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Abstract

Chemical transformations traverse large energy differences, yet the comparison of energy sources to drive a
reaction is often done on a case-by-case basis; there is no fundamentally-driven, universal framework with
which to analyze and compare driving forces for chemical reactions. In this work, we present a reaction-
independent expression for the equilibrium constant as a function of temperature, pressure, and voltage.
With a specific set of axes, all reactions are represented by a single (z,y) point and a quantitative divide
between electrochemically and thermochemically driven reactions is visually evident. Additionally, we show
that our expression has a strong physical basis in work and energy fluxes to the system, although specific data
about operating conditions is necessary to provide a quantitative energy analysis. Overall, this universal
equation and facile visualization of chemical reactions provides a consistent thermodynamic framework for
comparing electrochemical versus thermochemical energy sources without knowledge of detailed process
parameters.
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In chemical synthesis, the making and breaking tion is generally either broad and qualitative or
of chemical bonds often requires traversing large extremely reaction-specific. Broadly, if a reaction
energy differences. In fact, the basic chemical in- is highly endothermic (results in a very positive
dustry accounts for close to 20% of total delivered change in enthalpy), then one may prefer an elec-
energy consumption in the industrial sector, which trochemical approach that avoids excessively high
itself uses the most delivered energy of any end-use operating temperatures to shift the equilibrium to-
sector globally (54%)%*. Traditionally, industrial ward products®, Additionally, if a reaction re-
chemical synthesis has relied on pressure and tem- quires high pressures to drive conversion to prod-
perature as driving forces to synthesize chemicals; ucts via Le Chatelier’s principle, then one may pre-
a reactor requires an exchange of heat and work in fer using voltage to avoid these excessively high
order to drive a chemical transformation®24, Yet, pressures. Technoeconomic analyses are also often
with the advent of abundant and accessible renew- used to discriminate between thermochemical and
able electricity, it is attractive to consider driving electrochemical driving forces based on feedstock
chemical reactions that are conventionally driven costs and system efficiencies!H213AAISI6] Fow-
with temperature and pressure with electrical volt- ever, these technoeconomic analyses remain focused
age instead ™89 Hence, one is confronted with on specific reactions without investigating the phys-
the question, “why should a given chemical reaction ical basis for the preference of driving force in a
be driven preferentially with temperature (thermal general manner. While many of the choices in the
energy), pressure (mechanical energy), or voltage driving chemical reactions are determined by fac-
(electrical energy)?” The response to this ques- tors such as kinetics, cost, and safety, research and

development often begins before estimates of these
specific parameters are known. Accordingly, an
intermediate-level framework for comparing driv-
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ing forces based on available physical parameters
is missing; specifically, one that is simple and intu-
itive, yet also quantitative and dependable across a
wide range of chemical reactions.

We address the question of how to compare
and discriminate between energy sources for driv-
ing chemical reactions via a theoretical framework
built around reaction thermodynamics. Efficiency
and thermodynamic limits on extraction of useful
work have been studied for centuries (e.g., with
the Carnot engine)*™8 and more recent work has
slowly relaxed ideal constraints to add in real-world
practicalities via developments in fields such as en-
doreversible thermodynamics and finite-time ther-
modynamicst?2Y, However, these theories are of-
ten built to describe the extraction of energy from
a chemical reaction, e.g., in a combustion engine,
and they often still require significant knowledge
of specific process parameters such as heat trans-
fer coefficients, compressor efficiencies, thermody-
namic paths, etc?. In this work, we construct
a universal equation to describe and analyze the
thermodynamics of chemical reactions driven by
temperature, pressure, and voltage. We have fo-
cused on these driving forces due to their preva-
lence in chemical synthesis, although the analysis
can be extended to the direct use of photons or
mechanochemical methods. We compare heat, me-
chanical work, and electrical work as energy inputs
to a chemical system and find that an ideal, loss-
less model of energy comparison provides a phys-
ical basis for our non-dimensional thermodynamic
parameter analysis. After constructing a universal
equation, we then introduce a facile visualization
method for comparing chemical reactions, with a
focus on redox reactions (voltage is generally not
an option for non-redox reactions), and show a
clear divide between chemical reactions tradition-
ally driven by elevated temperatures and pressures
in industry and reactions that rely on electrical volt-
age. Our approach provides a simple, universal
framework with a thermodynamic basis to compare
and justify using temperature, pressure, or volt-
age as a driving force for a chemical reaction, and
our analysis can be leveraged by researchers in a
broad range of fields to help determine the impor-
tant systems-level choice of thermodynamic driving
force.

Results and discussion

Non-dimensionalization of reaction equilibrium

We are interested in comparing the effects of tem-
perature, pressure, and voltage as driving forces for
shifting the equilibrium of a chemical reaction. Ac-
cordingly, we start with a chemical reaction that
has some defined stoichiometry given by,

ZVZAZ = 0, (1)

where v; are the stoichiometric coefficients for
chemical species A;. Chemical equilibrium at con-
stant temperature (T'), pressure (P), and voltage
(E) provides the constraint,

Z Vi,U/i(Ta P, E) =0, (2)

1
where p; are the species electrochemical potentials.
Assuming that the system is an ideal mixture of
gases and that ACp;xn = >, vCp; = 0, the
equilibrium constant, K, is a simple function of

thermodynamic variables (Supplemental Derivation
S1)2223024

—AGyn (T, P, E)

log, K = T (3)
_ _AHroxn _neFE ~ Ang log.
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where AH? ~and ASY = are the enthalpy and en-

tropy of reaction, respectively, at ambient con-
ditions (namely no applied voltage, T = TV =
298.15 K, and P = P° = 1 bar), R is the ideal gas
constant, n.- is the minimum number of electrons
necessarily transferred in the overall reaction (Sup-
plemental Derivation S1), and Anyy, = Ziegas v;.
Although we assume for simplicity that all of our
components are gases (with a few exceptions for
pure liquids and solids), the extension to liquids,
dissolved species, and solids is not difficult to incor-
porate when going through the full derivation (Sup-
plemental Derivation S1). Equation [3| is a famil-
iar description of the equilibrium constant with one
major difference: we have defined K = Hiegas (TR
with y; being the mole fraction of each component
in the gas phase, instead of the more traditional
K = T],p;", where p; is the partial pressure of a

species (i.e., the activity of an ideal gas). In this



work, the equilibrium constant is defined by equa-
tion [3] instead of the traditional definition so that
pressure will be explicitly included in the expres-
sion. Through equation [3] and proper stoichiom-
etry normalization, we can better compare reac-
tion equilibriums based on a more consistent rela-
tionship between mole fractions and K that is not
present when K is written in terms of activity (e.g.,
partial pressures) instead of mole fractions.

The practically relevant quantity for describing a
chemical reaction is conversion, not the equilibrium
constant. However, conversion will be dependent
on the exact reaction equation and not a universal
function. To keep the analysis general, the equi-
librium constant, K, will be used as a proxy for
conversion since conversion is a strictly increasing,
sigmoidal function of K ranging from 0 to 1 (Sup-
plemental Derivation S2).

Unfortunately, the expression for the equilib-
rium constant given by equation [3] does not al-
low for facile comparison of temperature, pressure,
and voltage in its current form since the quanti-
ties AHO , ASS , Any,, and n.- are reaction-
specific, preventing a general analysis of chemi-
cal reaction equilibrium. To facilitate a compar-
ison, the equilibrium constant expression can be
non-dimensionalized to remove any specifics about
the chemical reaction. Non-dimensionalization is
a useful tool for solving differential equations in
certain limits and for quickly determining charac-
teristic properties of a system such as time and
length; for these reasons it finds wide use across
the fields of chemical engineering, physics, fluid
dynamics, etc“?. In the case of a chemical reac-
tion, non-dimensionalization combines the reaction-
specific details of the system with the reaction
operating conditions to create new variables that
are reaction-independent and scale simply with the
thermodynamic driving forces of interest (Figure
Supplemental Derivation S3). Traditional non-
dimensionalization, e.g., of reaction-diffusion sys-
tems, relies on the structure of a differential equa-
tion to provide the non-dimensional groupings; an
algebraic equation such as equation [3| does not
have equivalently straightforward non-dimensional
groupings, and non-dimensionalization must in-
stead rely on underlying physical intuition.

Equation can be non-dimensionalized to
achieve a universal expression for how thermal, me-
chanical, and electrical energy shift the chemical
equilibrium through non-dimensional temperature
(T — ©), pressure (P — II), and voltage (E — ¥),
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Figure 1: Non-dimensionalization scheme for thermody-
namic variables. Given a generic reaction, here shown as
the conversion of reactants A and B to products C and D,
reaction-specific thermodynamic parameters (right) and the
reaction operation conditions (left) can be combined to ob-
tain non-dimensional groupings that scale with the thermo-
dynamic driving forces and enable non-dimensionalization of
equation @ to obtain equation El
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Note that we have chosen to use © o T instead
of a potentially “natural” quantity © o< 1/T so that
changes in © are more intuitively interpretable”.
One of the advantages of equation [4]is that all reac-
tions collapse onto simple plots that show the equi-
librium constant, a proxy for reaction conversion, as
a function of non-dimensional thermodynamic driv-
ing forces (Figure. This visualization reveals that
crossing equilibrium contours with pressure requires
a larger relative increase in thermodynamic driving
force than crossing equilibrium contours with tem-
perature or voltage (further supporting analysis of
contours and derivatives provided in Supplemental
Derivation S4). This discrepancy is magnified by
the fact that the scaling of II is logarithmic with
pressure whereas the scalings of © and ¥ are linear
with temperature and voltage, respectively.

So far, the analysis has relied on the math-
ematical form of our non-dimensional parame-
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Figure 2: Plots of equation@ Every chemical reaction can be mapped onto these universal plots. When no voltage is applied
(¥ = 0), contours showing how pressure and temperature affect reaction equilibrium are visualized (a). At ambient pressure
(IT = 0), contours showing how voltage and temperature affect the reaction equilibrium are visualized (b). Contours of how
voltage and pressure affect the equilibrium at 298.15 K (ambient temperature) are not as simple to visualize; there is a ©@ambient
term in these contours that make the plot less useful because it is reaction dependent and not generalizable (these plots and full
discussion in Supplemental Derivation S4). Crossing the constant K contours using pressure requires a larger relative change in
non-dimensional driving force than it does using voltage or temperature. Note that the colorbar axis is log;y K — o so that the
plot remains independent of reaction; different reactions will essentially provide a constant shift from o that does not change
the shape of the plot. Additionally, that crossing © = 0 for a given reaction is impossible since the sign of © is determined by
the reaction enthalpy (a fixed quantity assuming ACp ;xn = 0).

ters. In practice, there are many alternative non-
dimensional groupings with additional constant fac-
tors or functional forms that would change this
analysis. However, these non-dimensional ther-
modynamic parameters (Figure are not only
convenient from a mathematical perspective, but
also represent physical groupings related to analo-
gous work and energy fluxes, discussed below, such
that conclusions drawn from analysis of the non-
dimensional thermodynamic parameters are physi-
cally relevant.

Work and energy exchange

A direct comparison between temperature, pres-
sure, and voltage is difficult since each driving force
has different units. Even with our non-dimensional
scalings, there is no reason to assume a priori
that these non-dimensional parameters have any
physical meaning and can be directly compared
to each other. Instead, a metric for comparing
driving forces on equal footing would be to com-
pare work and energy exchanges of the system; this
comparison will provide a physical basis for our
non-dimensional parameters so that we can directly
compare them.

In practice, no general method to convert be-
tween thermodynamic parameters and work exists
since heat and work are path functions. However,
if the system does not have any energy losses, the
overall, steady-state energy exchanges of the system
must obey the law of energy conservation,

where z is the reaction conversion at equilibrium,
a function of K and defined between 0 and 1. A
more convenient form of equation [5| results from
non-dimensionalization of the work terms with the
reaction enthalpy as the characteristic energy of the
system (Supplemental Derivation S5),

Quwy + Quy, + QQ = z. (6)

Ignoring the exact functional form of the work
terms for now and assuming that the system is
driven by either pressure or voltage individually,
but not both simultaneously, the constraint im-
posed by equation [6] has the geometric form of a
plane in Qy,—Qo space (Figure . Accordingly,
for a system with no energy losses, any energy in-
put will result in an equivalent change in conver-
sion, regardless of the energy source. If additional
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Figure 3: Conversion, z, as a function of various energy in-
puts assuming no energy losses in the system. In this system,
either pressure or voltage is utilized, but not both simultane-
ously. In the absence of losses, all energy exchanges produce
the same change in conversion, regardless of the source of
the energy. Thus, in the absence of additional, reaction-
and process-specific information, this energy analysis simply
provides a physical basis for the non-dimensional analysis,
as discussed in the main text.

information is available, such as the cost of electric-
ity, efficiency of heat flux, compressor losses, etc.,
there are a multitude of thermodynamic and tech-
noeconomic heuristics that can lead to a quantita-
tive conclusion, but these are beyond the scope of
this work.

In the absence of more information, there are
still important insights to glean from the functional
forms of the work and heat inputs. In addition to
the previous assumptions (ideal gas mixture and
ACpxn = 0), additional assumptions are necessary
to convert from thermodynamic parameters to work
and energy fluxes: (1) the reactor is isothermal, iso-
baric, and does not exchange mechanical work with
the environment, and (2) the processes that bring
the inputs to the operating conditions and bring
the outputs back to ambient conditions have ac-
cess to a single heat bath at some Ty,,. Given
these assumptions, as well as assuming unit effi-
ciency of every process, the total energy and work
exchanges with the overall system are functions of
the previous thermodynamic parameters, the con-
version, z = z(K), which is a function of the equi-
librium constant, and the single non-dimensional

Thacn log, 1
thermal bath temperature, Opan = %,

rxn

that is used to bring reactants to operating condi-

tions and products to ambient conditions (Supple-
mental Derivation S5)28:2930431

= —2(K)¥
Qwy = —2(K)Opatnll (7)
Qg = 2(K) (¥ + OparnIl + 1)

Without additional practical information, our en-
ergy analysis is qualitative, and these equations by
themselves do not reveal a preference for mechan-
ical work, electrical work, or heat. However, these
equations do provide justification for our previous
analysis. We initially began our reaction analy-
sis by non-dimensionalizing temperature, pressure,
and voltage to remove any reaction-specific quanti-
ties from the equilibrium expression given in equa-
tion Bl The chosen non-dimensionalizations are in-
tuitive; although these parameter groupings are rel-
atively common throughout the literature (e.g., IT is
found in the Nernst equation and W is related to the
thermo-neutral voltage), the physical basis of these
non-dimensional parameters (0, I, and ¥) on an
energy basis has not been described. The energy
analysis presented here, however, reveals that the
non-dimensional electrical work (Qup, ) will scale di-
rectly with non-dimensional voltage (¥), the non-
dimensional mechanical work (Qy,,) will scale di-
rectly with non-dimensional pressure (II), and the
heat flux is a convolution of all the energy in-
puts but has a clear characteristic energy given by
AHYL,_, which was used to non-dimensionalize tem-
perature (0). Accordingly, although the previous
analysis dealt with non-dimensional driving forces
that were not, a priori, comparable, this energy
analysis reveals that these non-dimensional quanti-
ties are reasonable proxies for work and energy ex-
changes and that our non-dimensional analysis has
a strong physical basis. Direct comparisons of the
non-dimensional thermodynamic parameters there-
fore correspond to comparisons of analogous energy
and work exchanges, validating conclusions drawn
from such direct comparisons.

Example chemical reactions on universal plot
While the universal colormaps of equation [ are
interesting on their own (Figure [2)), contour lines
of constant K for a specific reaction help visual-
ize the thermodynamics of that reaction. This is
the advantage of plotting the equilibrium constant
in non-dimensional space: instead of qualitatively
looking at endo- vs. exo-thermicity or analyzing
a specific reaction’s equilibrium constant at vari-
ous temperatures, pressures and voltages, we can



quantitatively display the influence of these driving
forces on a single set of axes since the thermody-
namic landscapes for individual reactions all col-
lapse onto a single plot in non-dimensional space
(Figure . Two well-studied reactions are ammo-
nia synthesis (Reaction industrially known as
the Haber-Bosch process),

1 3
§N2+§H2—>NH3, (Rl)

and water splitting (Reaction ,
1
HQO — H2 + 5 02 . (RQ)

The constant K contours for these reactions can
be plotted on the universal colormaps and com-
pared (Figure 32. Using the reaction thermody-
namic properties, dimensional parameters (T, P,
and E) are shown for each reaction on the sec-
ondary axes. In addition to helping visualize the
equilibrium constants for these reactions in stan-
dard units, these secondary axes demonstrate that
the non-dimensional axes span a sufficient range
of operating conditions for most reactions. The
key points to consider with these plots are: (1)
the red dot represents ambient conditions, and the
horizontal distance to © = 0 is inversely propor-
tional to the enthalpy of reaction; (2) the red verti-
cal line attached to each ambient conditions point
on the pressure-temperature plots (Figure and
¢) represents an increase of an order of magnitude
in pressure; (3) the vertical distance from the red
dot to the solid pink line (K = 1) on the voltage-
temperature plots (Figure and d) is the non-
dimensional equilibrium potential of the reaction.

For the case of ammonia synthesis (Figure [4h and
b), the thermodynamic equilibrium favors full con-
version of nitrogen and hydrogen to ammonia at
ambient conditions; however, kinetics mandate the
use of an elevated operating temperature and pres-
sure. This reaction is an important example of the
utility of thermodynamic analyses even for reac-
tions where kinetics dictate operating conditions.
The scaling of the axes (seen by the secondary
axes) demonstrates that crossing equilibrium con-
tours and moving around the thermodynamic equi-
librium space with temperature and pressure are
feasible at practical operating conditions for am-
monia synthesis. In other words, at a temperature
at which the kinetics are favorable for ammonia
synthesis, the visualization demonstrates that pres-
sure can allow us to easily move through thermo-

dynamic equilibrium space; this is reflected in the
fact that ammonia synthesis is commercially prac-
ticed at elevated pressures that enable higher equi-
librium conversions. This is in contrast with water
splitting (Figure and d), for which the visual-
ization clearly demonstrates that increasing pres-
sure decreases conversion, and enormous tempera-
tures are necessary to achieve meaningful equilib-
rium conversions. However, voltage remains a pow-
erful tool, since approximately 1.2 V is sufficient to
drive water splitting, a feasible amount compared to
the high temperature or low pressure necessary oth-
erwise. This analysis is currently limited to thermo-
dynamic equilibrium considerations, while in reality
temperature, pressure, and voltage also play a role
in kinetics, cost, selectivity, and safety, all of which
strongly influence the trade-offs between thermo-
chemistry and electrochemistry. These other fac-
tors are beyond the scope of this analysis as we aim
to describe broad trends in driving forces for chem-
ical reactions using a thermodynamic framework.
Even without knowledge of these other factors, a
thermodynamic analysis reveals whether high con-
version is even physically possible, a prerequisite
to engineering reactivity given operating conditions
dictated by kinetics and other non-thermodynamic
constraints. This continues to motivate the search
for catalysts that are active at lower temperatures
in the case of ammonia synthesis, while telling us
not to search for thermochemical water splitting
catalysts at ambient conditions due to thermody-
namic restrictions.

While these universal colormaps are useful for vi-
sualizing individual reactions, they are not ideal
for comparing multiple reactions because they re-
quire unique constant K contours for each reaction,
meaning that multiple reactions would quickly ob-
scure each other. Instead, the axes can be redefined
such that every reaction has the same K contours,
facilitating direct comparison between different re-
actions.

Visual comparison and analysis of chemical reac-
tions

Instead of using the non-dimensional groups de-
rived above as axes, in which each reaction has a
distinct set of K-contours, a simple variable trans-
formation can collapse these to a single set of equi-
librium K contours for all reactions (Figure .
Specifically, the z-axis is transformed to 1/0 and
the y-axis is transformed to ¥/© + I — o (Supple-
mental Derivation S6). In general, we assume that
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Figure 4: Plots of equation E for ammonia synthesis (Reaction Rll) and water splitting (Reaction R2)), using the given sto-
ichiometry. Pink lines indicate constant K contours for each reaction, the red dots represent ambient conditions, and the
vertical line extending from each red point in the thermochemistry plots (a and c) represents an increase in pressure of one
order of magnitude. In particular, the horizontal distance from the red dot to © = 0 is inversely proportional to the enthalpy
of reaction, and the vertical distance between the red dot and the solid pink line on the electrochemistry plots (b and d) repre-
sents the non-dimensional equilibrium potential. Dimensional thermodynamic parameters on the secondary axes demonstrate
that the axes span a sufficient range of operating conditions and are reaction dependent. Dimensional parameters also show
how reactions cannot cross © = 0 since that would correspond to a switch in sign of AHY,,, a quantity fixed by the reaction
(assuming ACp,;xn = 0). Temperature and pressure enable facile movement in thermodynamic space for ammonia synthesis,

whereas voltage is necessary to drive water splitting.

in addition to temperature, either voltage or pres-
sure is being used to drive the reaction, not both
simultaneously, which results in either II = 0 or
W = 0, respectively.

As depicted, in these axes a change in pressure or
voltage corresponds to a vertical movement relative
to the reaction point and an increase (decrease) in T’
corresponds to a movement toward (away from) the
point (0,II — o) (Figure , Supplemental Deriva-
tion S6). These new, composite axes allow for the
direct comparison of chemical reactions since all re-
actions have the same K contours, with each reac-
tion at ambient conditions represented by a single
point,

mbien 1
(Ia y)?xnb ont = (m, _J> (8)
_ A‘E[?xn _ AS?xn
- \RT°log, 10" Rlog, 10/’

where T9 = 298.15 K. For each reaction point at
ambient conditions, the distance from the reaction
point to = 0 is proportional to AHY,_, the dis-
tance to y = 0 is proportional to ASY , and the
distance to the solid black line (K = 1, given by
y = —x) is proportional to the dimensional equi-
librium potential of the reaction (Figure [fp, Sup-

plemental Derivation S7).
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Figure 5: Redefined axes such that all reactions have the same equilibrium K contours. A contour corresponding to K =1 is
indicated with a diagonal black line (y = —z). The filled red diamonds represent example reaction points at ambient conditions
given by equation An increase in either pressure (IT) or voltage (V) is a vertical movement on these axes (a, new reaction
point given by blue square) and an increase in temperature (©) is a movement towards the point (0,11 — o) (a, new reaction
point given by blue circle, movement along the line connecting to the empty blue diamond). As shown, the z-coordinate of
each point is proportional to AH?_ , the y-coordinate of each point is proportional to ASY_ , and the vertical distance from

each point to the solid black line (K = 1, given by y = —x) is proportional to the dimensional equilibrium potential of the

reaction (b). Further details in Supplemental Derivations S6 and S7.

When multiple reactions are plotted on these
axes, a clear divide appears between those that are
conventionally driven thermochemically versus elec-
trochemically (Figure @ Reactions to the left of
the K = 1line (y = —z) are already thermodynam-
ically favorable at ambient conditions. Any adjust-
ment to the reaction conditions (e.g., an increase
in temperature to improve kinetics) must keep the
reaction as far left as possible to maintain thermo-
dynamic favorability. If the reaction point is near
or to the right of the K = 1 line (y = —z), then
pressure or temperature can practically cross the
equilibrium contours only if the reaction point is
within a reasonable distance to the K = 1 line.
In particular, to use pressure to drive conversion,
the vertical distance from the reaction point to the
line y = —z must be within a couple of orders of
magnitude of pressure (a version of Figure |§| with
pressure effects depicted for each reaction is shown
in Supplemental Derivation S6).

If the reaction point lies to the right of the
K =1 line (y = —=x), then the reaction can be
driven to quantifiable conversion using just tem-
perature when the horizontal distance from the re-
action point to y = —x is sufficiently small and
the reaction point does not lie in the top-right
quadrant; in that quadrant, the AH?, and ASY
conspire to make the K = 1 contour unreach-
able with temperature. The horizontal distance to

y = —x is quantified by the temperature, T°1, when
K(P = 1bar,T = T°) = 1, namely when T°4 =
AHS  /ASY . Due to physical practicalities, the
operating temperature should be within a factor of
ca. 5 of the ambient temperature (~ 1500 K, a
choice which is further discussed in Supplemental
Derivation S8)33. Mathematically, this translates
to T4/ Tmbient — 1 / (g@ambient) < 5 For a reac-
tion point given by (x,y)31Pient on these axes, the
reaction can practically be driven by temperature
alone when 1/ (U@ambiem) = —z/y < 5, approxi-
mately (green shading on Figure [6]).

Voltage, however, is particularly well suited to
drive chemical reactions that are far from the K =1
line since even large values of ¥/© generally cor-
respond to voltages of order 1 V (Supplemental
Derivation S4). Thus, this visualization quanti-
tatively supports our intuition, namely that reac-
tions with large, positive values of AHY  (highly
endothermic) are generally better driven by volt-
age. In particular, reactions which require large
excursions on these non-dimensional axes can gen-
erally only be done electrochemically (Figure @,
blue points). Those requiring small excursions on
these axes can generally be done either electro-
chemically or thermochemically, and these reac-
tions often are driven with temperature and pres-
sure due to industrial expertise and convenience
(Figure [6] pink points). For reactions that could
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color denoting whether the reaction is typically conducted thermochemically (pink) or electrochemically (blue). Each reaction
point is such that (z,y)2™Pient o (AH? ,—ASY.) and can be interpreted as described in Figure (addition of vertical
lines representing the effect of pressure analogous to that in Figure [4] and secondary z-axis in terms of © in Supplemental
Derivation S7). The green shading indicates the area where an elevated temperature of less than ~ 1500 K can reach K =
1, and a quantitative visual divide based on reaction enthalpies and entropies distringuishes between reactions driven with
electrochemistry versus those driven with thermochemistry. Note that the stoichiometry depicted in the legend is for readability;
all reactions have been scaled to have the same number of electrons for best comparison (Supplemental Derivation S7). To be
consistent, chemical formulas were used for all species in the legend, but the following formulas are not unique and refer to

the specified chemical: C3HgO (propanal), C2H4O (ethylene oxide), C3Hg (propene), CsHg (benzene;, C3H3N (acrylonitrile),
and CgHgN2 (adiponitrile). Raw thermodynamic data given in Supplemental Data S1 and S2 .

be driven either thermochemically or electrochem-
ically, reaction-specific properties such as kinetics
and selectivity must be taken into account when
choosing a driving force, as well.

Beyond the influence of temperature, pressure,
and voltage on the chemical equilibrium, system de-
sign choices can also shift the reaction equilibrium.
For example, removal of products from the reactor
can shift the equilibrium away from reactants (Le
Chatelier’s principle). Multi-step chemical looping
strategies can operate at lower temperatures, which
is leveraged in solar thermal water splitting and so-
lar thermal carbon dioxide reduction to drive these
reactions at temperatures less than 1500 K. These
multi-step reactions are outside the scope of our
present analysis, but it can be extended to under-
stand these systems as well (Supplemental Deriva-
tion S8)®738 Note that throughout our analysis
we restrict ourselves to redox reactions for synthe-
sizing chemicals and do not address reactions where
energy is extracted (e.g., via a combustion engine
or a fuel cell).

On these proposed axes (Figure , the thermo-
dynamic equilibrium conversion at ambient condi-
tions is readily determined for any reaction by gen-
erating a single point (x,y). Unlike binary descrip-

tors for a chemical reaction such as endo- vs. exo-
thermic or sign of AG,xn (Supplemental Deriva-
tion S9), the points representing each reaction can
be easily shifted to account for non-ambient con-
ditions (e.g., operating conditions). Additionally,
these points inherently encompass multiple discrim-
inating properties of a chemical reaction. First, we
can use these points to determine if temperature or
pressure can individually drive a reaction to high
conversion via the z and y values (see Supplemen-
tal Derivation S6 for more details). Second, we can
determine if, at practical operating conditions (e.g.,
elevated temperatures), other driving forces such as
pressure can result in high equilibrium conversion.
Last, we can visually discriminate when voltage is
necessary for high conversion, recognizing that for
cases where temperature, pressure, or voltage all
exhibit high fidelity as driving forces for a chemical
reaction, significant practical maturity in the use
of temperature and pressure as driving forces for
a wide range of chemical reactions may favor their
usage.

In addition to allowing direct comparison of
chemical reactions, these axes also enable facile ad-
dition and subtraction of reactions. For example,
both water splitting (blue diamond) and ammonia

log;p K



synthesis (pink diamond) are represented, but the
sum of these two reactions, converting water and
nitrogen to ammonia and oxygen, is also shown
(blue circle) and has (x, y) coordinates that are sim-
ply the sum of the two individual reaction points
(Figure [6). This is a manifestation of Hess’s Law,
namely that the total enthalpy change for a reac-
tion given by multiple steps is the sum of all en-
thalpy changes of the individual steps. Combining
reactions on these axes to generate new reactions is
therefore simple and enables quick visual analysis
of how multiple reactions can work together from
a thermodynamic perspective. This additive prop-
erty of these axes makes it clear why using water
as a source of hydrogen or oxygen can be difficult
with pressure and temperature but is feasible with
voltage as a driving force; since the water splitting
point is so far from the vertical axis (very endother-
mic), the specific reaction where we want to replace
hydrogen or oxygen would need to be equally far on
the opposite side of = 0 to be thermochemically
feasible using water as a reactant.

Conclusions

Beginning with the question: “why should
a given chemical reaction be driven preferen-
tially with temperature (thermal energy), pres-
sure (mechanical energy), or voltage (electrical en-
ergy)?” we developed a non-dimensional, reaction-
independent expression for chemical equilibrium as
a function of thermodynamic driving forces. We
then analyzed the thermodynamics for multiple in-
dustrial and lab-scale chemical reactions that rely
on different combinations of temperature, pressure,
and voltage as driving forces and compared them
visually on the same axes, finding a clear discrimi-
nation between electrochemically and thermochem-
ically driven reactions. Converting from tempera-
ture, pressure, and voltage to heat and work fluxes
reveals that our analysis has a strong physical basis
in work and energy exchanges.

The universal equation and facile visualization
of chemical reactions provide both a quantitative
framework for comparing thermodynamic driving
forces as well as an intuitive platform for comparing
multiple reactions. However, chemical reaction con-
ditions are often dictated by more than just thermo-
dynamics and require knowledge of kinetics, selec-
tivity, costs, and associated unit operations, such
as those involved in separations. Other parame-
ters such as reactant availability, the possibility of
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modular and distributed manufacturing, and safety
are also necessary considerations. Thus, the deci-
sion between using traditional heat and mechanical
work to drive a reaction versus using electricity in
reality depends on much more than the thermody-
namics. However, academic and industrial research
on chemical reactions often begins long before esti-
mates of practical operating parameters are avail-
able. The quantitative thermodynamic framework
presented here allows comparison of candidate reac-
tions and driving forces at the early stages of devel-
oping new reactions and processes, before a process
is sufficiently mature to inform detailed technoeco-
nomic and safety analyses.

Methods

Resource Availability
Lead Contact

Further information and requests for resources
and materials should be directed to and will be ful-
filled by the Lead Contact, Karthish Manthiram
(karthish@mit.edu).

Materials Availability
This study did not generate new unique materi-
als.

Data and code availability

The code generated during
study are available at Zenodo
https://doi.org/10.5281/zenodo.4314075.

this
via

Thermodynamic data was taken from NIST"Z,
the Dortmund Data Bank®% Lange’s Handbook
of Chemistry®, and group additivity theory via
RMGBS depending on availability, with the most
recent data point used if multiple data points were
provided (raw data provided in Supplemental Ta-
ble S1). Derivations for all analytical thermo-
dynamic expressions shown in the main text are
provided in the Supplemental Derivations S6 and
S7. Starting with the expression for an equilib-
rium constant (equation , we derived an expres-
sion that explicitly included the dependence on spe-
cific driving forces of interest (pressure, tempera-
ture, and voltage). This expression was then non-
dimensionalized in preparation for better compari-
son and visualization. Energy and work exchanges
were calculated by conducting energy and entropy
balances. Analysis and visualization of all data was
performed using Python and matplotlib.
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