Montreal,
Canada.

2.2b Impact of Kinetics on the Voltage Response of Commercial Li -ion Batteries

On-board battery diagnospaysan essential tool to ensure safe and reliable operation of battery
systems. The accuracy of the diagnosis can however be significantly affected by the cell
temperature as it will affect its voltage and thus some of the information fed to the battery
management system.While calibration at different temperatures is possible, the required
laboratory testing will be extensivéVe implemented a methodology relating the impact of rate
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to the impact of temperature showing that the impact of higher rates is similar than of the impact

of lower temperatures and inversébeeFernando & Dubarry2025) This allowedusto define

a simple set of equations enabling the emul at |
temperature without the need for any complex battery model.

Our work showcased the similarities between the voltage response changes induced by rate and
temperature for two different commercial batteries using different chemist@asg. results
indicated that, with proper calibration, one can be used to simulate the other as higher rates were
found to be analogous to low temperatures and inver$eéilig.could allowusto simulate different
temperatures from room temperature data or inversely to estimate cell temperatures from their
voltage responséFigure 2.5.1). The calibrationinvolvestwo parametersa rate degradation

factor that relates the voltage responses and a resistance correction that relates the polarizations.
They were both found to respectively follow close to an Arrhenius and linear relationship with
temperature which enable the estimation of any intermediate valmesddition, since the
relationships were found to be relatively rate independent, they also enabled estimations at rates
that were not tested.
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Figure 2.2.1. Calculated IC vs. temperature maps for (a) the LFP cell at C/10, (b) the NMC cell at
C/10, (c) the LFP cell at C/3, and (d) the NMC cell at C/3, all in charge.

Looking further, the same approach shall be applicable to study the impact of pressure or
mechanical stres=inally, only two chemistries were studied in this work and, to generalize, the
results of study should be verified on diffe
el ectrodes (Si, | ithi umioncells.anate, €é) as well

More detail on this work can be found in thmurnal of Power Sourcgsublication listecbelow.
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Publications and Presentations

PeerReviewed Publications

1. Fernando, A., & Dubarry, M. (2025). Modfke emulation of the impact of kinetics and
temperature on commercial-lon BatteriesJournal of Power Source654, 237796.
https://doi.org/10.1016/j.jpowsour.2025.237796

Conference Proceedings aRdesentations
1. Ishtiaque M., Ramamurthy, JAlahmad, Q. Dubarry, M, Pint, C, & Kingston,T. (2025,
May 21).Correlating Thermal Gradient and lonic Migration Directionality to Lithitlom
Battery ElectrochemistryA080843 247th ElectrahemicalSociety Meeting, Montreal,
Canada.

2.2c New Methodologies to Characterize Performance and Lifetime of Lithium -ion
Batteries

Under APRISES20, HNEI modeling work focused on two specific aspects of battery simulation
with: 1) the diagnosability of cells containing a high level of silicon in collaboration with the
University of Warwick, United Kingdom and 2) the integration of our approach into an equivalent
circuit model to allow for dynamic simulations in collaborationhatihe Offenburg University,
Germany.

The growing demand for highnergydensity lithiumion batteries (LIBS) in portable electronics,
electric vehicles, and grid storage has accelerated the introduction of-gilaqamte blended
electrodes in commercially available lithidon cells. Despite their commercial adoption and
higher energy density, the widespread deployment of siligaphite (SiGr) composites is
hindered by rapid degradation phenomena which limit both their calendar and cycle lifés

work, a novel diagnostic framewotkat enabled the quantification and separation of silicon and
graphite active material losses in blended electrodes was defined, based on DV and IC analysis
(seeDarikaset al., 2025. Expanding upon the established methods for graphite electrodes, a novel
silicon-specific IC diagnostic marker was proposed for the detection of silicon active material loss.
The proposed met hod was validated using syn
mechanistic modelling toolbdkttps://www.hnei.hawaii.edu/alavaoclbox), simulating a broad

range of degradation mode combinations and cell architectures.

Overall, the mean relative errors for graphite and silicon diagnosis were in the order of ~10%
15%, which may not be accurate enough for an absolute quantification of the active material losses,
but is sufficient for qualitative analysis, capturing thatiee trends between graphite and silicon

losses in composite electrodé@he desigrof-experiments investigation provided further insights

into the interdependency between the degrada
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https://www.hnei.hawaii.edu/alawa-toolbox/

accuracy, indicating that siliconds diagnost i
negative electrodeds degr adat(Higorem2.2.1p dhiskwork n t er
offers a framework for blended anode diagnostics which can be readily applied to new and existing
datasets, providing immediate insights in the ageing behaviour and characteristics of silicon
graphite anodes.
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Figure 2.2.1. Coded model parameters for the four tested blends both for the fit of the LAMGr (circlé£)MBd(squares) error estimation
showcasing the combined effects of several degradation modes.
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Even with good diagnosis methods, predicting the lifetime of lithinmbatteries is a complex

task due to the nonlinear and strongly coupled interactions of various aging mechdisnesin

result in nonlinear aging dynamics, commonly referred to as the "knee" phenom@éfivie.
physicochemical models capture these dynamics, they are often computationally intensive and
involve complex parameter derivatiom our collaboration with Offenburg University, Germany,

a physicallyinformed equivalent circtimodel was proposegFigure 2.2.2) (seeMmekaet al,

2025. The model integrated key aging modes (loss of active material at positive and negative
electrode, and loss of lithium inventory), and describes their kinelibg. rate expressions for

each aging mode included a calendric component (dependent arelhgibtential) and a cycle
component (dependent on current and relative volume changes in the active maiératspdel

was calibrated using measured degradation modes of a 3136k cobaltaluminiumoxide and
graphitelithium-ion cell, which was agkcalendricallyfor ca. 65 weeks and cyclically for ca. 400
equivalent full cycles using a dynamic stress t€ke equivalent circuit model demonstrated good
agreement with experimental aging data (capacity loss, internal resistance increase) and
successfully predicted the knee in the capacity loss cuive.knee formation could be primarily
attributed to the onset of lithium plating that occurred when increased resistance at the negative
electrode caused its potential to drop below the plating patentia

64



LAM LAM
Xng~ INE

Vpe(Xpg), Xpg = Qe __ —|

0 LAM
Cpe — Opk Cdyn
PE

; a)
i
d
g T RNE
R Iceln
& —L 1} o
Q _"_
NE
VNe(XNE), XNE = CO _ OLAM
NE NE Cﬂén
] e o
s G cell
!H‘f[ dyn
g T o Rk
4 F Rstut
PE a‘
./ :

2
>
3]
o
a
8
3
N
©
£ —— _
3 —— Simulation - ©= Experiment
75
0 100 200 300 400 500
Equivalent full cycles / -
1
—SEI
Z 08 —piating
§o6
ES
® 0.4
L=]
@
002
0

0 100 200 300 400 500
Equivalent full cycles / -

Figure 2.2.2. Equivalent circuit model (ECM) used in our present study. The ECM consisted of two voltage sources representing ftfoeltwo hal
potentials; two RRC representing resistance and dynamics of the two electmedpectively; and another series resistors representing
resistance offered by the electrolyte and current collection system. Elements in red represent aging mechanisms. Taiglertodaiadict cell
current as function of cell voltage, or vice versa.
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More detail on this work can be found in theurnal of the Electrochemic@lublicatiors listed
below.

Publications and Presentations

PeerReviewed Publications

1. Darikas, G., Dubarry, M., Barai, A., Am&egan, M., & Greenwood, D. (2025).
Assessment of the impact of silicon on loss of active material quantification in blended
silicon/graphite negative electroddsurnal of The Electrochemical Socigty28),
080536. https://doi.org/10.1149/194%11/adfcal

2. Mmeka, P. O., Dubarry, M., & Bessler, W. G. (2025). Physitsrmed agingsensitive
equivalent circuit model for predicting the knee in lithiion batteriesJournal of The
Electrochemical Societyt 728), 080538. https://doi.org/10.1149/194511/adfochb

Conference Proceedings and Presentations

1. Dubarry, M.(2025, May).Big data for the diagnosis and prognosis of deployed energy
storage system8attery Modeling Webinar Series, Virtual.

2. Dubarry, M.(2025, March 1720). Big data for the diagnosis and prognosis of deployed
energy storage systemsternational Battery Seminar & Exhibit, Orlando,.FL

3. Mmeka, P., DubarryM., & Bessler,W. (2025, March 1€2). An agingsensitive and
physicallyinformed equivalent circuit model for predicting the lifespan of lithiam
batteries ModVal 2025 21st Symposium on Modeling and Experimental Validation of
Electrochemical Energy Technologies, Karlsruhe, Germany.

TASK 3 ALTERNATIVE FUELS

Task 3included two subtasks one focused onnovel materials from the constant volume
carbonization of biomass aadsecond supportitgNEl 6 s hydr ogen fBasd i ng i
on work conducted under previous awards, HNEI contirexgdibring the conversion of biomass

under constartolume reactor conditiondJnder Subtask 3.2, HNEupporedthedevelopment
assessment, and operatioihthe hydrogenfuel cell buses and the refueling statiom the Big

| sl and oDetaild afwach résearch subtask are provided in the following sections.

3.1 Constant Volume Carbonization

A pressurized constant volume pyrolysis reactor was used to investigate the impact of pressure
and oxygen content on the atteermal pyrolysis of woody biomassA range of initial gas
compositions (N + Op) and initial pressures were tested to study their impacts on the reactor
heating profile, gas generatimmnd t he resul t ant b iThecebudisrobtlis mat er
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research formed the basis for a provisional pas
of Technology Transfer as.8 provisional patent application number 63/737,522 on 12/20/2024

titled "Method for Pressurized Oxidative Pyrolysis." A manuscript describing this work was
prepared and will be submitted to thaeergy & Fuelgournaloncethe full patent application is
processed.A citation and linkto this publicatiorwill be accessiblo n  HNE | 06 sshewwe b s i t ¢
available.

3.2 Hydrogen Refueling Technology

The Hawai @i Hydrogen Power Park (APower Parko
Department of Energydéds (DOE) Technol ogy Val i d:
the DOE through the Department of mBssiSneag.egtk
|l ndustries Division (DBEDT), with the Hawai @i

of Hawai @i serving as the implementing partne
val i daticoeommef cpak hydr ogePo wteec hPraorlko gihheasse 1 s
commer ci alcosimalce eglr iad kal i ne electrolyzer inte
5 kW proton exchange membrane (PEM) fuel cel |

(HFCTF) in Honol ul u.

Power Park Phase 2 was proposed to expand the

and validation of hydrogen fueling system tec
t he Hawai @i Vol canoes Nati dmal fRardk n(@HAWO)o uhgah
Transportation for Parks and Public Lands (AT

(DOT) via the Department of Fthrytberiidors h(uDQll)e tbou
of the par k.i ntTéhred ed otjee cstupyacsrt HAVObds hydroge

additional i nvest ment Hydomgéhel Stas$s emerft HGavm
(AHydrogen HFuwndd)s initial formul ati on, t he D
Kilauea Military Camp (KMC), offered to serve

vehicl es.

While initially targeted for installation at

Nati onal Park resulted in a site change to th
for the HAVO vehicl es wasa thoy dlbreo gperno wirdeddu cltyi oln
the Puna Geot her mal Ventures (PGV) power pl an
geot her mal pl ant to produce electrolytic hydr

tube traehsedand dhepHAVO vehicles from a dis|

Il n 2010, in response to Navybés interest I n t|
efficiency and to | ower fuel us e, HNEI col | akt
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proposing a collaborative project to DOE to i
of a-cgmneaelcted el ectrolyzer to produce-sbgbdeog:
electric grid applicatidnand NRErseeveodofas$ heht

program with HNEI serving as the iIimplementing
PGV site resulted in a final siting at the Nat
i n Kona, Hawai @i

The PGV/ NELHA hydrogen production 4yWsGt0e83m ,was
POOO0O1 through NRL. The stated objectives of
and hydrogen storage system andhiulta |l alzeo t &lel
greater penetration of variable renewabl e gen

to the introduction of the hydrogen infrastrud
to support | oadcilteyepiodguoedtihy ehreicablie rene
wi nd, sol ar, and geot her mal on the Big Island
was also intended to be used as a transportat

Under thi wiagr, NRiiNeENIt conducted cyclic testing
system at Powertech Labs, Il ocated in Vancouve:t
the system. Foll owing modification of the s\
| sl dndaaovai @i

I n addition to conducting the research to cha
services, additional goal s included:

1.Support hydrogen vehicle demonstration pro

2.Conduct technical anal ysi s of syswtoermdand
environment; and
3.Document | iability, insurance, and permitt
As il lust r3®t dadd itrmeFicpmrcept was to produce fue
delivered to the Mass Transit Agendyty MFEEBD
operated byOnhhpuMTAcCHbBULUS service. Thr averter ai |

procured for transporting hydrogen between t|l
certified by the Federal Transit Administrat.i
roads.
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MTA Hilo
NELHA H2 H2 Transport Trailers H2 Dispensing
Station m

H2 Production
& Dispensing

Figure3.2.1 Concepdi agram of the transportation of hydro

These investments <collectively supported wor
activities within Hawai @i 6s unique island env

At the core of this project was Hawai ai 6s fir
NELHA. The station utilizes a Nel (formerly
producpurud thryadr ogen at 30 barséddDnpeseasesAt Hy
to 438 barHy(d&,03%2h @daie))l) i ng occurs at a nomina
automated dispensers equi pped widafhe amevameareids
supported by redundaspeainaleirgeduinat @i fpaangs adcha
these hydrogen trans®RonBt32amyr.¢ weir su € Fwigdude ubess

wi tbntrol system responsiveness and software
of fueling control sobawprecasd NMiplaulalyg i taemcHendip
autonomy over its hydrogen dispensing systems

— Hydrogen Transport
Trailers (102 kg each)

Trailer-Dispenser
Connection Post

: Vo ;
Hydrogen Dispenser —_ = ‘ e S ; e Emergency Exit Gate
B ; 2o B | -

* Trailer-Compressor

T
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HNEI Main Site Breaker —

Figure3.2 2. Maj or components of Hawaidi é6s first h
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Figure 3.2.4. Process flow illustrating hydrogen being produced on site through water electrolysis and
then compressed to 450 bar and stored in mobile hydrogen tube trailers.

Hydro-Pac compressor

During the initial bus deployment phase, HNEI

startup and i mtasgreantgiean hofdrtolgeen2 ¥ uel cel | el
technical chall enges such ag, o@tligmirditrmgnsf u el
charging at stop®CghonyvemitteirgdtuisegfBCI|I ures t h
i mprovement s, and enhancing ther mal managemen
speeds. Additi amalubkbétbobosi nqocbadedr i nterf
components, and addressing cooling system | ea
routes where it demonstrated i mpressive perfo
conswpmed mile and 12.7 miles -merekslogram of h
Operating in <c¢close proximity to Hawai i 0s m

challenges. The team developed an aggressive program to address corrosion caused by the coastal
saltair atmosphere that included selecting corrosesistant materia and refining maintenance
schedules.

In addition to station development, HNEI supported the retrofit and deployment of two fuel cell
electric buses (FCEBs) in the County of Hawai
3.2.5 and3.2.6) is a 21passenger ADAompliant bus designed and converted by U.S. Hybrid,
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powered by dual 11 kWh lithiunon batteries, a 200 kW drivetrain, and a 40 kW fuel cell
(upgraded from the original 30 kW). This bus also integrates a 10 kW export power system capable
of sustaining emergency AC power for up to 30 hours on a singledsuifdld an innovation
enhancing community resilience in emergencies or extended power outages. The secondary

plattormisal® assenger bus originally intended to sSe
was upgraded with a 90 kW Hyundai fuel cell amdexpanded 33 kWh battery pack to enable
service on Hawai @i 6s more challenging topogr a

Electric Driven

Hydrogen Tanks
HVAC System

Li-ion Battery System
28.4kWhr

Safety Disconnect
CV35 DC-DC

40kW Fuel Cell System \

Fuel Cell ‘ T g
Cooling T S R LA X Direct Electric
" 12V DC-DC Drive Motor

Charge Port Converter Integrated 200kW

Controller

iDrive S

Figure 3.2.5. Components of a hydrogen fuel cell bus.

Figure 3.2.6. HeleOn Bus refueling at the 350 bar hydrogen dispenser.

Advanceddata collection systenier busand statioroperationsvere developedHgure3.2.7)
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Figure 3.2.7. Telemetry data frothe buses.

Under these programidNEI developed and delivered training modules tailored for bus operators,
maintenance technicians, emergency responders, and fueling station staff. These programs
included classroom instruction, hands equipment familiarization, and emergency drills,
building a robust, locally based cadre of hydregealified personnel poised to sustain and
expand hydrogen transit operations.

Community and stakeholder engagement included tours (FBj2u&), briefing sessions, public
demonstrations, and educational programs enriching local understanding and support

Figure 3.2.8. Tour of the hydrogen station.
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The program maintained comprehensive hydrogen station operational and safety documentation,
including the operations manual, safety management plan, emergency response plan, standard
operating procedures, and hazardous material and waste management pregsuretsafe and
reliable station and fleet.

In 20242025, HNElinitiated atransitionof the assets to another state agemygl HA, for
continued use and developmem/i t h t he ¢l osure of U.S. Hy br i d¢
programassumed fullresponsibility for station system controls and maintenance. Hydrogen
trailers were decommissioneds of the publication of this report, negotiations with NELHA are

ongoing with transfer expected to occur in late 2025 or early 2026.

Overall, the project has achieved several key goals:

- Endto-End Hydrogen System Deploymebesigned, demonstrated, commissioned, and
operated Hawai @-ased refuelimgsstatiory intégtateccwitiPEoihty bus
operations;

- Transit Fleet IntegrationDeployed and upgraded busasddocumentedusperformance
(efficiency, range, maintenancge)

- Technical Feasibility and InnovatiorCollected operational data at both station and bus
levels, developed thouse control systems and manuals, and proved hydrogen transit
viable under island conditions;

- Workforce Developmentrained dozens of drivers, mechanics, and first responders with
sustained funding from FTA to ensure future pipeline capacity;

- Public/Stakeholder Engagemer@onducted tours, workshops, community events, and
policy briefings, strengthening Huawai di 0s

- Research/Science Contribution®\dvanced knowledge of corrosion challenges and
materials performance, published pesriewed findings, and influenced design standards

During the devel opment and oper atoiuorn aonma rtdhse bfy
Of fice of Naval Resear chil- 98R); APRI S-EdA20 ( NOI

2045) , APRI SRPRI2227 20N0 00alndd APRI SES23 (NOOO142/4
support the operation and mai ndelnlasmacte ddt at hfer
hydrogen fuel cell electric buses (FCEBs) . T
State of Hawai di and the County of Hawai @i

Key contribut APRS$ SE@ph@ianntdewd oo

- Supported U.S. Hybri dés -paaséengermandydmoggm
electric bus (FCEB), resolving critical t e

o Adjusting fuel cel | battery charging al
preventingofbhatgegeydsopms e
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o Mitigattidd@ OLnverter fuse bl owout s by
extenddcmagr ge et i ming, and wupdating contr ¢
o Enhancing fuel cell ther mal management

bus speeds

O Troubl eshootingpraasisureepahydmggenwsensor
wiring i mprovements and; software tolera
o Replacing and testing drivetransutampdn
gate bipolla&GB;Ttransi stor (

o Repairing MCU cold pl ateawcaroiOngwgnd eaks

o0 Addressing diodte@ adduweer tienr tghiet BDCr e ma v
and reintegration.

- Applied | essons |l earned from iniphabkbehbhger.i
FCEBs (fuel cel | power increased f-rom 30
batteries), funded by the County of Hawai &

- Advanced daily passo@mnegsrengeer dtuisomsn afe ntt H e

data showing approximately 1.2 KkWh/lmjIrelnanc
- Compl et edal comnsitsasritounpi nogf atnhde NELHA hydr o
including:
o Proton Onsite (now Nel) 65 kg/day PEM e
di spensing system opeamding at 350 bar
o Depl oyhwe@eceDQTi fi ed hydrogen trans.port tr

Devel oped and delivered workforce trainin:i
station protocols, training approxi mately
34 first responders; secured FTA funding t
I nstalled telemetry and -tdartea neocng utiosriitnigo no f
perfor mance

Fire protection system installed and c¢ommi
Engaged i n broad publ i c outreach despite
government officials, ;acandd mi a, utilities,

Provided an update on the project to key s

TASK4: RESILIENT ENERGY SYSTEMS

Under Task 4, HNEI proposed to continue research to enable high penetration of variable
renewable generation technologies while maintaining resilient, reliable, and secure energy
systems. The proposed work included two closely integrated activitiesr Suiokask 4.1, HNEI

continued development of enabling technology focused on the integration of new technology and
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reliable control at the grid edg&ubtask 4.2vas intended tfocuson power systems analyss
ensure that the energy systems and mMHawaarnt ed cr
Islandswhile leveragng resources from the Energy Systems Development Special Fund (ESDSF)
managed by HNEI ( al s blowkvarpdw othiagsr aidatrdterminbtiont a x 0 )
much of this effort was shifted to the ESDS# place of this analysis, funding under APRISES20
supporéed efforts to develop th#olokad Community Energy Resilience Action Plan (CERAP)

an independent, islanglide, communityled andexpertinformed collaborative planning process

to increase renewable energythe island oMolokad. A paper study examidghe potential for

various electrduels to support the isladsl firm power needsDetails of each research subtask

are provided in the following sections.

4.1 Advanced Grid Technology

Leveraging previous funding and partnHNEIshi ps
continuel to advance, demonstrate, and validate efficient grid performance, reliability, and
resilience with high renewable penetrations, focusing on grid edge technologies, distributed energy
resources (DER), and microgrid applicatiofe work undetthis subtask was conducted by

HNEI 6s Grid System Technol ogi &BARJA dutlaingc e d Re
APRISES20 funding heteamengaged in twoesearchactiities. a)enhancemerdand monitoring

of an advanced EV charging management systamd;b) completion of theAdvanced Power

System LaboratorgyAPSL), a statef-the-art research facility designed for conducting haos

research on the integration of variable and intermittent energy resources ktimeesimulated

grid environment.Details of the work conducted in each of these activities are described below.

4.1a Bidirectional EV Charging Optimization

The electrification of transportatiopresents challenges for electric gricduch as increased
electricity demand and altered load patterAswever, there is significant potential to utilize the
flexibility of electric vehicles (EVdpr managed charging, offering benefdaad services that can

enhance economic value for EV owners while improving grid reliability emetgy security

Toward that endHNEI engaged in a collaborationith IKS Co., Ltd. IKS0) on technology
development, tesand demonsation of advanced control of two bidirectional EV chargers (H

PCS) on the campus of t he MniheBPGSiwasydeveldpedHa wa i
by IKS with support from Hitachi Limited as part of the earlier JUMPSmart Maui smart grid
demonstration projecin whichHNEI was one of the partners.
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To tackle the complex optimization problem and demonstrate the use of bidirectional EV chargers,
GridSTART develomd evaluaéd, and demonstratl the performance of novel algorithms to

optimize the charganddischargecyclesof shared fleet vehicledts demonstration site is shown

in Figure 4.1a.1.The main goal of this projeetas tominimize energy costs througiptimized

EV fleet management The research and development outcomese intended tanform the

uni versityodos consideration of options such as
shaing applicationsand the integration of distributedternativeenegy resources othe UHM
campus.Additionally, the scalabldield test results caanable thesseswent oflargerEV fleets

in carsharing systes) particularly for provithg grid ancillary services

T4 e
B R Ny

>Figure 4.1a.1. Demonstratiorsystemocated orthé University of Hawal at MLhoa campus.

HNEI achieved significant progress across various project compomeaés APRISE30. Key
activities completethclude:

- EV Charging Management System Enhancen@onttinued monitoring anekfinement of
EV charging management system to maximize EV utilization and optimize
charge/discharging schedsle

- Electricity Bill Calculation Functionsinvestigated and developed mathematical functions
to calculateelectricity bills under different Hawaiian Electric Company (HECO) rate
schedules (Advanced Rate Design (ARD) Schedules R, G, and J, and Schedule P). This
work provided greater clarity on the structure of each rate schedule and how these rates
apply to different customer load profiles

- Analysis of ReaWorld EV Battery UsageAnalyzed actual charging and discharging
patterns of EV batteries to improve the accuracy of the rate calculation functions used in
charge/discharge optimization algoritnms

- Minimum Driving Range ThresholdSefined minimum driving range thresholds for each
EV to ensure daily transportation needs ar
anxietyo caused by starting the eae@ygmicwi t h &
optimization tradeoffs;
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- Improved Energy Consumption EstimatidBnhanced the estimation of EV energy
consumption by applying machine learning methods, resulting in more accurate modeling
of EV energy use

- DisseminationThe research findings regarding a model to assess the technical aspects of
integrating fast EV chargers into low voltage power networks were presented at an
international conference, the 2024 IEEE KPEC Conference on High Penetration
Renewable Energy Systenn Kansas. The conference paper was published in the IEEE
Xplore digital library and

- Student Training and Skill Developme@upported recent engineering graduates in
developing foundational skills in optimization problsmlving and Python programming,
with a focus on energy applications. As part of their training, students gained a solid
understanding of the core componentks tbe bidirectional EV charging energy
management system. They participated in system monitoring and error identification, and
observed the impact of operational issues on overall system performance. In atiéiion, t
learned basic troubleshooting and error resolution techniques.

Accuratdy calculatirg electricity bills are essential for both utility providers and consumers to
effectively monitorenergy costs and usage pattedrd&CO offers severdime-of-use (TOU)ate
schedulegddesignedto accommodatalifferent customer categories and usage profiléhese
scheduledARD Scheduls R, G, and J, and Schedule )Pdefine how electricity charges are
determinedbased orenergyconsumption,TOU period,and customer typeUnder APRISES20,
GridSTART investigatedhe mathematicafunctions used to calculate electricity bills untherse
specific HECO rate schedule This analysis aimeo clarify the structure of each rate schedule
anddemonstrat@ow rates are applied &variety of customeload profiles. The summarized rate
calculation functions are presented in Table 4.1a.1.
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Table 4.51.1. Billing Calculation Functionsby HECO Rate&chedule

Schedule | Functions

ARD Applicable to residential customers for standard household electrizite.

TOU-R $0.1742 * E(kWh)  (Daytime)

Electricity Cost = $17.54/month +  $0.3484 * E(kWh) (Overnight)
$0.5226 * E(kWh) (Evening Peak)

ARD Defined forsmall commercial customers with monthly consumption up to 5,000 kWi
TOU-G demand not exceeding 25 kW.

$0.2127 * E(kWh) (Daytime)
Electricity Cost = $31.07/month +  $0.4254 * E(kWh) (Overnight)

$0.6382 * E(kWh) (Evening Peak)
ARD Intended fomedium commercial customers whose usage exceeds 5,000 kWh per m

TOU-J whose demand exceeds 25 kW three times in a year, but remains below 300 kW
served through a single meter.

$0.1924* E(kWh) (Daytime)
Electricity Cost = $77.06+/month + $4.25 * Pmax(kW) + 383.9* E(kwh) (Overnight)
$05774* E(kWh) (Evening Peak|

TOU-P Forlarge commercial customers with a demand of 300 kW or greater.
$02297* E(kwWh) (Daytime)
Electricity Cost = $803/month + $26.5 * Pmax (kW) +2®07* E(kWh) (Overnight)
$03097* E(kWh) (Evening Peak

A thorough umderstandingf the realworld charging and discharging behasgiof EV batteries is
critical for optimizing energy wgeandfacilitating effectiveintegration with the electrigrid. The
timing andperformance of these charging cycfday a pivotal role in determinintipe overall
efficiency of energy management systeras they directly impact load balancing and grid
reliability.

HNEI has conducted detailedvestigaions intothe actual charging and dischargipatternsof

EV batteries under typical operating conditions to improve the accuracy of rate functions used in
chargeanddischarge optimization algorithm®y analyzing these patterns, the teamsurs that
optimization modelsare grounded imealistic energy flowdata, resulting irmore reliableand
practicalschedulingecommendationsAs part of this effort,techarginganddischargingprofiles

of thetwo EVs(NissanLEAFs) utilizedin the demonstration projeatere examined, with their
realworld patternsllustrated inFigure 4.1.2.
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Battery capacity: 16.5 kWh Battery capacity: 38.3 kWh
Minimum State of Charge (SOC): 30% Minimum State of Charge (SOC): 20%
Fully charge (80%) time: 1.5 hours AR Full charge (100%) time: 6 hours

Comfortable travel distance of 80%: 7.5 miles N Charge to 70%: 3 hours
(15 miles roundtrip) %_, Comfortable travel distance of 70%: 21 miles
Charging efficiency: 96% (42 miles round trip)
Discharging efficiency: 80% Charging efficiency: 90%

Discharging efficiency: 90%
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projectdés EVs.
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Establishing a minimum driving range threshold for each EV is essent@ahsistently meataily
transportatiomneeds Without this safeguardcharge/discharge optimization algorithmsght
prioritize grid services or energy cost savingsentially leaving the EVs with insufficient battery
levels for regulause. Thissituationcancaused r i v er fi r and glisrupdailyxnobditly.y 0

To prevent such issue&ridSTART integratedvehiclespecific range limits into the optimization
framework This ensures thatnergy management objectivage balancedvith the practical
requirement of maintaining reliableansportation. By doing so, the system presendsver
confidence andyuaranteeshat EVs remain a dependable mode of transport, evaenatheir
charging and discharging aaetively managed for grid or cost benefit¥he minimum ensured
driving ranges a9:00a.m.for thetwo EVsutilized in the demonstration projeateillustrated in
Figure 4.R3.

White EV Driving Range Map (Weekdays, 9:00 AM) |

White EV - . . .
N . " -
)

+

10%

i,

Red EV Driving Range Map (Weekdays, 9:00 AM)

RER

Legend

(%) . Black dotted line: Approximate 54-mile driving range (round trip)
Blue line: Route from UH Manoa to Hawaiian Electric Beach Park

100% -
20%
L Max SOC - 80% L 4
80% SOC at 9:00 AM
80%
60% ) L o
—~ @
40%
’ Min SOC- 30%
20%
30%
0
Legend

Red dotted line: Approximate 15-mile driving range (round trip)
Blue line: Route from UH Manoa to Servco Toyota Service Pakoloa

Figure 4.18.3. Ensured 9 AV.. driving range forthe o Nissan EVs idemonstration

HNEI enhanced itEV energy consumption estimation method to betteommodatdifferences
among variou€V modelsby implementinga probabilistic neural networapproach based on
Bidirectional Long Shorfferm Memory (BiLSTM) neural networks. This advanced method
provides more accurateand informativeresults by generatinga range of possiblenergy
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consumptiorvalues rather than a single fixed estimate, effectively captunimgertainiessuch as
those arising from variations betwedifferert EV models.

The estimationprocessbeginswith the collection and processing wip data from EVs This
cleaneddata is then inpunto multiple Bi-LSTM neural networkseach configureavith slightly
different parametersusing a Monte Carlo approximatidechnique to model uncertainty in
predictions The outputs from these networkare aggregatedio producea final energy

consumptionestimateaccompanied byconfidenceintervals, reflecting the reliability of the
prediction

In Figure 4.1a.4 beloythe red linandicatesthe average estimated energy consumptientrip,
while the shaded red areepresentshe uncertainty rangeThe green linalisplaysthe actual
measured energy consumption for the same, ip®~ing for directcomparison.

—8— Measured Energy Consumption
—e— Estimated Energy Consumption (Mean)
Uncertainty Range

Energy Consumption (%)

1 2 3 4 5 6 7 8
No. of Trip

Figure 4.1a.4. Probabilistic BiLSTMestimates of Eénergyconsumption foeight trips.

As shown inFigure 4.1a.4the estimated energy consumptigenerally aligns well witithe

measured valuesspecially fortrips 1 through gwith both estimateand measuraentspeakng

at trip 3, demonstrating the BL ST M moatcareyd sHowever, some discrepancies are
observedsuch as trips 5 and 7or trip 7, the differencbetween estimated and actual values
remains within the model 6s un cmrliadlyaaccaunty forr an g e,
variability. In contrastthe largediscrepacyin trip 5 falls outside the expected range, suggesting

that furtherrefinement othe Bi-LSTM modelmay be necessary to improsecuracy in similar
cases

To improveusergunderstanding of EV energy consumption estiomiGridSTART develogda
visualization dashboapecificallyfor reserved EV tripsThe dashboardresentdoth input data
(such as elevation, temperature, distance and trip duration, whichtaneedrom Google API¥,
and theresultingenergy consumption prediction$he systemautomatically recorsland update
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this informationevery minute ensumg that the dashboard reflects the most cumresgrvation
data. An example of the EV energy consumption estimation dashimahdwn inFigure 4. A.5.

Predicted energy consumption (%)

(CridSTART

Curren t Location Destination

Delfsé’;'ﬁf)ﬂgi” —  University of Hawaii at Manoa Hickam beach

<«+—— User input

Predicted Energy Consumption (%)

Google map —» " e o

Iniversity
f Hawa'
o ; at MGnogo g
L) e Srveg
Trip map > p
] E 1.7, .
21

Distance (Km) Elevation (m) Duration (min) Temperature (deg cel)

<+—— Machine learning

Google map APl ——» — 281 25 - <+—— Weather API
yrass 4O page Sa) /s

7

Google elevation API Google map API
Figure 4.18.5. EV energyconsumptiorestimationdashboard.

Under APRISES20 fundingHNEI had planned tocontinue to advancethe EV charging
management system forther optimize vehicle usage and charging schedul@sllection and
analysis of systerdatawere to support the creation leigh-quality training datasetsvhich are
essential for a machine learning based approaatpi@ving the accuracy of the energy estimation
algorithm. Additionally, the team plamedto conducteconomic analyses of the demonstration
systemasapplied to residential loads under various TOU rate structuregseanalyses were
aimed atguiding the development of a novel technoeconomic algoritl@signedo determine
optimalsizing forhome stationary batteries and rooftop solar systparticularly when integrated
with EVs equipped withbidirectional charging capabilitiesAlthough some othese plans and
related analysewere conducted under APRISES23 funding, most activities wespended in
due to the stop work order.

More cketail onthis workcan be foundh the IEEE conference papésted below.
Publications and Presentations

Conference Proceedings and Presentations
Tran, Q. T., Roose,L., Thongmai,K., & Singh C. (2024, April 2526). A Technical
Evaluation Model for Integrating Fast Electric Vehicle Chargers into the Low Voltage
Network IEEE Kansas Power and Ener@gnferenceManhattan, KS, bited States.
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4.1b Advanced Power System Laboratory

With support fromAPRISES20 funding, HNEhas successfullgompleed constructionof its

Advanced Power System Laboratory (APSL), a stétne-art researchfacility designedfor
conducting handsn research othe integration of variable and intermittemtergyresources a
reat i me si mul ated grid environment. The APSL
Marine Center (UHMC) at Pier 3 Honolulu Harbor. Since its completionthe APSL has
functionedasa highly flexible andlistinctivep o wer system r es eprovdihg f aci |
robust capabilities for thieestng of AC and DC equipment, systen@d microgrid technologies

within aprecisely controlledjeld-representative electrical environmeiitis new laloratoryhas

not only supportedresearch acrossultiple APRISESfunded projectsput also significantly
enhancedi N E Iresearcland instruction capabiléson grid integration, smart grids, microgrids,

DC systems, and other advanced gathted researctiomains

In addition tosinglephase and threghasegrid power the lalratoryarchitecture inorporates the
DC circuits from a 35.8W rooftop photovoltaic (PV) systerwhich isdirectly connected tohe
laboratory and interfaces wifour advanced PV inverters (three singlease and one thrgdhase)
in the laboratory thdeatue grid support functionsThese systemsenethree AC/DC equipment
test bays. ThAPSL architecturdurther includesa reattime grid simulatocoupledto a 30kVA
power amplifier,establishinga power hardwara-the-loop (PHIL) configuration. The PHIL
setupenables evaluation of electrical power equipment as units under test (Witfis) a
simulated grid environment. Figure B.1below illustrates therincipalcomponentgomprising
the APSL architecture.

Host Computer 35kW PV Array

AC/DC Output
I 16 /3@ -0to 520V

3@ 12 kVA

N 198.2 kvA
10 8.2 VA
10 8.2 kVA

- 3 Receptacles
¥ ¥ | [38 100A
Real-Time 30kVA Grid el AC/DC 15 100A || Unit Under
Simulator Simulator AC/DC [ TestBay1 Test 1

DC 75A

3¢ 100A
3¢ —208Y/120V_©

______ @ oFe Ac/DC 1 100A || Unit Under

[} ' Test Bay 2 Test 2

225kVA 480V to 208Y/120V
30 100A -
______ 16 —240/120V | | AC/DC Unit Under
:Q: Test Bay 3 1 .1..OOA Test 3

100kVA 480V to 240/120V
Figure 4.1.1 APSLarchitecture.
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The laboratory architecture includes three modular test bays for evaluating advanced functions,
communications and controls of various UUTs such as, but not limited to:

- Advanced function PV inverters;

- Electric vehicle (EV) chargers, including vehittegrid (V2G) and vehicléo-home
(V2H) enabled chargers

- Battery energy storage systems (BESS);

- Power monitoring and edge computing devices;

- AC or DC loads/appliances and load control devieesl

- Voltage management devices.

Each test bay in the APS& equipped with outlets of different voltages and currents, as shown in
Figure 4.1.2 below, including: 3 0 2 0 8V prid-Bed; 1 G 2 4 ¥ /ghdziéd; 3 0
0~520voltage lineto-line (VLL) grid simulator; and 60¥ pc off-grid.

3@/208V | 10/240V| 30/Grid Sim DC Grid Simulator
3d/100A 1d/100A 3@/60A  1D/60A 600 VC 604
5 e e
R 9 8 8
0 0 R ; @
3®/100A | 1d/100A | 10/60A 1D/60A DC PV System
~x R -y 600 VDC 60A
9] 9 8 )
) 0 c C o=

AC/DC Test Bay (x3)

Figure 4.1b.2 AC/DCtestbay conceptualdesign.

The laboratory architecture includes angifid DC test bed rated at 68dc, which is accessible

from all three test bays. The test bed features two separai¢épe@ilises: one powered by the

| aboratorydéds PV system and the other by a Chr
The facility also includes an AC test bed comprising the following three AC test buses:

1) 10/ 30 VLkA& gridl simulator bus served by the Chroma 61830 grid simulator
(Figure4.1b.3);

2) 30 2 0 8Wa¢huserved by a 228/A transformer (Figuret.1b.4); and

3) 10 24 VA hug $erved by a 100/A transformer (Figuré.1b.5).
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AC test bed — Grid Simulator AC test bus (off-grid)
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Figure 4.1.3 Design of theAC testbedi grid simulator (off-grid).
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AC test bed —3® 208Y/120 V AC test bus (grid-tied)

DC Transfer
" PV Panels _ 208Y/120V AC TEST BUS (GRID-TIED)
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5 =
= E AC Transfer
% 1x12 panels [~ , Switches NEMA BOX
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3M/60A 30/60A 3M/60A
480 to 208Y/120V ‘:D /6 ‘,D 7 ",") /e
\ ———————
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Figure 4.1b.4. Design of theACtestbedi 208V (grid-tied).
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X72 330W Panels

AC test bed — 10 240/120 VAC test bus (grid-tied)
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Figure4.1b.5. Design of theACtestbedi 240V (grid-tied).
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The APSL was constructed in two phases. In the first phase, a 35.3 kW rooftop PV system and
accompanying inverters were installed. The second phase, funded under APRISES20, focused on
building the remainder of the laboratory architecture. Upon complefithe first phase, HNEI
conducted an institutional safety evaluation. After successfully passing this evaluation, the team
began utilizing the APSL for various projects. In particular, the laboratory equipment was
frequently used to validate the argature and control algorithms for the Okinaagvanced
conservationvoltage reduction (CVR)demonstration project, which was also funded by other
APRISESawards

The following list summarizes major activities completed:

- Designed a highly flexible lab architecture that incorporates grid test and simulation
equipment purchased with previous funds from the Office of Naval Research (ONR) and
other sources;

- Collaborated with a local engineering firm to develop construction drawings;

- Competitively procured a contractor and installed the B8/3ooftop PV system and four
advanced grigsupport PV inverters (first phase construction);

- Contracted a qualified safety consultant to evaluate the laboratory architecture design,
identify potential safety risks, propose design changes for hazard mitigatthaevelop
engineering and administrative control s,

- Worked closely with the manufacturer, Meltric, to design the layout of receptacle
enclosuredor thet hr ee AC/ DC equi pment test bays,
strong recommendation to use the Meltric receptacles originally selected by HNEI,

- Collaborated with the local engineering firm to update the construction drawings to
incorporate changes suggested byghalified safety consultant and Meltric;

- Coordinated the building permit application process with the Honolulu Department of
Planning and Permitting (DPP), including engaging a-@pproved thireparty reviewer
to expedite review and approval of construction drawings, and addressing all pgrmittin
requirements in collaboration with the engineering firm; and

- Issued an Invitation for Bids (IFB) package to procure electrical wiring, associated
equipment and labor for the laboratory beoigt (second phase construction), concurrent
with the permitting process.

Thelaw s key safety features include:

- Meltric receptacle enclosures (Figureblg):
o Integrated disconnect push button for safe equipment isolation;
0 Arc-flash protection to minimize electrical hazards;
o UL listed for compliance with recognized safety standards;
o Compatible with lockout tagout (LOTO) devices for secure maintenance;
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0 Voltage and currenspecific designs to prevent incorrect connections; and
o Customdesigned enclosures for each AC/DC equipment test bay in collaboration
with Meltric.
- Emergency stop (6TOP) button (Figure 44l7):
o0 Located near the laboratory room exit for quick access;
o Instantly deenergizes all test bays by tripping their circuit breakers;
0 Serves as a lasesort safety measure in emergency situations; and
o Recommended and incorporated based on safety consultant guidance
- Segregated DC bus wirir(§igure 4.D.8).
o Incorporated safety consult@mtrecommendation to provide separate wiring for
each DC bus;
0 Preventgrossconnection and reduces risk of wiring errors; and
o Enhances overall electrical safety of the DC test bed.

Figure 4.1b.6. Meltric receptacleenclosuregnountedat the AC/DQestbays.
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After a competitive procurement process that received multiple valid bids framh@®based
construction companies, HNEI awarded the construction contract to American Electric Company,
LLC. Construction was completed in 2023 using APRISES20 fundire facility providesa
controlled environment for rigorous evaluation and developméwditionally, the realtime
simulation andPHIL testing equipmenivere upgraded with the lateSPAL-RT software and
GridSTART membercompleteddetailed trainingo ensure effective use of these systems.

A series of training sessions for proprietary software, including the ETAP microgrid control
system, were also conducted in the APSL. EPpA®Vides integrated microgrid modeling tools
and enables seamless integration with the AP
microgrid design and control training curriculum for power system engineers across the Asia
Pacific region. For example, HNEI recently hosted hads$raining for four engineers from
Thai | anowhed utdity, #rowencial Electricyt Authority (PEA), focusing on microgrid
control development using ETAP and other tools. In addition, the APSL and its PHIL equipment
are being utilized alongsiddNEI6 s {depleyeddmicrogrid testbed on Coconut Island, also
developed with APRISES funding, for the development and testing of resilient microgrid control
algorithms for dynamic load management, supported by a recently awarded U.S. Department of
Energy resarch grant of approximately $1 million.

4.2 Resilient Grid Systems

Under Subtask 4.2, Resilie@@rid Systems, HNEI focused on supportefiiorts to develoghe
Mol ok adi Communi ty Ene CERAP Bedeveloped paper stllgto i on P
examine the potential for various eleetuls to support the islaggfirm power needsThe latter

is available aadraft, but cannot be considered final as the award was terminated before references
were validated. The reliability studies iiated under APRISE® were deferred to APRISES21.

In 2022 and 2023, stakeholders in Molakdeveloped th€€ ERAP. The CERAP is a first of its

kind initiative inH a w aandrepresents an independent, islawak, communityled andexpert
informed collaborative planning process to increase renewable energy on &loldKsEI
supported the CERAP process by providing technical expertise, data, modeling capatilities
technical reviews throughout the projedtunded primarily usingd a w aStaéeifunds from the
Energy Systems Development FUBEDSH, matching ONR funding was also expended on the
project focusing on understanding grid dynamics and the role of energy storage for reliable,
resilient island gridsLessons learned are applicable to other small island grids.

The HNEI teandeveloped a simplified power system dispatch tool to select candidate resource
portfolios and evaluate load, renewable generation, storage scheduling, curtailment, and oll
consumption.HNEI staff and a graduate student supporting CERAP were exposed to the various
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power flow and dynamic modeling techniques. Results of the analysis was presented at
community meetings and the technical support provided to the Momkamunity was included
in the CERAP 10 report to theH a w aPiulilid Utilities Commission (Docket #214¥.78).

Within that framework, HNU (a Maui energy company) developed a detailed plan for analysis of
the dynamics of the Molokagrid that included:1) mapping of theexisting Molokad grid,
especiallythe West End to identify the physical location of circuits pomwer systemsomputer

aided desigifPSCAD dynamic analysis2) identifying WestEnd metering and a data analysis
plan to assess circuit operating characteristics and issue8) plashning for tradeoff studies to
assess cost versus grid reliability/resilience performance using various mbtddsling using

data from prior ONRunded energy storage work on Moldkaas initiated, but then temporarily
terminated to ensure compatibility with the community effdgnfortunately, APRISES20 was
terminated before this work could be completed. We anticipate renewing these efforts under future
funding including th&eSDSF, and potential future funding from ONR and th&UDepartment of
Energy.

Thereportdevelopedo examine the potential for various eleetuels to support the isladgifirm
powerand hareto-decarbonize needs is available as a draft repottis missing final references

due to early termination of the award. The repoadvides a summary of developments in the
electrofuels (efuels) market, including eSAF,-reethanol, and -diesel, highlighting their
potential forsupportinghardto-abate sectors such as aviation, maritime shipping, and {uegyy
transportation.It examines the critical role of renewable energy, includingtientialstrategic
advantages of geothermal power, in achieving -etfsctive efuel production. The report
synthesizes current global technological advancements, ongoing projects, and market dynamics,
emphasizing their relevancetkba w d@sierteigy landscape.

GivenH a w dsisignificant dependence on imported petrolewfngés offer gootentialpathway

to enhanced energy security arsipports H a w & isainbitious decarbonization targets.
Technological innovations, including those in higimperature electrolysis, and supportive policy
frameworkshave the potentiato drive down production costs and to accelerate adoption.
However due toH a w dsi htgh electricity costsnear term production of efuels Ha wa i @i
remains a challengeStrategic recommendatiofier H a w afec@dsion leveraging its indigenous
renewable resources, fostering pilot projects for cheaper geothermal energy, advocating for
supportive policies, andssessingessential port infrastructureo accommodate a potential
worldwide emethanol market.
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TASK 5: ADVANCED MATERIALS

Task 5 comprises two subtasks that inclyalesficationtechnology research for gas contaminant
removaland the development ahulti-functional novel polymers for use in photovoltaic and
electrochemical systems and deviceBetails of each research subtask are provided in the
following sections.

5.1 Purification Technology

Purification technology is critical to the continued expansion of fuel cell technology into
environmental conditions relevant to DOD interests. HNRilevious ahievementsn this area
included development ofa smart air purification system containing contaminant sensors
implemented in a fuel cell powered bus amdic liquid-activated carbon materials that showed
improved breakthrough capacity and selectivity for,Sfapture compared to commercial
materials. lonic liquids have gained significant resgainterest for varied applicatiofis-2] due

to their unique combination of qualities including tunable chemical properties, high thermal
stability, low vapor pressurand low viscosity3-5]. They are finding applications in numerous
industries as solvenf6-7], catalystd8-9], and gas sorbenf$0-12].

Under this awardHNEI synthesized and characterizadvel metal containing ionic liquids
capable of removal of acidic gasntaminarg (SC). Threenovel metalcontaining ionic liquid
(MIL) were synthesizedZnz[OACc]g[Comim]2, Mga[OAC]10[Comim]2, and FesOAC] 1/ Comim]2
andcharacterizedheir properties.The crystal structures of the materials wenaracterizedy
X-ray diffraction their thermal stability was elucidated by T&*C, and functional groups by
FTIR-ATR.

The SO, sorption performance dhe synthesized and characterized novel metaltac liquids
were evaluatedfter integrating the materials withigh-surfacearea, nanoporous cocorshell
activated carboto form hybrid filter media with enhancegs sorptiomproperties The MIL-AC
hybrid materials were tested for S&brption performancaising a simulated polluted air
environment of 10 ppm of SQOrelative humidity of 50%, and a temperature of 28%hg a
custom made, low gas flow filtration test stgRtjure5.11).
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Figure 5.1.1. The custom made low gas flow (<2 LPM) filtration test stand.

The metalcontaining ionic liquid impregnated activated carbon sorbentsithpdoved SO,
breakthrough sorption performancelative to pure activated carbon.The besfperforming
sorbent, Mg[OAc]io[Comim]. impregnated onto activated carbon, had an Bf@akthrough
capacity of 215 mg S&y MIL, which was comparable to the statethe-art [Cmim][OAc] ionic
liquid impregnated onto activated carbo&urprisingly, the 5 wt % sorbents had the highest
SO breakthrough performance compared to the 10 wt %, dsawehe pure activated carbon
(Figure5.12).
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Figure 5.1.2. The Sfhreakthrough curves for the metaitmic liquidsactivated carbon hybrid filter
media.

The absorption of SQvas directly confirmed asi® vibrations at 1100 ctin ATR-FTIR
spectra and sulfur peaks in EDShe results clearly indicate that metaintaining ionic liquids

are good candidates for practical acidic gas mitigation at low contaminant concentrations in the
future.

Publications and Presentations

PeerReviewed Publications

1. Kotsol, I., & Severa, G. (2025 Characterization and SCSorption Performance of
Zn3[OAc]g[Comim]2, a MetatBased lonic Liquid ACS Omega 10(7), 7400 7406.
https://doi.org/10.1021/acsomega.4c11605

2. Dera, P., Bruffey, E., Majewska, N., Kotsol, I., Nguyen, P. Q., Mitchell, S., & Severa, G.
(2025). Synthesis and Crystal Structure of(20Ac)s[EMIM] 2, a Novel lonic Compound
with Isolated Homoleptic Trinuclear Metal Cluste SCS Omegal((4), 3398 3406.
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