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Abstract

2,4,6-trinitrotoluene (TNT) degradation is of interest in environmental remediation,
demilitarization, and national security. Electrochemical TNT reduction to 2,4,6-triaminotoluene is
potentially energy efficient and operable at ambient conditions. Determining an elementary
reduction mechanism and rate limiting steps is needed to rationally develop TNT electroreduction
catalysts. Density functional theory methods determine the TNT reduction mechanism for non-
catalyzed and late-transition metal catalyzed paths. The non-catalyzed mechanism is limited by
slow initial NO, group reduction. The outer-sphere mechanism is more competitive to
electrocatalytic reduction on Au (111) and Fe (110) surfaces, which wasn’t observed in our
previous work on nitrobenzene electroreduction. An inverse tradeoff between the initial reduction
of the NO,-R* group and reduction of surface hydroxyls suggests relative catalytic activity can be
tuned by modulating O* affinity. Metal surfaces with intermediate O* affinity (Cu, Pt, Pd, and Ir)
are predicted to be the most active late transition-metals towards TNT reduction. We extend our

investigation to bimetallics and partially reduced Fe,O; (0001) surfaces.

Keywords: TNT, electrocatalysis, Density Functional Theory, nitroaromatics, and electroreduction
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1. Introduction

2,4,6-tri-nitro-toluene (TNT) is the most commonly utilized nitroaromatic compound as an
explosive for military, construction, and mining applications.(1,2) Extensive usage and production
of TNT has led to the contamination of wastewater, resulting in the formation of toxic “pink water”
and “red water”.(3,4) Such wastewater sources are difficult to remediate and are harmful towards
humans and the environment due to the toxic and mutagenic nature of TNT.(5) Thus, TNT has
been listed as a priority pollutant by the United States Environmental Protection Agency (USEPA)
and the European Communities (EC).(2,6) Degradation of TNT is also of high interest in
demilitarization and security applications in identifying and neutralizing explosive ordinances in

water sources.(7)

Advanced oxidative, adsorption, photocatalytic, biodegradation, and electrochemical methods
have been developed to remediate TNT. Advanced oxidation processes have been reported to
degrade TNT using reagents such as O;, H,O,, zero valent Fe, and super critical water.(8—11)
Adsorptive removal of TNT on activated carbon has been performed.(12,13) Photocatalytic
methods degrade TNT on a TiO, surface and in the presence of H,O, and ferrous ions.(7,14,15)
Reduction of nitroaromatics (NO,-R) to the amine species (NH,-R) is another effective
degradation approach due to the high electron affinity of the NO, group. 2,4,6-tri-amino-toluene
(TAT) is the preferred reduced TNT intermediate due to its lower toxicity and ease to degrade.(16)
Biodegradation of TNT to TAT was performed and facilitated by the use of microorganisms and

fungi.(2,17)

Electrochemical reduction methods are of high interest as a practical environmental remediation

technology due to their potential energy efficiency, scalability, and ability to operate at ambient
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reaction conditions.(18) The overall reaction of electrochemical TNT reduction to TAT is

presented in Scheme 1.

2-amino-4,6-dinitrotoluene 4-nitro-2,6-diaminotoluene
(O-NH,-DNT) (P-NO,-DAT)
O,N N NH; HoN . NH,
+ 6 H'/e + 6 HY/e- + 6 H'fe
S ———
I -2H,00) = -2 H,0(I) -2H,0() §
P
O;N NO, NO, NO, HZN NH,
+ 6 Hle-
- 2 H,0(l)
NO, NH,
2,4 6-trinitrotoluene 05N NO; O,N NH, 2,4,6-triaminotoluene
(TNT) X X (TAT)
I + 6 H'/e - + 6 H*/e- +6 H'/e T
- 2 H,0(l) ! = -2 H,O(l) Z -2 H,0(l)
NH_ NH,
4-amino-2,6-dinitrotoluene 2-nitro-4,6-diaminotoluene
(P-NH,-DNT) (O-NO,-DAT)

Scheme 1: Overall reaction for the electrochemical reduction of 2,4,6-tri-nitro-toluene (TNT) to

2,4,6-tri-amino-toluene (TAT).

Prior theoretical studies suggest that TNT reduction is limited by the initial activation of the NO,
group.(19) This prior work suggests one NO, group is reduced to R-NH; before proceeding to
reduce the next NO, group. Initial TNT reductions occurs through a six H'/e” reduction by either
reducing the ortho NO, group to form 2-amino-4,6-dinitrotoluene (O-NH,-DNT) or the para NO,
group to form 4-amino-2,6-dinitrotoluene (P-NH,-DNT). Each TNT R-NO, group is reduced to
form the reduced amine intermediate and two H,O molecules. TNT is reduced electrochemically

through an 18 H*/e" transfer to TAT, producing six H,O molecules.
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Electrocatalysts are pivotal in the advancement of TNT electrochemical reductive methods.
Electrochemical reduction of TNT has been performed over exfoliated graphene, alumina on a
glassy carbon electrode (GCE), boron-doped graphene, and Au nanoparticles.(20-23) In
particular, Soomro et al. investigated the reduction of TNT on various shaped Pd, Pd-Pt alloys,
and GCE, where three distinct reduction peaks are observed on all electrodes in the square wave
voltammetry (SWV).(24) Potentials for the three reduction peaks reported across different
electrodes by Soomro et al. are converted to the reversible hydrogen electrode scale (RHE) and

presented in Table 1.

Electrode Potential of 15 Potential of 2"d Potential of 374
reduction peak reduction peak reduction peak
(V-RHE) (V-RHE) (V-RHE)
Glassy Carbon -0.10 -0.27 -0.39
(GCE)
Pd Nanocubes/GCE -0.11 -0.27 -0.39
Pd Hollow -0.15 -0.34 -0.46
Nanosphere/GCE
Pd-Pt Nano -0.19 -0.35 -0.47
alloys/GCE

Table 1: Experimentally observed reduction potentials across different electrodes reported in the

SWYV of Soomro et al.?* Potentials are reported on the RHE scale.

Though higher current densities are observed for the Pd/Pt based electrodes, the reduction
potentials of the three peaks of the Pd-based electrodes occur at similar overpotentials to the GCE

reduction peaks. This questions the role of these Pd/Pt based electrodes in catalyzing the reaction,
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as an inner-sphere catalytic effect would be expected to reduce the overpotential relative to GCE,
where outer-sphere reduction might be expected. The outer-sphere (non-catalyzed) reduction
mechanism could be competitive to the inner-sphere (catalyzed) mechanism. If the reduction of
TNT primarily undergoes an outer-sphere mechanism, the focus of electrode design can shift
towards optimizing properties such as surface area, conductivity, and cost since the electrode’s

ability to catalyze the reaction only plays a minor role.

Determination of the elementary reaction mechanisms is needed to facilitate the design of active
and selective electrocatalysts. Density Functional Theory (DFT) approaches are effective in
screening electrocatalysts and determining the elementary reaction mechanisms at the atomistic
scale.(18,25,26) However, few theoretical studies investigated the electrochemical reduction of
TNT. Chua et al. investigated the elementary step reduction mechanism of outer-sphere TNT
reduction combining experimental and DFT results.(19) Their DFT results predicted that the three
experimental reduction peaks are due to the successive reduction of each NO, group, each limited
by the slow initial reduction of the R-NO; species. Though their study thoroughly determined the
elementary steps to reduce the first NO, group of TNT to 2-amino-4,6-dinitro-toluene (O-NH2-
DNT), only the first electron addition step onto each NO, group was considered for the six and 12
H*/e" reduction intermediates. Theoretical TNT electrocatalysis studies have only studied the
adsorption of TNT on Al-hydroxides, MgO (001), and Al (111) surfaces, leaving the elementary
reduction mechanism on electrocatalytic surfaces to be determined.(27-29) We previously used
DFT methods to investigate the elementary step electrocatalytic reduction of a similar
nitroaromatic, nitrobenzene (NO,-Phenyl) to aniline (NH,-phenyl), on monometallic and
bimetallic surfaces.(30) Monometallic and bimetallics that exhibit intermediate binding of O* are

predicted to be the most active electrocatalysts for NO,-Phenyl reduction. To our knowledge, this
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study 1is the first to use DFT methods to investigate the elementary electrocatalytic reduction

mechanism of TNT across different late transition-metal surfaces.

DFT methods are applied to determine the elementary reduction mechanism of TNT to TAT and
its rate limiting step across different late transition-metal surfaces, bimetallics, and partially
reduced Fe oxide surfaces. Both the outer-sphere and inner-sphere TNT reduction mechanisms are
considered. First, the elementary step reduction mechanism of the non-catalyzed mechanism is
investigated to determine its rate limiting steps. The reduction of TNT on the Fe (110) and Au
(111) surfaces is then examined to determine the activity tradeoffs between two metal surfaces that
exhibit differences in O binding affinity. Using the determined activity tradeoffs from Fe (110)
and Au (111) surfaces, reaction energetics and activation barriers are evaluated across late
transition-metal surfaces (Co, Ru, Rh, Ni, Ir, Pd, Pt, Ag, Au, and Fe). A “volcano” relationship is
then determined to predict optimal TNT reduction electrocatalysts using the binding strength of
O* as the surface descriptor. A limiting potential analysis is used to compare the overpotentials of
the outer-sphere and catalyzed mechanism across different late transition-metal surfaces.
Investigation from monometallic surfaces is then extended to bimetallic surfaces and partially

reduced Fe,O3 (0001) oxide surfaces to screen potential TNT reduction electrocatalyst candidates.
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Computational Methods

Electronic Structure Calculations

DFT calculations of surface bound species were performed in the Vienna Ab Initio Simulation
Program (VASP).(31-34) Core-valence interactions were approximated by the projector augment
wave (PAW) approach.(35,36) Exchange and correlation energies was approximated by the
Perdew, Burke, and Ernzerhof (PBE) generalized gradient (GGA) functional (37,38). An energy
cutoff of 450 eV was used to approximate the plane wave basis set. Geometry optimizations were
completed at an atomic force criterion of 0.05 eV A-!. Dipole corrections were implemented in the
direction normal to the surface (LDIPOL = .TRUE. and IDIPOL = 3). Dipole corrections in all
directions were implemented for charged gas-phase species (IDIPOL = 4). Spin unrestricted
calculations were performed for the Fe (110), Co (0001), Ni (111), Ni/Cu (111) surface, and all
partially reduced Fe,O; oxide surfaces, The Fe (110), partially reduced Fe,O; (0001) and
Ni/Fe,05(0001) surfaces were optimized at a high initial spin state for the Fe and Ni atoms. The
DFT+U method was implemented for the Fe,O; (0001) surfaces to approximate the 3d-orbital
localized electrons of the Fe atoms.(39—41) Ovcharennko et al. showed that a value of U= 4.0
eV was appropriate due to the lattice constant and band-gap values of the Fe,O5; (0001) showing

good agreement with prior experimental work.(42)

The VASPSol implicit solvation model was implemented to approximate the effects of solvation
during TNT reduction.(43,44) The default VASPSol parameters were utilized to model solution
phase and surface calculations: a dielectric constant of the bulk solution of 78.4, cutoff charge
density of 0.00025 e~ A3, dielectric cavity width of 0.6 A, and surface tension parameter of 0.525

meV/ A2. Transition states were determined through four linearly interpolated images from the
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Climbing Image Nudged Elastic Band method (45,46). First order saddles points of the transition

states were confirmed with a vibrational frequency calculation.

DFT energies of solution phase species were also calculated in the Gaussian 16 computational
package.(47) All G16 calculated DFT energies include the zero-point vibration energy (ZPVE)
and entropic corrections. The B3LYP exchange-correlation functional was used.(48,49) The basis
set used was the 6-311++ G(d,p).(50,51) Solvation of solution phase species was modeled by using
the integral equation formalism variant of the polarizable continuum model (IEFPCM).(52) Water

was modeled as the solvent using the default IEFPCM parameters.

Model Construction

Energetics from VASP of isolated gas phase molecular species were modeled in a 15 A periodic
cubic unit cell. A 3x3 four-layer slab was used to model the BCC Fe (110) metal surface, where
the bottom two layers were constrained, and the top two layers were relaxed.(53) A 3x3 five-layer
slab was used to model HCP Ru and Co (0001) metal surfaces, where the bottom three layers were
constrained, and the top two layers were relaxed. A 3x3 five-layer slab was used to model FCC M
(111) metal surfaces (M = Au, Ag, Cu, Pt, Pd, Ir, and Rh), where the bottom three layers were
constrained, and the top two layers were relaxed. X/Cu (111) bimetallic surfaces (X=Pd, Ni, Ir,
and Rh) are modeled as a 3x3 five-layer slab, where the top layer is replaced with X metal. The
top two layers undergo surface relaxation while the bottom three layers are frozen. The partially
reduced Fe,O; (0001) oxide surfaces were modeled based on previous work by Maheswari et
al.(54) as a 2x1 symmetric five layer surface slab, where a stoichiometric Fe,-Os,-F,, is vertically
stacked. Details in the model construction of the partially reduced Fe,O5 (0001) surface are further

discussed in the study of Maheswari et al.(54)
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A 5x5x1 Monkhorst pack grid was used for most late transition-metal surfaces to sample the
Brillouin zone (55,56). A 11x11x1 Monkhorst pack grid was used for the Au (111) surface. A

3x5x1 k-point mesh grid was used for all Fe,O5 (0001) surfaces.

Calculating potential dependent reaction energetics

Potential dependent DFT reaction energetics of TNT intermediates are calculated based on a
similar procedure we used to previously study the electrocatalytic reduction of nitrobenzene (C¢Hs
NO;, (aq)). The electrochemical reaction to reduce TNT (C;HsN304(aq)) to any reduced

intermediate is written in Eq. 2:

C7Hs5N306(aq) + n(H + e ™) + me ™ —>(C7;H5N3)0H ;’"(aq) + (6 — x)H20 (qq)
(2)

where n is the number of coupled proton-electron pairs transferred (n=0-18), m is the number of
uncoupled electrons transferred (m = -1, 0, 1), and y=2x+n-12 by stoichiometry. Reduced anion
intermediates are specified as m=1 (addition of one valence electron) and reduced cation species
are specified as m=-1 (depletion of one valence electron). The Gibbs free energy change associated

with the reaction in Eq. 2, AG,.q, 1S given as
AGreq =G+ (6 —x)Gh,0 — Grnr — NG+ 4 o — MG~ 3)

where G4, Gy,0, GrnT> G+ +o—» and G- are, respectively, the Gibbs free energy of the reduced

intermediate, H,O, TNT, proton-electron pair, and the electron.

The computational hydrogen electrode approach (CHE) was used to approximate the free energy
of the coupled proton-electron pair using the free energy of hydrogen gas.(57) By equating the

chemical potential of half of a hydrogen molecule to the proton-electron pair and adding a linear
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electron energy correction relative to the reversible hydrogen electrode (RHE), the free energy of

the coupled proton-electron pair is:

G+ 4e-

N| -

Gu,— le ™ |Urug

(4)
where Gy, |e ~ |, and Ugpyp are respectively the free energy of molecular hydrogen, the elementary

charge of the electron, and the electrode potential on the RHE scale.

The free energy of the uncoupled electron was approximated by the dependence of the electron on

the applied electrode potential referenced on the normal hydrogen electrode (NHE) scale:

Ge-(Unne)
=—|e~ |Unpe — le 7 |AU gps

(5)

where Uyyg and AU, are the electrode potential and absolute potential relative to the NHE
reference. AU 4 1s typically within 4.4 to 4.8 V-NHE, where 4.6 is often used.(58) In this study, A
Uqps Was set to 4.281 V to allow for direct comparison with the reaction energetics calculated in
Chua et al. for TNT outer-sphere electrochemical reduction.(19) The potential dependent free
energy to form any reduced TNT intermediate in the solution phase on a NHE scale is calculated
by combining Eq. 3,4 and 5 as

n

AGreq =G+ (6 —X)Gh,0 — GrT — >

Gy, + nle ™ |Uyyg + mle = |Unpe + mle ™ [AUgs — (6)

Eq. 6 allows for the construction of reaction free energy diagrams for the outer-sphere reduction

of TNT as a function of the electrode potential on a NHE scale at pH = 0.
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Surface catalyzed reaction energetics of TNT electrochemical reduction are calculated by

modifying Eq. 6

AGred

n
=Gy« +(6—x)GH,0— Gryr— G« —EGHZ +nle ™ |Urne
(7)
where G4 . and G . are the solvated surface bound species and the solvated bare metal surface. The

free energy change to form surface reduction intermediates is referenced to the pH independent
RHE scale since all electron transfers are assumed to be coupled with proton transfer during

surface catalyzed reactions.

Free energies of reduction intermediates (A), either in the solution phase or bound to the metal

surface (A*) were calculated as
Ga=ER" + E5"VE —TSYP (8)

where EPFT, E?PVE and TS"" are respectively the solvated DFT energy at 0 K, the zero-point
vibration energy, and the vibrational entropic correction at 300 K. The free energy of H,O( and
Hy ) were respectively determined by using the ideal gas approximation and statistical mechanical

corrections at 0.03 atm (the vapor pressure of water at room temperature) and 1 atm for Hy(g). !
Adsorption energies for surface bound species were defined by the standard definition as
AEAdsorption = Especies * Especies (aq) — E. (10)

where Egpecies «» Especies (aq)» @nd E . are respectively the energy of the solvated surface bound
species on the metal surface, the species in solution, and the solvated bare metal surface. The

exception to Eq. 10 is calculating the binding energy of O* across metal surfaces
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AE 0 * binding

=E,. ——E —E,
029

(11)

where Ej .and Ey, are respectively the energy of surface-bound O* and O in the gas phase.

Potential dependent activation barriers

Surface bound TNT intermediates are reduced by approximating that a surface adsorbed proton
(H*) species is along the reduction reaction path. Eq. 12 denotes the initial reduction of TNT by

H* as an example, where N-O bond dissociation occurs upon reduction:

C7H5N306 *+Hx —> C7H5N305 * +
OH * (12)

Activation barriers calculated for Eq. 12 are referenced to the equilibrium potential of H* (Uj) on
the respective metal surface. The potential of H* adsorption occurs at different (Uj) across metal

surfaces and a Butler-Volmer treatment was implemented to correct the potential dependent

activation barrier to 0 V-RHE for comparison across metals.(58)
AGrs(U) = AGrs(Ug) + B (U — Ug) (13)

AGrs(U) is the free energy barrier of the transition state at a desired potential, AGys(Uy) is the free
energy barrier at the equilibrium potential of H* on the metal surface, f is the symmetry factor, U
is the desired potential, and Uy is the equilibrium potential of H* adsorption on the metal surface.
Symmetry factors range from 0.3 to 0.7. A common beta value of 0.5 was used to approximate all
calculated potential dependent barriers. Reported values and methods for calculating the
equilibrium potential values of H* on the Fe (110), Cu (111), Pt (111) and Au (111) surfaces are

discussed in Table S23.
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Results and Discussion

Section 3.1: Quter-sphere reduction of TNT

Outer-sphere reduction of TNT is considered through uncoupled and coupled H'/e- transfer,
requiring the calculation of reaction free energetics of anion and cation species. Calculated
solvation energies from the VASP/PBE/VASPSol and G16/B3LYP/IEFPCM are benchmarked
with experimentally measured solvation energies for formate (CHO,") and ammonium (NH,") in
Section S1. G16/IEFPCM had greater agreement with experimentally measured solvation free
energies for both anion and cation species when compared with VASP/VASPSol. Differences in
DFT predicted solvation energies between the two codes are due to the implicit solvation treatment
of solvent-solute interactions rather than the choice of the exchange-correlation functional. As a
result, all outer-sphere reaction energetics from G16/B3LYP/IEFPCM are reported in the main
text. The same energetics calculated with VASP/PBE/VASPSol are reported in Section S2.
Solvation energies of neutral species from both VASPSol and IEFPCM are very similar, validating
that VASP/VASPSol is adequate for examining the energetics of coupled proton-electron transfers

within the surface catalyzed process.

Outer-sphere electrochemical reduction of TNT is initiated by reducing the ortho NO, group to
form 2-amino-4,6-dinitrotoluene (O-NH,-DNT) or the para NO, group to form 4-amino-4,6-
dinitrotoluene (P-NH,-DNT). The reaction free energy diagram for outer-sphere reduction of the
ortho NO, group of TNT to O-NH,-DNT at 0 V-NHE and pH=0 is shown in Figure 1. Optimized
structures of reduced intermediates for the reduction of TNT to O-NH,-DNT are shown in Figure
S1. The equilibrium potential for the reduction of the TNT to O-NH,-DNT is 0.76 V-NHE, such

that the overall reduction reaction is thermodynamically favorable at 0 V-NHE. Both uncoupled
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and concerted proton-electron transfer are considered to reduce TNT through the outer-sphere

mechanism.
3
NOC:Hi;:N“ TNT = 2,4,6-trinitrotoluene
2| bt NO:-DN T X-DNT = 2-X-4,6-dinitrotoluene
- L NOOH-DNT 1.27
11 J \ P NHO-DNT+
s = |mwT, L oety
® oo/ 024 _0.23:-77 N\ 020 NHOH-DNT+
> 0 —-- \\NO-DNT, Mt DT
TNT- NOOH-DNT- ! \ -0.35
g N / 'NHO-DNT ,——, -0.58
c v1.02/ -0.94 / *NHOH-DNT/ \
w -1 ——mm ;1320 ’ v
g NO-DNT-\\ 489/ -~ .\ J -1.68
o NP SN NH,-DNT+
o 2} NHO-DNT-'..2.22 . - v \ 2™
& - NHOH-DNT- _ oo 233
s 3 — 315"
e NH-DNT "=\
+6 Htle: NH-DNT-v',
-4 —_— N
" ‘ -2 H,0(l) 451
5 O-NH,-DNT
5 i i g i i
0 1 2 3 4 5 8

Number of Protons and Electrons Transferred

Figure 1. Reaction energy diagram for outer-sphere electrochemical reduction of TNT to O-NH,-
DNT in the solution phase, calculated using the G16 code with the IEFPCM solvation model.
Reduction is initiated by reducing the ortho NO, group of TNT. Energies are relative to TNT in
the solution phase at 0 V-NHE and pH = 0. Water molecules formed during the TNT reduction are
omitted for clarity purposes. Black lines represent reduction steps initiated by uncoupled electron
transfer followed by proton transfer. Blues lines represent reduction steps initiated by uncoupled
proton transfer followed by electron transfer. Atom colors are presented as grey: C, white: H, blue:
N, and red: O

We first consider reduction of TNT initiated by initial electron transfer. TNT (NO,-DNT) is
reduced to TNT- (NO,-DNT-) anion species by initial electron addition, with an uphill reaction
energy of 0.24 eV at 0 V-NHE. This initial addition of the electron on TNT could limit the rate for

reduction of the first NO, group. The TNT- anion species continues along the reduction path
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through pronation to NOOH-DNT species with a downhill energy of -0.01 eV at 0 V-NHE and pH

=0.

NO; reduction can be, alternatively, initiated by proton addition to form the NOOH"-DNT cation
species, resulting in a free energy change of 1.84 eV at pH = 0. The free energy change to undergo
initial uncoupled proton transfer is significantly more uphill, indicating TNT initial reduction is

likely to first proceed through uncoupled electron transfer or coupled proton-electron transfer.

Electron addition to reduce NOOH-DNT is less favorable than initial reduction of the NO, group,
with an uphill free energy change of 0.38 eV at 0 V-NHE. Subsequent reduction steps are generally
more favorable once the NOOH-DNT- species is formed. Protonation of O-NOOH-DNT- forms a
H,0 molecule and O-NO-DNT with a highly favorable reaction energy change of -1.63 eV at 0
V-NHE and pH = 0. This procedure of uncoupled proton-electron transfer is repeated to further
reduce O-NO-DNT to O-NH,-DNT. The most uphill reaction step is the electron addition to form
NHOH-DNT- with a free energy change of 0.54 eV at 0 V-NHE. Initial reduction of NO,, NOOH,
and NHOH show similar uphill reaction energies that can limit the overall rate and can be
accelerated by an electrocatalyst. Once NHOH-DNT- is formed, all reduction steps are downhill

in free energy to form the O-NH,-DNT species.

Outer-sphere reduction of TNT may proceed through coupled proton-electron transfer that can
avoid less favorable decoupled reaction energetics. Considering all steps as coupling proton and
electron transfer, the most uphill reaction step of TNT to O-NH,-DNT reduction is the reduction
of TNT to O-NOOH-DNT with a free energy of 0.23 eV at 0 V-NHE. Once the O-NOOH-DNT

intermediate is formed, all coupled proton-electron transfers are downhill to form O-NH,-DNT.
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Initial reduction of TNT can be initiated through the para NO, group to form P-NH,-DNT rather
than the ortho NO, group. Reduction of TNT to P-NH,-DNT is investigated through a similar
procedure used to study the reduction of the ortho NO, group. The reduction of the para NO, is
less favorable than the ortho NO, group, with electron addition to reduce NHOH-DNT the most
uphill step of 0.59 eV at 0 V-NHE. The reduction sequence of each NO, group to the NH, is

qualitatively equivalent between the ortho and para NO, group.

Once either the P-NH,-DNT or the O-NH,-DNT is formed, these NO, species can be further
reduced to obtain the 12 H*/e" species of either 4-nitro-2,6-diaminotoluene (P-NO,-DAT) or 2-
nitro-4,6-diaminotoluene (O-NO,-DAT). The reduction of O-NH,-DNT species is first considered
to form P-NO,-DAT. The reaction energy diagram to reduce O-NH,-DNT to P-NO,-DAT in the

solution phase at 0 V-NHE and pH=0 is shown in Figure 2.

3
NOOH-NAT+ X-DNT = 2-X-4,6-dinitrotoluene
2 o = 2.X-4-nitro-6-ami
1.63 NO-NAT+ X-NAT = 2-X-4 nltl:o 6_am|notoluene
/' NOOH-NAT 0.94 X-DAT = 4-X-2,6-diaminotoluene
I A .
e, 1 Fi X —_—
= ' 0.59 . \
8 | i —.jusmy Y NHO-NAT+
S 0 [200"O.NHDNT- NOOH-NAT-\ 202, NHOH-NAT+
¢  |o-NHDNT \WNONAT 953", -0.55 NH-NAT+
8 w085 L NHENATC, oo NHOH-NAT. 9
g NO-NAT- %\ 4 | —
L +=1.55, \\ ’/ 1.14%
o T NHO-NAT-\ , \ NH-NAT-
-1.99
g 2 = \NH-NAT
o NHOH-NAT-", -2.57
[ 279 . —
-3 +6 H'le- 2010,
 ——— )
-2 H,0(I) NO,-DAT+'
-4 \-4.24
P-NO,-DAT
-5 I N M M M N
0 1 2 3 4 5 6

Number of Protons and Electrons Transferred

Figure 2. Reaction energy diagram for outer-sphere electrochemical reduction of O-NH,-DNT to
P-NO,-DAT in the solution phase, calculated using the G16 code and IEFPCM solvation model.
Reduction proceeds by reducing the second ortho NO, group to the methyl group of TNT. Energies
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are relative to O-NH,-DNT in the solution phase at 0 V-NHE and pH = 0. Water molecules formed
during the TNT reduction are not shown for clarity purposes. Black lines represent reduction steps
initiated by uncoupled electron transfer followed by proton transfer. Blues lines represent
reduction steps initiated by uncoupled proton transfer followed by electron transfer. Atom colors
are presented as grey: C, white: H, blue: N, and red: O

Reduction energetics of O-NH,-DNT are less favorable than equivalent TNT electroreduction
steps. Considering the coupled reduction path, initial NO, group reduction of O-NH,-DNT is again
the least favorable step. This step is less favorable than initial TNT reduction by 0.25 eV at 0 V-
NHE, suggesting higher overpotentials may be needed to drive the reduction of the second NO,
group. The inability of O-NH,-DNT to delocalize the negative charge across the NO, groups
makes electron transfer less favorable. The uncoupled reduction pathway is limited by initial NO,
reduction with an uphill energy of 0.86 eV at pH = 0, indicating that the lack of delocalization of

the negative charge by the NO, groups could make electron transfer more unfavorable.

Figure S4 shows the reaction energy diagram for the reduction of P-NO,-DAT to TAT calculated
with G16, completing the 18 e reduction. The first electron transfer or the first coupled proton-
electron transfer are again uphill in energy. These steps are progressively less favorable moving
from TNT to O-NH,-DNT to P-NO,-DAT. Other than becoming less favorable for deeper

reductions, the reaction paths for each NO, group are equivalent.

Section S2 presents VASP optimized geometries and reduction reaction energetics of TNT

intermediates, tables of all G16 and VASP energetics for the outer-sphere reduction.

Differences in the DFT predicted reduction potentials to reduce each NO, group can rationalize
the three experimentally observed TNT reduction peaks from Chua et al.(19) Chua et al. predicted
that the reduction of TNT is limited by the initial reduction of each NO, group through a coupled
proton-electron transfer. Table 2 reports the initial coupled proton-electron transfer reaction

energy for each progressive NO, group, using both the VASP and G16 computational codes with
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their respective continuum solvation models. Comparisons are made to the reduction potentials
observed from Chua et al. from their DFT reaction energetics in Turbomole/PBE/COSMO and
experimentally observed potentials on the glassy carbon electrode (GCE). The DFT calculations
represent the electrode potential at which the reaction step is isoergonic, a rough approximation
for comparison with experimental reduction peaks. Experimentally, the peak current density is a
complex consequence of reduction reaction kinetics and species transport. Table 2 denotes the
reduction potentials required to make each R-NO, electron addition step isoergonic compared to

experimental peak potentials on a GCE.

Reduction Reduction Reduction
Potentials of Potentials of Potentials of
TNT O-NHZ-DNT P-NOZ-DAT
(V-NHE) (V-NHE) (V-NHE)
Experimental: GCE -0.31 -0.475 -0.629
DFT (Turbomole/PBE/COSMO) -0.108 -0.265 -0.369
DFT(G16/B3LYP/IEFPCM) -0.23 -0.35 -0.43
DFT (VASP/PBE/VASPSol) -0.23 -0.51 -0.60

Table 2. Reduction potentials of initial coupled proton-electron transfer to reduce the NO, group
of key TNT intermediates. Reduction of TNT, O-NH,-DNT, and P-NO,-DAT were considered.
Comparison are made with the DFT (Turbomole/PBE/COSMO) and experimental results from
Chua et al.(19) Computational code, exchange-correlation functional and continuum solvation
models are listed. Basis set used for DFT calculations in Turbomole 6.2, and Gaussian 16 are the
def2-SVP and 6-311G++ basis sets, respectively.

Electron densities of TNT intermediates during initial electron addition are shown in Figure 3 to

rationalize why TNT reduction becomes more unfavorable as each NO; is successively reduced.
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Figure 3: Isodensity surface for electron in the highest occupied molecular orbital (HOMO) for
TNT-, O-NH,-DNT-, and P-NO,-DAT- anion species. Atom colors are presented as brown: C,
white: H, blue: N, and red: O. A consistent isosurface level value (approximately 0.003) was used
to construct the isodensity surfaces.

The electron added to form TNT- delocalizes over the three NO, groups, residing more on the
ortho NO, groups than the para NO,. Conversion of each successive NO, group to NH, reduces

the delocalization of this charge, leading to less favorable reduction.

The experimental and outer-sphere computational reduction potentials in Table 2 represent a
significant overpotential for TNT reduction relative to our DFT-calculated equilibrium potential
for TNT to TAT 1 0f 0.70 V-NHE (with G16, 0.72 V-NHE with VASP). An electrocatalyst can
potentially accelerate TNT reduction and reduce the large overpotentials by 1) stabilizing the
negative charge of adsorbed TNT intermediates to facilitate coupled proton-electron transfer and
2) stabilizing adsorbed intermediates to open alternative reaction paths. Catalytic effects could
become more significant as TNT reduction becomes more unfavorable with successive reduction

of each NO, group.

Section 3.2: Electrocatalytic reduction of TNT on the Fe (110) surface

Adsorption and reduction of TNT on the Fe (110) surface was investigated to study the NO,
reduction chemistry on a metal surface that exhibits a high oxophilicity. TNT can be initially

adsorbed in the “flat configuration,” where the carbon ring is parallel to the surface, or through a
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“vertical configuration”. Differentiating which configuration would be preferred at an electrode
surface is challenging given the convergence of several aspects that are hard to capture in a DFT
model. The differential solvation of the solution and surface bound species will impact preferred
adsorption configurations and is challenging to represent at the surface. The PBE functional
neglects van der Waals (vdW) interactions that could also differ significantly between the two
configurations. These vdW interactions could also occur among adsorbates, whereas a single
coverage is used neglecting the likely strong coverage dependence on adsorption energies. We,
therefore, consider initial adsorption in the “vertical” configuration because this allows the NO,
group to directly interact with the surface for further reduction. This configuration requires less
solvent-surface displacement and is likely preferred at higher adsorbate coverages. Our prior DFT
results on nitrobenzene on Fe (110) and Au (111) surfaces predicted that vertical configuration
would be preferred over the flat configuration at higher surface coverages. Preferred adsorption
configurations of TNT on the Fe (110) surface in the vertical and flat adsorption configuration are

shown in Section S3.

The initial reduction of TNT is first investigated through the adsorption and reduction of the ortho
NO; group and in the vertical configuration. The reaction energy diagram of the electrocatalytic
reduction of TNT to O-NH,-DNT on the Fe (110) surface at 0 V-RHE is shown in Figure 4.
Optimized geometries of reduced intermediates during the reduction of TNT to O-NH,-DNT on

the Fe (110) surface are shown in Section S3.
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Electrocatalytic Reduction of TNT to O-NH,-DNT (aq) on Fe (110) Surface

Figure 4. Reaction energy diagram for electrocatalytic reduction of TNT to O-NH,-DNT on the
Fe (110) surface at 0 V-RHE. Energies are relative to the bare solvated surface and TNT in the
solution phase. TNT reduction is initiated through the vertical adsorption configuration and the
ortho NO, group. Most stable configurations of intermediates are used to construct the reaction
energy diagram. Water molecules formed during the reduction of TNT are not depicted for clarity.
The transition state for TNT* to O-NO-DNT* + OH* is not depicted as this step was determined
to be barrierless. Atom colors are presented as the following: brown= Fe, grey= C, white= H, blue=
N, and red= O.

Reduction is initiated by favorable adsorption of TNT on the Fe (110) surface with an adsorption
energy of -1.57 eV. The Fe (110) surface is active for the initial reduction of the NO,-DNT* to O-
NO-DNT* + OH*, resulting in the spontaneous N-O dissociation during geometry optimization
and a reaction energy of -2.33 eV at 0 V-RHE. The transition state for R-NO, + H* to R-NOOH
was found to have a free energy barrier of 0.01 eV at U° = 0.66 V-RHE, suggesting this step is
barrierless at reducing overpotentials. Thus, the Fe (110) surface is predicted to accelerate the

initial reduction step of the NO, group compared to the non-catalyzed mechanism.
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Though the Fe (110) surface accelerates initial TNT reduction, it is limited by the unfavorable
reduction of strongly bound O* and OH* intermediates. Reduction of OH* to H,O(l) is
unfavorable with a reaction free energy of 0.76 eV at 0 V-RHE, requiring a highly reductive
overpotential to reduce OH* off the surface. Reduction of O-NO-DNT* proceeds favorably to O-
NH-DNT* + O* due to the spontaneous N-O bond dissociation observed. This reaction step results
in a free energy of -2.17 eV at 0 V-RHE. O-NH-DNT* is further reduced to form O-NH,-DNT
(aq), which is an isoergonic reaction. O* is finally reduced to OH* then to H,O (1), resulting in

respective free energy changes of 0.16 eV and 0.76 eV at 0 V-RHE.

Though the Fe (110) surface is predicted to accelerate the initial reduction of TNT, TNT reduction
on the Fe (110) is limited by the reduction OH* with a free energy change of 0.76 eV. The Fe
(110) surface is predicted to bind surface hydroxyl too strongly, blocking the surface as the
reduction of these intermediates limits the overall reaction. Thus, the Fe (110) surface would not

be an ideal electrocatalyst, binding intermediates too strongly.

Reduction beginning from the flat adsorption configuration as well as beginning with the para NO,

group are reported and discussed in Section S3 and show qualitatively similar results.

Once the first NO, group is reduced, O-NH,-DNT (aq) can adsorb on the Fe (110) surface either
through the para NO, group to reduce to O-NO,-DAT or the ortho NO, group to reduce to P-NO,-
DAT. Reaction free energy diagrams and optimized geometries for intermediates on the Fe (110)
surface are shown in Section S3. Unlike the outer-sphere process, the reaction energies required
to reduce each NO, group of TNT to TAT are similar as the reaction proceeds, suggesting inner-
sphere catalysis may avoid the need for successively larger overpotentials to reduce each NO,
group. However, we conclude the highly oxophilic Fe catalyst would be limited by OH* reduction

in the potential range where TNT reduction is desired.
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We next consider reduction catalyzed by the less oxophilic Au (111) surface, and we later return

to consider whether oxidized forms of Fe could serve as an active TNT electroreduction catalyst.

Section 3.3: Electrocatalytic reduction of TNT on the Au (111) surface

Adsorption and reduction of TNT was investigated on the Au (111) surface to compare elementary
reduction energetics on a metal surface that exhibits weak binding of O*. The optimized adsorption
configuration of TNT in the vertical and flat configurations are shown in Section S4. Adsorption
of TNT is much weaker on the Au (111) surface than the Fe (110) surface; calculated adsorption
energies on the Au (111) surface in the vertical and flat configuration are -0.19 eV and -0.34 eV,
respectively. Weaker adsorption of TNT will result in slower initial activation of the NO, groups,
thus limiting the activity of the Au (111) surface towards TNT reduction. Similar to the Fe (110)
surface, reduction from the vertical adsorption configuration of the NO, group was initially
investigated. The reaction energy diagram of the electrocatalytic reduction of TNT to O-NH,-DNT

on the Au (111) surface is shown in Figure 5.
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Electrocatalytic Reduction of TNT to O-NH2-DNT on the Au (111) surface

Figure 5. Reaction energy diagram for electrocatalytic reduction of TNT to O-NH,-DNT on the
Au (111) surface at 0 V-RHE. Energies are relative to the bare solvated surface and TNT in the
solution phase. TNT reduction is initiated through the ortho NO, group in the vertical adsorption
configuration. Water molecules formed during the reduction process are not listed on the diagram
for clarity. Most stable configurations of reduced intermediates are used to construct the reaction
energy diagram. Black lines represent free energies of stable TNT intermediates. Blue lines
represent the transition state during TNT reduction. Atom colors are presented as following:
yellow= Au, grey= C, white= H, blue= N, and red= O.

Initial reduction of TNT results in the formation of O-NO-DNT* + OH* on the Au (111) surface,
which is more stable than O-NOOH-DNT*. Unlike the Fe (110) surface, the reduction of the first
NO; group of TNT on the Au (111) surface to form co-adsorbed O-NO-DNT* + OH* occurs over
a high energy barrier. The activation barrier and reaction free energy for this reaction step at 0 V-
RHE is 1.35 eV and 0.70 eV, respectively. The Au (111) surface would not be an optimal TNT
electrocatalyst, as it is predicted to be relatively inactive towards NO,-R reduction. Once O-NO-

DNT* is formed, all subsequent reduction steps at 0 V-RHE proceed downhill to form O-NH,-

DNT (aq) and H,O (1), including favorable reduction of surface adsorbed O* and OH* species.
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In contrast to the Fe (110) surface, the activity of the Au (111) surface is limited by the initial NO,
reduction due to the high activation barrier and unfavorable reaction energy. When comparing
TNT reduction on the Au (111) surface with the outer-sphere reduction mechanism, it is unlikely
that Au (111) would accelerate the TNT reduction due to the significant reductive potential

required (-0.70 V-RHE) to overcome the initial reduction of the first NO, group.

Structures and reaction energetics of all reduction intermediates for initial reduction in the flat

configuration as well as the para NO, group are included in Section S4.

Section 3.4: Comparing outer-sphere TNT reduction vs inner-sphere on Au (111) and Fe (110)

The activity of surfaces to reduce TNT is approximated by determining the limiting potential, the
potential for AG,.q <0 for all reduction reactions. Limiting potentials required to reduce TNT to
TAT on the Fe (110) and Au (111) surface are summarized in Figure 6. The reduction of TNT to
TAT is considered to proceed through the O-NH,-DNT and P-NO,-DAT intermediates. Figure 6

compares these surface energetics with the outer-sphere energetics from Table 2.
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Figure 6: Comparison of DFT predicted TNT limiting potentials for outer-sphere and inner-sphere
reduction. Limiting potentials are computed for the reduction of TNT to O-NH,-DNT then to P-
NO,-DAT. Outer-sphere limiting potentials are calculated in G16/B3LYP/IEFPCM for coupled
proton-electron transfer to reduce each NO, group. All reduction potentials are referred to the RHE
scale. Atom colors are as follow: C=grey, N = blue, O = red, H = white.

TNT reduction in the solution phase is potentially competitive for the reduction of the first NO,
group with the Fe (110) and Au (111) surfaces, suggesting neither of these will successfully serve
as electrocatalysts for this reaction. The TNT outer-sphere reduction is competitive with the inner-
sphere reduction on Fe (110) and Au (111), contrasting our prior analysis of nitrobenzene
reduction. We emphasize that our DFT analysis has limitations due the mainly thermodynamic

nature in calculating the reaction energetics and our approximation of the electrode-electrolyte
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interface. Despite these limitations, the DFT energetics are in line with experimental observation
that TNT electroreduction occurs at overpotentials of 1V or more, and the reduction peak positions

appear to be independent of electrode composition among the electrodes tested.

We hypothesize that surfaces with intermediate O* binding might better accelerate TNT
electroreduction, relative to the Fe (110) surface binding O*/OH* too strongly, and Au(111)

surface being limited by weak bonding and activation of the NO, group in TNT.

Section 3.5 Electrocatalytic reduction of TNT on late transition-metal surfaces

The Fe (110) and Au (111) surfaces are predicted to not accelerate TNT reduction when compared
to the outer-sphere reduction process. However, these surfaces illustrate activity tradeoffs that can
be used to screen late transition metal surfaces. O* binds too strongly on the Fe (110) surface and
the activity of the surface is limited by the desorption of strongly bound OH*. In contrast, O* binds
too weakly on the Au (111) surface, where initial activation of the NO, group is unfavorable. The
two limiting reduction processes, NO,-R* to NO-R* + OH* and OH* to H,O (1), are expected to
inversely correlate with the strength of O* binding. A similar trend is observed in our previous
study for the electrocatalytic reduction of nitrobenzene.(30) Our prior work predicted that late
transition-metal surfaces that exhibit intermediate O* affinity balance these activity tradeoffs, thus

exhibiting higher activity towards nitrobenzene reduction.

Late transition metal surfaces are screened as potential TNT electrocatalysts using O* binding as
a descriptor. A correlation is established between the reaction energies for the two key elementary
steps and O* binding strength, using monometallic surfaces. The investigation is then extended to

bimetallics (X/Cu (111) skin alloy surfaces) in Section 3.5.1. Lastly, partially reduced Fe,O;
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(0001) oxide surfaces, with and without Ni doping, are considered, emphasizing whether these
surfaces can deviate from the scaling relationship between O* binding and key reaction energetics

to possibly enable TNT electroreduction at lower overpotentials.

The initial reduction of TNT to O-NO-DNT is evaluated across M late transition-metal surfaces
(M = Ag (111), Cu (111), Pd (111), Pt (111), Ir (111), Rh (111), Ni (111), Ru (0001, and Co
(0001)), recognizing that subsequent inner-sphere reduction energetics of the other NO, groups
were similar on Fe (110) and Au (111) surfaces. To accelerate the screening of metal surfaces,
Brensted-Evans-Polanyi (BEP) plots were constructed to correlate activation barriers and reaction
energetics for the initial TNT reduction step. Activation barriers of O-NO,-DNT* to O-NO-DNT*
at 0 V-RHE were calculated on the Fe (110), Cu (111), Pt (111), and Au (111) surfaces. Figure 7
presents these activation barriers plotted against both the reaction energetic of the same step and

the binding strength of O* on the metal.
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Figure 7. Bronsted—Evans—Polanyi relationship of a) initial reduction of TNT plots the activation
barriers (AGrs) versus the reaction energy (AG,.q) for the reduction of TNT* to O-NO-DNT +
OH* at 0 V-RHE on the Fe (110), Cu (111), Pt (111), and Au (111) metal surfaces. b) Correlation
of the activation barriers for the reduction of TNT* to O-NO-DNT* + OH* with the binding energy
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of O (Ep+) on the Fe (110), Cu (111), Pt (111), and Au (111) metal surfaces. Optimized geometries
of transition states are shown on the a) Pt (111) and b) Cu (111) surfaces as insets. Atom colors
are presented as silver: Pt, orange: Cu, grey: C, white: H, blue: N, and red: O.

Figure 7a shows a strong correlation between the activation barrier and reaction energy for the
initial TNT reduction elementary step. This allows us to expedite the screening of M late transition-
metal surfaces by calculating reaction energies of NO,-R* to NO-R*+ OH*. Figure 7b shows that
stronger binding of O on the metal surface correlates directly with lower activation barriers for this
same step. Metal surfaces that have a strong affinity towards O*, such as the Fe (110) surface,
exhibit a lower activation barrier towards activating the NO, group. Previous DFT studies have
shown that the activation barriers for OH* to H,O (aq) correlate strongly with the reaction energy

on late transition-metal surfaces.(57,59)

Figure 8 shows the correlation of the key step reaction energies with O* binding across

monometallic and bimetallic surfaces.
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Figure 8. Correlation between O binding strength and reaction energetics of a) O-NO,-DNT* to
O-NO-DNT* + OH* and b) OH* to H,O (1) at 0 V-RHE. The following surfaces are represented
as black circles: monometallic M late transition-metal surfaces, blue diamonds: X/Cu (111)
bimetallic surfaces, and purple triangles: partially reduced Fe,O3 (0001) surfaces. Optimized
structures of initial and final reaction states on the Pt (111) surface are shown. Atom colors are
presented as: light grey: Pt, dark grey: C, white: H, blue: N, and red: O.

A qualitative “volcano-tradeoff” is established with the O* binding energy. Figure 8a shows that
metal surfaces with stronger O* affinity are more active in initially reducing the NO, group. Figure
8b shows that reduction of OH* to H,O (aq) becomes more unfavorable as the binding of O*
becomes stronger. As the O* binding energy on close-packed surfaces is well-established to
correlate with the surface d-band center,(60) connecting TNT reduction catalysis to O* binding
also connects catalyst optimization to selection of a surface offering an optimal d-band center.

Optimized structures and tables of values used to construct Figure 8 are presented in Table S24

and Figure S27.

Since our DFT model approximates the electrochemical interface, we can only approximate an
optimal O binding energy that might correlate with the “peak” of the volcano plot with DFT alone.
A more detailed coupling of experimental and microkinetic analysis would be needed to more
precisely locate a peak. However, the qualitative volcano relationship presented can be utilized for
experimental guidance to tune monometallic or bimetallic late transition-metal surfaces to an
intermediate O* affinity, which are predicted to balance both activity tradeoff reactions. The
limiting potential of each metal surface is determined to predict the theoretical overpotential
required to reduce TNT and to compare the relative activity of each late transition-metal
surface.(57) A plot of the limiting potentials plotted against the binding energy of O across late

transition-metal surfaces is shown in Figure 9.
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Figure 9: Limiting potential analysis for the reduction of TNT to O-NO,-DNT. DFT predicted
limiting potentials are plotted against the binding energy of O across different metal surfaces.
Dashed black lines represent the limiting potential dictated by the reduction of NO,-R* to NO-R*
+ OH* for monometallic late transition-metal surfaces. Dashed grey lines represent the limiting
potential dictated by the reduction of OH* to H,O (I) for monometallic late transition-metal
surfaces. The following surfaces are represented as black circles: monometallic M late transition-
metal surfaces and blue diamonds: X/Cu (111) bimetallic surfaces. The active range is defined as
binding energies within 1 eV stronger than the Pt (111) surface.
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Metal surfaces that exhibit more positive limiting potentials are predicted to require a lower
overpotential to reduce TNT to O-NO,-DNT, and thus have higher relative activity. Weak O*
affinity monometallic metal surfaces, such as the Au (111) and Ag (111) surfaces, exhibit a lower
limiting potential and are predicted to require a larger overpotential to activate the NO, group.
Late transition-metal surfaces with strong O* affinity, such as Fe (110) and Co (0001) surfaces,
require larger overpotentials to reduce strongly bounded intermediates that inhibit their overall
activity. A peak in our limiting potential plot represents optimal monometallic metal surfaces in
the active range for TNT reduction due to their intermediate binding of O*. These monometallic
surfaces, suchas Pt (111), Pd (111), Cu(111), and Ir (111) surfaces, are predicted to accelerate the

inner-sphere reduction of TNT.

We emphasize that Figure 9 is useful for qualitative comparison for monometallic surfaces and
their relative activity. However, values of DFT predicted binding of O* and limiting potentials can
shift due different approximations within our model to capture the electrode-electrolyte
environment. There are several limitations within our models when modeling electrocatalysis. 1)
a relative permittivity value of 78.4 for bulk water is used in the DFT solvation model, which is
likely not representative of interfacial water near the electrode (values of 2 to 9 have been reported
(61,62)), 2) displacement of explicit H,O molecules upon TNT adsorption, which VASPSol does
not capture, is not considered.(63) 3) VASPSol implicit solvation approximates that solvation
energies are nearly identical across metal surfaces while hybrid DFT/molecular dynamic
approaches states that solvation is strongly dependent on the metal identity.(64) 4) more complex
EDL effects including ion/electric field distribution could impact stability of surface bound
intermediate species differently across metals. For instance, McCrum et al. showed that the

modeling of OH* adsorption on different facets of the Pt are sensitive to the choices of how
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solvation and coverage are modeled, resulting in differences in OH* adsorption potential by 0.6
V-NHE on the Pt (111) surface.(65) Zhang et al. recently observed sensitivity of resulting oxygen
reduction reaction (ORR) volcano plots to how solvation was modeled (implicitly, explicitly, and
with a bilayer solvation correction) on late transition metal (111) surfaces.(66) If our current model
is underestimating the effects of solvation on OH adsorption, this affects the AG of OH* to H,O
(1) and NO,-R* to NO-R* and OH*, which could shift the peak of the volcano plot and its optimal
O* binding towards weaker O* binding metals such as the Ag (111) surface. Figure 9 can be used
to qualitatively assess the relative activities of late transition-metal surfaces. We suggest additional
controlled experimental studies that compare GCE with late transition-metal electrodes that exhibit
varying degrees of O* affinity (Fe (110), Cu (111), and Au (111) surfaces) to determine whether

the “volcano relationship” and activity trends hold.

Section 3.5.1 Electrocatalytic reduction of TNT on bimetallic surfaces

Bimetallic electrodes have shown promise for electrocatalytic reduction of O,, N,, and CO, .(67—
71) Skin layer X/Cu (111) surfaces (X = Pd, Pt, Ni, Ir, and Rh) are used to investigate the relative
activity of bimetallic surfaces as TNT reduction electrocatalysts and whether the bimetallics follow
similar “volcano-tradeoffs” observed for the monometallic surfaces. Figure 8 shows that the X/Cu
(111) bimetallic surfaces (blue diamonds) qualitatively follow the same inverse correlation
between the key elementary reaction energetics and binding strength of O* as the monometallic
surfaces (black circles). The limiting potentials of X/Cu (111) metal alloy surfaces are included in

Figure 9, with a number of these surfaces potentially in the range of optimal O* binding.
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As the O* binding energy is serving as a reasonable descriptor of limiting potential, previously
published values can be used to computationally screen potential TNT electroreduction catalysts.
The binding energy of O for 736 different metal surface alloys are reported by Greeley et al.(72)
Table S25 reports 210 of the 736 surfaces with O* binding energies in the active range for TNT
reduction. 107 of these 210 surfaces are composed of the four recommended (111) monometallic
surfaces (Pt, Pd, Cu, and/or Ir). Bimetallic surfaces containing Ag, Au, Ni, Rh, and/or Ru also
appear in the active range for TNT reduction, suggesting that these surface alloys may be more
active than their monometallic counterparts. Bimetallics that include metals we did not consider,
such as Bi, Cd, Sb, and/or As also appear in the active range. Collectively, we have highlighted
several monometallic and bimetallic surfaces that could show improved TNT electroreduction

catalysis relative to those previously studied experimentally.

Section 3.5.2 Electrocatalytic reduction of TNT on partially reduced Fe,O; (0001) surfaces

Non-precious iron oxide surfaces are considered as TNT electroreduction catalysts due to their
abundance and potential to deviate from scaling relationships defined from monometallics.(73,74)
Figure 9b suggest that pure metal surfaces with strong binding of O* (Fe (110), Co (0001), and Ru
(0001)) will be limited by the reduction of OH* to H,O (1), suggesting that these surfaces may
oxidize and be present in the form of an oxide or hydroxide surface at TNT reduction conditions.
Previous studies have reported the use of metal oxide surfaces (Fe, Co, Ni, Cu Mo, and W) for
reduction catalysis including for the hydrogen evolution reaction (HER), ORR, N, reduction, and

CO, reduction.(75-79)

The (0001) surface of hematite, a-Fe,O;, is investigated as a potential TNT electroreduction
catalyst. Iron oxide has been utilized as an electrocatalyst for N, reduction and solar water

splitting.(22,80,81) A previous DFT study by Maheswari et al. investigated the stability of
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different partially reduced terminations of the Fe,O; (0001) surface at reducing potentials by
generating a surface Pourbaix diagram.(54) Partially reduced terminations are predicted to be
stable at potentials below 0 V-RHE, where the bulk remains Fe,O; (0001). The H-Fe-Fe-O,-Fe-R
partially reduced termination (partially reduced Fe,O; (0001) surface) was selected to study as a
possible TNT reducing surface due to its predicted stability in more negative reducing potentials

on the surface Pourbaix diagram.

Ni-Fe oxides are well known as stable oxidation electrocatalysts for the oxygen evolution reaction
(OER).(82—84) Though the stability of these Ni-doped Fe,O; (0001) structures at reducing
potentials are not established, doping of Ni on the partially reduced Fe,O3 (0001) surface (Ni/Fe,O;
(0001) surface) was investigated to explore if Ni-doping could further increase the activity for
TNT reduction, and to examine whether such doping would follow the same “volcano tradeoffs”
observed for bimetallic surfaces. Ni doping was considered by substituting a surface Fe atom with
an Ni atom. Figures S29-S30 depicts the surface model and the most stable adsorption

configuration of TNT on the partially reduced Fe,O5 (0001) and Ni/Fe,O3 (0001) surfaces.

The key elementary reaction energies for TNT reduction on the partially reduced Fe,O3 (0001)
and Ni/Fe,O; surface are included in Figure 8. Both oxide surfaces deviate from scaling
relationships defined for monometallics. The Fe,O3 (0001) surface exhibits strong binding of O*
with binding energy of -5.19 eV, weaker than Fe (110) by 0.38 eV. However, the Fe,0O5; (0001)
surface is predicted to be inactive towards reduction of the NO, group, with a free energy change
of 1.54 eV, which significantly deviates from the activity trends predicted from monometallics.
The Ni/Fe,O; (0001) surface also deviates from scaling relationships derived in Section 3.5.
Substitution of one surface Fe atom with Ni weakens O* binding by 0.21 eV. However, the

Ni/Fe,0O5 (0001) surface is more active towards activating the NO, group. The Ni/Fe,O; (0001)
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surface is predicted to be less favorable towards OH* reduction than the undoped surface, despite

weaker binding of O*.

The Fe,0; and Ni-doped Fe,O3 (0001) surfaces have potential to deviate from scaling relationships
derived from monometallics and expand the design space for electrocatalysts for TNT reduction.
It is not especially surprising that correlations between O* binding and TNT reduction energetics
among close-packed late transition metals do not directly apply on the oxide surfaces. TNT, O-
NO-DNT, and OH adsorbates interact with more localized states on the oxide surface than the
delocalized d-band of the extended metals, and adsorption geometries (see Figure S30) also differ
on the oxides. We recommend further investigation of the activity and stability of these Ni doped
Fe,0; (0001) surfaces to fully assess these surfaces as TNT reduction electrocatalysts. A more
extensive investigation on other oxophilic metals that may be stable oxides at TNT reduction
conditions, such as Cu and Ni based oxides, would be beneficial in the search for reduction

electrocatalyst candidates.(85—88)

4. Conclusions

This study utilized DFT methods to investigate the elementary step mechanisms for TNT
electrochemical reduction in the solution phase and across different late transition metal surfaces.
Outer sphere reduction energetics suggests that the non-catalyzed TNT reduction pathway is much
more competitive with inner sphere mechanism on Fe (110) and Au (111) surfaces than our prior
work on nitrobenzene. Overall activity for monometallic and bimetallic surfaces is dictated by a
trade-off in initial activation of the NO, group and reducing OH*. Though our DFT analysis is
mainly thermodynamic focused, both monometallic and bimetallics are recommended that may
accelerate the activity of TNT electroreduction. Results on partially Fe,O5 (0001) surfaces suggest

that oxides may not follow the same scaling relationships. We suggest further exploration of both
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the activity of oxide surfaces and bimetallic surfaces in reducing conditions as catalysts for TNT

electroreduction.

5. Supplemental information

Supplemental information is prepared as a separate document. A ZIP file of all optimized

geometries is available in the VASP CONTCAR format.
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