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Overview

Timeline Task 5 Barriers
 Start: March 2010 * AE. Materials Efficiency
* End: October 2014 » AF. Materials Durability

* Percent complete: 80%

Project continuation and direction determined annually by DOE

Budget Partners
« DOE EERE PEC Surface
Funding received in FY13: $65K Validation WG:
_ Deutsch/Wang/Turner (NREL)
Total funding planned for FY14: Heske (UNLV)
$85K (2% of Pl and 50% of PD)

» Unfunded partners:
Total DOE Project Value: $490K Prendergast (LBNL)
Otani (AIST Japan)

o/ -
Cost share %: NA Project lead: T. Ogitsu, LLNL
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PEC H, Production Work Group
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LLNL (theory) together with UNLV (characterization) works on identification of
fundamental properties of electrode & interface relevant for H,

production/corrosion, and share the obtained knowledge with PEC H,
production WG
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Relevance

= Objectives

Develop theoretical tool chest for modeling photoelectrochemical systems
Compile publications database of research on relevant photoelectrode materials
Uncover key mechanisms of surface corrosion of semiconductor photoelectrodes

Understand dynamics of water dissociation and hydrogen evolution at the
water-photoelectrode interface

Evaluate electronic properties of the surface and water-electrode interface
Elucidate relationship between corrosion and catalysis

Provide simulated X-ray spectra to UNLV for interpretation of experimental results
Share research insights with the PEC WG members

= Specific relevance to H, program (Task 5)

Inform experimental efforts to increase Materials Efficiency (Barrier AE)
Inform experimental efforts to increase Materials Durability (Barrier AF)

9 Eﬁ'E ﬁEer ! ! !: I"E T/ z:z N R E L DOE Hydrogen Program Annual Merit Review l!L s



Approach

= Qverview: understand relationship between the microscopic property of the
electrode-electrolyte interface and the device performance using ab-initio
DFT simulations and X-ray spectroscopy

« Investigate the microscopic mechanisms of the chemistry of corrosion and water
dissociation at electrode/electrolyte interfaces using ab-initio molecular
dynamics simulation method

 Identify the electrode properties that affect on electrode stability

— Comprehensive assessment on the relation between electrode properties and resulting
stabilities based both on information available in literature and on information provided
by UNLV/NREL

— Investigate the chemical environment of nitrogen based on measured N K-edge XES of
the N treated GalnP, (NREL/UNLV) and simulated X-ray spectra (LLNL/LBNL)
« Recruit external collaborators to extend theoretical tool chest

— M. Huda of UTA on CIGS, E. Zurek of SUNY Buffalo on crystal structure search, A.
Correa of LLNL on excited electron dynamics, M. Otani of AIST on simulation of biased
interface, B. Yakobson of Rice University on nano-catalyst, T. W. Heo of LLNL on
mesoscopic phase field modeling (bridging time & length scale)

« Expand our survey to the other materials (eg. CIGS)

— Development of more universal basic knowledge on PEC electrode materials
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Stages of the photoelectrochemical reaction
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Milestones and deliverables

Milestone Description %
Completed

1 Establish theory/experiment self-consistent material 100
characterization scheme using X-ray spectroscopy with UNLV
(the scheme applicable to arbitrary system)

2 Characterize surface durability treatments, including chemical 50
environment of N/Pt/Ru in GalnP,, based on theoretical/
experimental spectroscopy (in collaboration with SV Team)

3 Disseminate obtained knowledge on the nature of hydrogen 100
bond network at the Ill-V electrode-electrolyte interfaces

4 Study mechanisms of the hydrogen evolution reaction and 50
related corrosion processes

5 Dynamical modeling of interfaces under bias 30
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Summary of previous accomplishments in FY13

=  Study on water-semiconductor interface simulations
completed

« H diffusion at water-InP interface found to be significantly
better than that at water-GaP interface

= Study on kinetics of proton discharge process on MoS,
using ab-initio derived model Hamiltonian completed

= Additional experiments performed by Wang of NREL
confirmed the hole trap corrosion mechanism proposed
by LLNL in FY11

 The corrosion current shown to be linear with illumination

= Calculation procedure for N K-edge XES was developed

« Rational derivation of candidate nitrogen environments for
nitrogen bombarded GalnP, developed

« Additional set of experiments on reference nitride
compounds were initiated by UNLV in order to precisely
calibrate the DFT error and fit broadening parameters
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Technical accomplishment 1: Database of PEC research
(in progress)

=  Approximately 1750 papers have been collected, indexed, and
stored as of April 2014
« 300 on catalyst, 70 on X-ray spectrum, 150 on water and solvation,

1070 on general PEC/semiconductors, 100 on
Chalcogenide/Chalcopyrite, 60 on GalnP,

= Information on relevant papers is shared among team members
using online collaboration tools (email and/or
photoelectrochemical.sharepointsite.net)

= The team discussions based on literature search and on the
UNLV/NREL experimental results led to identification of a few
possible causes of electrode performance variability (work in
progress)
- Partial segregation of GalnP, into GaP/InP

« CuPt & disordered phases have different band gaps and charge
carrier lifetimes

= Further extending review to other materials and methods
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Technical accomplishment 2: Surface Validation (SV) team collaboration
(assisting NREL/UNLV)

= 1998: Record STH of 12.4% established by Turner of NREL. Durability (~24 hours) has
been the main issue

= FY12: One of nitrogen treated samples showed significantly improved durability (up to
~115 hours) by NREL

» Poor reproducibility was the issue

=  FY13: Pt/Ru impurity found by UNLV in the durable sample
Systematic study on the effect of Pt/Ru/N initiated (planning through SV team discussion)

=  FY14 (as of April): 1stiteration of Pt/Ru/N experiments completed by NREL. Analysis and
interpretation underway by SV team
*  Reproducibility significantly improved yet not satisfactory

= FY14 (and beyond): Complete analysis/interpretation. Develop research plan to identify
and control the non-obvious stability-relevant process parameters (SV team)

of results; apply general knowledge obtained from compiled literature database.
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Accomplishment: 3 publications

1. Catalysis and H, evolution

Site-Dependent Free Energy Barrier for Proton Reduction on MoS,
Edges

Waon Th Chai, Brandon C. Woad, Eric &hwcﬂl:r_ and Tadashi Ugjmu"

Dpaidiifa Sivvilations Gesup, lawseide Livemion: Matosdl Laberatony, Livenore, Calivesia #0550, Uniled Staies

ABSTRACT: We caloibied the achabatic fooe imergy safacs of the proten redition

A — e
reasmion an alpticly acive Mo, edge sams by cambining dmsty fmctioral = - 1 1
theury with the Andersan—Newss model, which acooonis for solwest Soctmtion aed 27 1
charge trmdfer i the comient of Moo theorp. This ramework combins three - +

=" -

different coniribetions t the associared reaction energetios and kinetics, namely, the

relevant leczons arbab of the wbatrate, S patly of wface elmten uen
sdisrpars, and the ampact of sobvatare. Ladkr 5e mearpiun of fionl odge gromesy

thegughoun the pesction, we caloalioe the free snengy barviens on edge 5 and Mo sites o & 5 s
b (L5 amd D oV, rempectively. Hossrvr, I we consider murface selaxsson, the harrier

om the edge S site is eeduced by more than Rak s 003 o4 On edge Bio sites, e d) L ] {‘\“
oebinal is responsdble ot only for the swength of bding bat also for the barrieres - L v
reaczinn. C1n adge % aioes, the haund hydrogea mam abwaps retalns some finkie praiive I _I bl
charge, whech indicates that #f remues partialy wohuted v after warfacs b, In

ui:l-:m.il & crudhal v agosunt ber the seleaion saengy in addiben o the gai phae adsorprion eaengy when aseiding hpdogen
caralyuis,

Journal of Physical Chemistry C 117, 21772 (2013)

2. lll-V surface chemistry

Surface Chemistry of GaP(001) and InP(001) in Contact with Water
Brandon C. Wood, * Eric 5d1wc-g|ﬂ. Woon Th {Zhr.ri,. and Tadashi ﬂgibsu

Cuanium Simultions Groop, Lawrence Livermore Mational Laboratory, Livermore, California S350, Unied Stabes

ARSTRACT: We report the resulis of tofal-energy density
Bunctiosal theory asd ib mitio seleouls dynamic smuolaton
of (ML) serfaces of InP and GaP i contact with gaa-phass
amd lquid water. Both peistine and osygen-rich sunfeces
{representing a suhmenolayes natve secface code) am
oonsidered. We find that gasphase binding of water
pristing mized-dimer S{1%4) reconstractions of IaP)
GaP(001) i comparable te the sobation energy of lquid
wvaber, and that the basviees Tos Fobin-lesperaluse Seocialios
v bigh. [n the preseace of 3 submonolayer surface oeide, water Bindng and dascciabion instesd hecome stongly exothermic
and procesd with almost no barrier. In this case, the surface chemistry at the imerface with lquid water difers significantly from
Ehat of pas-phase water adiorplion doe to the foemation of stroag, low-hemer hydrogen bonds between secface sdwochages and
waber moleoules. Water dssodation on the oxygea-rich surface s acoompanied by extremely rapid kocal proton bopping between
Bydregen-bended suslace adiorbate.

Journal of Physical Chemistry C 118, 1062 (2014) /

3. Interfacial chemistry

3 Supporting Infarmation

ABSTRACT: We igate the ., bopolugy, amd
dynamics of liquid waber at the interface with notredy
hydroxplted (01] murfaces of InP and GaP photoelsctrodes
Using o isitis moleculer dynamics dmalations, we show that
contan with the semicoadooter serlece enbances the waler
hyadrogen-bend sirengts o the intedface. Tha lesds be the
formation of an ice-ka , within which dy [k
drven seater dimncuzon and Incal preten Eappng ane
amplifesd. Nevertheless, the soromarally similar and ovalem
aF and GaP surfaces generate qualitarively differest imerfcal
waler dyrdmics, This can be treced o dightly meee covalent-

Hydrogen-Bond Dynamics of Water at the Interface with InP/
GaP(001) and the Implications for Photoelectrochemistry
Brandon C. Weod,* Eric Schwegler, Woon Th Chod, and Tadashi Ogitsu

Chuambumn Simuolations Groep, Lawrence Livermore Nationad Laborabory, Livermore, T4 $45580

lice character in the hindng af rerfaca adhnrhates 40 Gal', which resslts 7 3 mom nigid hydrogen-hond nehesck taat limets the
raplored tapelngical phase srace. As 3 cnsseqeence, Incal proton hoppisg can ghee rise b long-mange srface protos earepart on
InP, wheress the process Is kinetically limiied on GaP. This allows for spatial separation of individol stages of bydrogen-evalving,
meltisep reactizns on 1nP[001). Posible implication for the ssecharsres of cathodic water splintisg and photecoresion os the
von serbices are conualenad i Gght of avalable expesirental svadence.

Reprints with permissions.

Journal of the American Chemical Society 135, 15774 (2013) C°pér;%':;§2]§c’:;‘;‘§;i°a“

eNerRGY UNLV IINREL
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Accomplishment: Publication + AMR discussions led to a novel HER model

(more detail in technical backup slides)

o _ _ J. Am. Chem. Soc. 135, 15774 (2013)
Our publication + H-spillover reported by Esposito et al. led to a _ _
Hydrogen-Bond Dynamics of Water at the Interface with InP/

novel PEC H ER mOdel GaP[001) and the Implications for Photoelectrochemistry
Aranston . Wond,® Eric Schsgler, Wonn [ Chai, and Tadaski Ohgitss
Cipmturs Sicashtions Groop, Lmreacs Livcznes Feenal Lbmaiory, Limrrners, CA 438

& Seppreiey Meforrancs

ARSTRACT: Wy inmargors the aracram, bopekgs, el

Smunics of Bquid water & the interbo wih sy
aebranyisted (000 ) worfaom of Lel! and GaP phoisdacimaden.

T \Vellmersitep e T e o i

Nature Mat. 12, 562 (2013)

ARTICLES nawre
PUBLISHED ONLINE: 5 MAY 2003 | DO 100038,/ NMATISE I]laterlals

Semiconductor photoabsorber

H, evolution at Si-based metal-insulator-
semiconductor photoelectrodes enhanced by

Low H diffusion barrier and low Heyrovsky barrier on inversion channel charge collectionand Hspillover
semiconductor can activate additional HER channel (red allows) Dane . Expostl, gor i Thomss MG and A ke T

mmmmmmmmmmmumcmnm-m“-w
(M

that allows for stable and effickent water splitting using
+ Addition of new HER channel involving surface transport (2°) could trongh comblation of» Mooy Ul S0, by e e of b ot ettt Srming Pk

. . . mlﬂbndhdrmnaﬂh!lo ammmmmummm;m.h;
improve overall kinetics

* A numerical model that integrates transport and chemistry is currently
being constructed as part of collaborative effort

» The model is designed to estimate optimal geometry/amount of co-
catalyst for a given semiconductor/catalyst combination

Theory/experiment collaboration led to the novel HER model Reprinted with permission. Copyright 2013 American Chemical
Society and Macmillan Publisher Ltd: Nature Materials
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Accomplishments 4: N K-edge XES of GalnP,/N; calibration to UNLV reference
experiments completed, draft paper close to ready

Calibration of theoretical XES to exp. completed|| Nitrogen environments in GalnP,/N identified

Thecry Total == {u!\
Theary - Experirment

XES
XES
XES

| el 35 378 381 384 7 W0 393 39 390 375 378 3BT 3|4 38T 390 393 16 399

Lifetime broadening Enerey eV
0.4 sk Energy Dependent Lifetime Broadening Energy (eV]
' Bow 14 Bor Bombarced sample
0.2 - L Fit to referemce sample i
| - i i E i i i i i f -\ = r
384 387 390 393 396 399 384 387 390 393 396 399 £ |

384 387 390 393 3% 399 384 387 léﬂ lé3 596 399

Gam

XES

Broadening (eV)

Energy (eV) Energy (V) \
» Reference nitride samples provided by T E::':m;‘f e e
NREL/LANL, XES measured by UNLV « Minor discrepancy in computed nitrogen
* Nitrogen atoms are in well defined tetrahedral environments from uncertainty in lifetime broadening
coordination with lll (Ga/In) atoms « Results could change with level of disorder, but no
» Broadening parameters and absolute energy scale quantitative information yet available
fitted to the experiments » Use of UNLV experiments for determining
» Derived species-specific parameters are broadening being discussed

transferable

UNLV/LLNL collaborative capability developed
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Collaborations: Theory-experiment feedback cycle

We are moving toward direct comparison between in-operand characterization (NREL/UNLV) and simulation (LLNL/AIST)

AIST theory: (Int’l partner lab)

/'NREL experiments: (DOE lab) * M. Otani

« T. Deutsch, H. Wang, H. Doscher, J. * METI-DOE Clean Energy
Turner Technology Action Plan

- DOE H, program * International PEC Working Group

* Synthesize electrode materials M:[)n pe_\tr_ q : f biased
* Assemble device -INitio dynamics Of1 pDlase

« Analyze H, production performance systems
and corrosion resistance

Sample Simulation
delivery » of biased
systems

)

/"LLNL theory: (DOE lab) )
« W. Choi, B. Wood, T. Ogitsu

/UNLV experiments: (University)
* M. Blum, L. Weinhardt, S. Alexander, (€«—— X-ray spectroscopy

M. Baer, S. Rosenberg, C. Heske * DOE H, program
* DOE H, program * Theoretical description of |ll-

- Hi-fidelity in-situ characterization of Lg"llal- tzeow:t (DOE lab) V surfaces and water-
water-electrode interface using X-ra * U. Frendergas electrode interface
Qpectroscopy ) y J * Molecular Foundry User « Highly scalable simulations
Project Qb-initio dynamics /
«X-ray spectrum simulations
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Proposed future work

Milestone Description %

Completed

1 Characterize surface durability treatments, including chemical 90
environment of N/Pt/Ru in GalnP,, based on
theoretical/experimental spectroscopy and publish the results

2 Develop a quantitative PEC HER model based on our finding 20
on the H diffusion at the semiconductor-electrolyte interface

3 Further develop theoretical/experimental research program for 30
unambiguous identification of the key descriptors that
determine electrode durability (with NREL/UNLV)

4 Dynamical modeling of interfaces under bias potential 30
spanning microscopic to macroscopic time scales (ultrafast
electron dynamics and nonequilbrium electron/ion transport)

For successful execution, estimated requirements are two staff scientists plus
two Postdocs for theory (LLNL), and one Postdoc and a PhD student for
characterization (UNLV)
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Example of Response to Reviewers’ Comments: “tools not clear”
(further detail in supplemental slides )

F i R 3 ™
surfaca nlerfage
siniciure lermalion & @
delermination nitial reaction phatoexcitation @
e alectrods
<A e rESpansa @
_l phodoinduced il s ahion g
| elesctron e
e ,.f Iranshar H;U :P'H; + '-':Cl;
_!'_’J
. RN F _
Stage 1: Stage 2 Stage 3:

reaction precursors light absorption product formation

=  Stage 1: reaction precursors (current focus)
* Tool: Ab-initio Density Functional Theory (DFT) molecular dynamics (MD) simulation
« Limitations: electrons are always at the ground state (Stage 2: photo excitation cannot be simulated) and
time & length scales are limited to 100 ps and 10 nm (Stage 3: product formation cannot be simulated)
= Stage 2: light absorption (in the near future, if necessary)

¢ Tool: Time-Domain DFT MD simulation. Implementation completed by collaborators. Test simulations
underway. See page 37.

« Limitation: time scale up to 100 fs. Length scale up to 10 nm.

=  Stage 3: product formation (in the future, if support level is increased)

+ Tool: a mesoscale phase-field model for electrochemical devices. Development underway as a
collaboration. See page 38.

« Limitations: need reliable input parameters (from DFT simulations and experiments)

UNLV ENREL

0 U.8. DEPARTMENT OF
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Summary

= Compiled, reviewed, and shared available information on relevant
materials and theoretical/experimental methods (approx. 1750)

= Three papers published in FY14, and a few more in preparation.
« H diffusion at water-semiconductor interface, JACS 135, 15774 (2013).
« Water dissociation on GaP/InP(001) surfaces, JPCC 118, 1062 (2013).
« Modeling of Volimer step of HER on MoS,, JPCC 117, 21772 (2013).

= Developing a numerical H, evolution model that incorporates interface
H diffusion (WIP).

= As a part of SV team, continued joint theoretical/experimental study on
[lI-V electrode surfaces (continue through FY14).

= Collaboration with Kristin Persson of LBNL (Materials Project) under
discussion.
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Technical backup 1-1: why/how lateral proton diffusion on semiconductor could be
relevant for improving overall STH efficiency; basic background knowledge of HER

= HER process consists of = Semiconductor

two steps surface tend to be V-
= 1ststep: Vollmer step step limiting
- M+H*+e ->M-H
* (M is catalyst material)

= 2nd step: Heyrovsky or

* high V-step barrier
« H/T-step barrier not

Known
Tafel step _
+ MH+H*+e ->M+H, = Ptis Heyrovsky or
(Heyrovsky) Tafel limiting

« M-H+ M-H ->2M + H,  V-step barrier is low
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Technical backup 1-2: why/how lateral proton diffusion could be relevant for
improving STH efficiency; if no lateral H* diffusion is involved

= For individual Pt and semiconductor PEC HER electrodes, HER
current density on Pt and on semiconductor for a given potential V
are, in(V) and ig,,.,i(V) (MA/cm?), respectively

= On a semiconductor electrode with its surface area of S, total
current density at the potential V will be I=i,,..(V)*S
= On a Pt electrode with its surface area of S, I=ip(V)*S

= Suppose the surface of semiconductor electrode, whose total
surface area is S, is decorated with Pt co-catalyst with surface
area of S,

= Total current of this system is /=i ,,i(V) *(SO-S71)+ip(V)*S,

= In the next page, it is shown that i.,,(V) near Pt could be
enhanced as much as ip(V)

= |f the enhanced current is not due to H provided from Pt via lateral
diffusion, where do they come from? (Consider that V-step barrier
of semiconductor cannot be as low as that of Pt.)

- ___0_____0_____0_0__0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0__@_@0_0_0_0_0_0_0_0_0_0@0_0_0_0_0_0_0_0_0_0_0_0_0_0@_0_0_0_0_0_0_0_0_0_0_0_0_0_0__0_0__0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_0_O_O0O_O_O__O_O_OOO_O___
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Technical backup 1-3: why/how lateral proton diffusion could be relevant for
improving STH efficiency; evidence shown by Esposito et al (and in our JACS paper)

@EnErsY UNLV INREL

On Pt, second step (H/T) is the
limiting step.
« If excess H adsorbed on Pt surface is

consumed in some way, the first step (V)
could provide more H to the Pt surface

Let’'s examine Esposito et al.’s
observation (right).

HER is active at the silicon oxide
surface area around Pt co-catalyst
(see figure 4-h), and the total current
is affected by the property of silicon
oxide (see figure 2-b)

Natural interpretation of these results
will be that some of H adsorbed on Pt
diffused to silicon oxide surface and
evolved as H,

If this portion of H, evolution can be
increased, total STH should be
increased (to the point that V-step on
Pt cannot supply additional H)

Lass [l frren T SOl el bk
M | e v T d
T . P L)
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Reprinted by permission from Macmillan Publisher Ltd:
Nature Materials, Esposito et al., vol. 12, page. 562 (2013)
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Technical backup 3: X-ray emission spectrum

A @ X-ray emission experimﬁ\

Detector

ha

core-holes with emitting photons

>
o
CICJ 2. Valence electrons fall into the
L
with the corresponding energies

1. X-ray excites core-electrons

X-ray emission spectrum calculations

. 2
J(E)ocha)Ky/i‘e-r‘ y/f>‘ Ok, —L —ho)

Polarization vector of X-ray (take
average over X, Y, z components in our
case)

Initial/final states wavefunctions are calculated with DFT

Issues solved using reference systems (GaN/InN):

Detector/disorder broadening (Gaussian)

Lifetime broadening (Lorentzian)

Accurate calibration of energy scale to correct DFT error
completed by comparing to XES of GaN/InN/GaP g5/N o2,
where the samples were provided by Todd Williamson of
LANL and XES measured by UNLV team with carefully
controlled environment (same beam line, same detector
etc).

Issues addresses by rational thinking:

Candidate N environment atomic
orbitals/hybridization/tendency of shift of N 1s core level

Performed by UNLV at ALS
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