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ELECTROCHEMISTRY

Covalent organic frameworks
comprising cobalt porphyrins for
catalytic CO2 reduction in water
Song Lin,1,2* Christian S. Diercks,1,3* Yue-Biao Zhang,1,3,4* Nikolay Kornienko,1

Eva M. Nichols,1,2 Yingbo Zhao,1 Aubrey R. Paris,1 Dohyung Kim,5 Peidong Yang,1,3,5,6

Omar M. Yaghi,1,3,6,7† Christopher J. Chang1,2,8,9†

Conversion of carbon dioxide (CO2) to carbon monoxide (CO) and other value-added
carbon products is an important challenge for clean energy research. Here we report
modular optimization of covalent organic frameworks (COFs), in which the building units
are cobalt porphyrin catalysts linked by organic struts through imine bonds, to prepare a
catalytic material for aqueous electrochemical reduction of CO2 to CO. The catalysts
exhibit high Faradaic efficiency (90%) and turnover numbers (up to 290,000, with initial
turnover frequency of 9400 hour−1) at pH 7 with an overpotential of –0.55 volts, equivalent
to a 26-fold improvement in activity compared with the molecular cobalt complex, with no
degradation over 24 hours. X-ray absorption data reveal the influence of the COF
environment on the electronic structure of the catalytic cobalt centers.

G
lobal energy demands and climate change
underpin broad interest in the sustainable
reductive transformation of carbon diox-
ide (CO2) to value-added carbon products
such as carbon monoxide (CO) (1, 2). Elec-

trolytic approaches benefit from using water as
the reaction medium, as it is a cheap, abundant,
and environmentally benign solvent that facili-
tates proton and electron transfer (3, 4). How-
ever, the competitive and often kinetically favored
off-pathway reduction of water itself to hydrogen

must be avoided. In this context, molecular cata-
lysts for electrochemical CO2 conversions can be
systematically tuned to achieve high activity and
selectivity over proton reduction (5–13), but they
typically require organicmedia to achieve optimal
selectivity and/or stability, often to maximize sol-
ubility and minimize water- or proton-induced
catalyst degradation and/or hydrogen produc-
tion. In contrast, heterogeneous catalysts are
often stable in water, but optimizing their activity
through structural changes at a molecular level
remains a substantial challenge (14–19). Against
this backdrop, we sought to investigate crystal-
line porous frameworks—specifically, covalent
organic frameworks (COFs) (20–22)—as tunable
materials for electrocatalysis. We reasoned that
such materials could potentially combine advan-
tages of both molecular and heterogeneous cat-
alysts: (i) Construction with molecular building
blocks would enable precise manipulation of the
spatial arrangement of catalytic centers within
the predetermined COF structure (23); (ii) the
frameworks could be expanded and functional-
ized without changing the underlying topology
of the structure (24, 25); and (iii) the conserved
pore environment around the active sites within

the COF could be tuned electronically and steri-
cally (26) while providing ready access for the
substrate (27–32) (Fig. 1). Moreover, these crys-
talline porous frameworks offer the possibility to
perform multivariate synthesis, in which topo-
logically identical and yet functionally modified
building blocks can be introduced into the struc-
ture. This approach can potentially give rise to
materials with emergent properties that are
greater than the sum of the individual molecular
parts, because one can predictably prepare a
topologically ordered framework yet introduce
heterogeneity in the number and ratio of func-
tionalities by the choice of building blocks (33).
Here we show that incorporation of catalytic
cobalt porphyrin (34) units into COFs, along
withmultivariate synthesis of frameworks bearing
catalytic cobalt and structural copper units, gives
highly active, stable, and selective catalysts for
electrochemical reduction of carbon dioxide to
carbonmonoxide inwater. Amember of the COF
series that we studied exhibits a 26-fold increase
in activity compared with the parent molecular
precursor and, in many respects, outperforms
state-of-the-art molecular and solid-state catalysts,
with broad opportunities for further improve-
ment through modular synthesis using appro-
priate combinations of building units. X-ray
absorption measurements reveal that the COF
framework can directly influence the electronic
structure of the catalytic cobalt centers, in a man-
ner akin to redox noninnocent ligand behavior
observed in molecular systems (35), thereby con-
tributing to the observed gains in reaction se-
lectivity and activity beyond the steric effects of
surface area and site isolation.
We focused our initial electrocatalysis studies

on COFs, as we sought to exploit the charge-
carriermobility of thesematerials derived from p
conjugation and p-p stacking (22, 36–38), as well
as the stability from reticular assemblywith strong
covalent bonds.We synthesized amodel framework
(COF-366-Co) by the imine condensation of 5,10,
15,20-tetrakis(4-aminophenyl)porphinato]cobalt
[Co(TAP)]with 1,4-benzenedicarboxaldehyde (BDA)
(Fig. 1). The porous COF material was evacuated
by activation with supercritical carbon dioxide
and heating to 100°C for 18 hours. The re-
tention of cobalt in the coordinating porphyrin
units within the framework was confirmed by
elemental analysis (supplementarymaterials sec-
tion S1.1), thermogravimetric analysis (fig. S1), and
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solid-state ultraviolet-visible (UV-Vis) spectros-
copy (fig. S3). The formation of the imine link-
ages in the COF was confirmed by attenuated
total reflectance–Fourier transform infrared spec-
troscopy, which showed the characteristic imine
stretching vibration band at 1621 cm−1, as well
as the absence of the aldehyde stretching vibra-
tion band at 1684 cm−1 (fig. S10). The morphol-
ogies of the activated COF samples were examined
by scanning electron microscopy (SEM), which
showed aggregation of only one kind of crystal-
lite of rectangular rod-shapedmorphology (~50nm
in length) (Fig. 2A). Powder x-ray diffraction
(PXRD) patterns (Fig. 2B) showed intense peaks
in the expected low-angle range, with no residual
peaks characteristic of the starting materials. To
elucidate the constitution of the framework, we
used Materials Studio 7.0 to build a structural
model (Fig. 1) in an orthorhombic Cmmm space
group to allow the lattice distortion from regular
square nets. Pawley refinements of the PXRD
patterns were carried out for full profile fitting
against the proposed models, resulting in a good
agreement factor (weighted-profile R factor Rwp =
2.59% and unweighted-profileR factorRp = 1.38%
after convergence) and reasonable profile differences.
These refinements revealed one-dimensional (1D)
channels, 21 Å in width, running along the c axis,
with a distance of 4.4 Å between the stacking 2D
sheets. The porosity and specific surface areawere

determined using nitrogen adsorption isotherms at
77 K (Fig. 2C). The Brunauer-Emmett-Teller (BET)
surface area was determined to be 1360 m2/g.
Density functional theory (DFT) fitting of the
adsorption branches showed relatively narrow
pore size distributions (10 to 18 Å), in agreement
with that of the proposed model.
For electrochemical experiments, the activated

microcrystalline COF powders were deposited on
porous, conductive carbon fabric. Cyclic voltam-
metry (CV) measurements on COF-366-Co were
conducted in pH 7 aqueous phosphate buffer
(Fig. 3A). Under a nitrogen atmosphere, the
voltammogram trace shows a departure from the
electrode background at about –0.45 V versus a
reversible hydrogen electrode (RHE). A broad re-
duction wave, which was assigned to the Co(II)/
Co(I) redox couple, is also apparent at about–0.67V.
The surface concentration of electrochemically ac-
tive cobalt porphyrin sites wasmeasured by integra-
tion of the reduction wave to be 1 × 10−8 mol/cm2,
corresponding to activity at 4% of the cobalt por-
phyrin sites in the material. The observed contin-
uous current increase at potentials more negative
than –0.67 V likely arises from Co(I)-catalyzed pro-
ton reduction activity (39). After the solution was
saturated with carbon dioxide, a substantial cur-
rent enhancementwas observed [catalytic current/
noncatalytic current ratio (icat/ip) = 1.8 at –0.67 V]
(40), with a catalytic onset potential at –0.42 V,

indicating a prominent catalytic effect of COF-366-
Co on the reduction of carbon dioxide in neutral
aqueous solution. In contrast, the carbon fabric
electrode alone showed minimal current enhance-
ment under a carbon dioxide or nitrogen atmo-
sphere (fig. S56).
In controlled potential electrolyses performed

in carbon dioxide–saturated aqueous bicarbonate
buffer (pH = 7.3) under applied potentials be-
tween –0.57 and –0.97 V (versus RHE), carbon
monoxide was observed as the major reduction
product (Fig. 3B), with no other detectable carbon-
based products. At –0.67 V, which represents an
overpotential of –0.55 V, the catalyst displayed
optimal performance (figs. S63 and S64). More
positive potentials led to sluggish carbon dioxide
reactivity, whereas more negative potentials pro-
moted off-pathway water reduction. At –0.67 V,
COF-366-Co promoted carbon monoxide evolu-
tion at an initial current density of 5 mA per mil-
ligram of catalyst (~80 mA per milligram of
cobalt), with high selectivity over competing
proton reduction [Faradaic efficiency for carbon
monoxide (FECO) = 90%]. Catalytic cobalt por-
phyrin centers in the COF showed greater than
10% enhancement in carbon dioxide to proton
selectivity over themolecular cobalt porphyrin unit
alone (Fig. 3B). The catalytic activity of the COF
could be maintained for 24 hours, accumulating
more than 36 ml of carbon monoxide [standard
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Fig. 1. Design and synthesis of
metalloporphyrin-derived 2D
covalent organic frameworks.
The space-filling structural
models of COF-366-M and
COF-367-M were obtained using
Materials Studio 7.0 and
refined with experimental
PXRD data.
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temperature and pressure (STP), equivalent to
1.6mmol] permilligram of COF. This corresponds
to a turnover number (TON) of 1352 [TON per
electroactive cobalt based on the measurements
described above (TONEA)≈ 34,000],with an initial
turnover frequency (TOF) of 98 hour−1 [TOF per
electroactive cobalt (TOFEA) ≈ 2500]. This result
represents a substantial improvement over the
molecular Co(TAP), which showed an initial TOF
of 36 hour−1 (TOFEA ≈ 360) and a TON of 794
(TONEA ≈ 8300) after 24 hours of reaction [sur-
face coverage of electroactive sites on a Co(TAP)-
modified electrode constitutes ~10% of the total
cobalt]. PXRD (fig. S73) and SEM (fig. S74) mea-
surements on the COF catalyst after electrolysis
showed neither marked changes in crystallinity
and microscopic morphology nor evidence of co-
balt nanoparticle formation. By incorporating
this molecular unit into a COF scaffold, the re-
sulting hybrid catalyst could be recovered from
the electrolysis mixture and reused at least five
times without decrease in activity and selectivity
(table S8). Control experiments with COFs contain-
ing either free-base or copper-metallated porphy-
rin units, a physical mixture of independently
synthesized cobalt nanoparticles (fig. S75) and
COF, and Co3O4 and related cobalt salts that
could be formed as impurities during COF syn-
thesis did not produce appreciable carbon dioxide
reduction (fig. S76).
To optimize this carbon dioxide catalyst plat-

formbyamodular reticular approach,weprepared
the expanded COF-367-Co analog using biphenyl-

4,4′-dicarboxaldehyde (BPDA) as the strut in place
of BDA (Fig. 1). We reasoned that a larger pore
size would allow for higher capacity of carbon
dioxide adsorption inside the framework, as well
as higher electrochemical and chemical accessi-
bility of the catalytic cobalt porphyrin active sites.
COF-367-Co was obtained as a dark purple pow-
der comprising rectangular rod-shaped crystal-
lite aggregates (~100 nm in length) (Fig. 2D). The
structural model based on PXRD data and DFT
fitting indicated that the constitution and topol-
ogy of COF-367-Co is analogous to that of COF-
366-Co, with the former showing an increased
channel width (24 Å) and interlayer distance
(4.8 Å) (Fig. 2E). The BET surface area was de-
termined by nitrogen adsorption isotherm (Fig.
2F) as 1470 m2/g, and pore size distribution was
consistent with the model (12 to 23 Å). Cyclic
voltammetry studies with COF-367-Co on a car-
bon fabric electrode in bicarbonate buffer in-
dicated that this extended organic framework
exhibits an improved surface concentration (2 ×
10−9 mol/cm2) of electroactive cobalt porphyrin
sites over COF-366-Co, which corresponds to ac-
cessibility of 8% of the cobalt sites in the bulk
material. When the solution was saturated with
CO2, a catalytic current was evident with an on-
set potential at –0.40 V and a 2.2-fold enhance-
ment at –0.67 V, indicating a prominent effect of
COF-367-Co in the catalysis of CO2 reduction at
these potentials (Fig. 3A). As predicted, electrol-
ysis under the same conditions described above
revealed that this expanded COF displays im-

proved catalytic efficiency as compared with
COF-366-Co. At an applied potential of –0.67 V,
COF-367-Co producedmore than 100ml of carbon
monoxide (STP, equivalent to 4.5 mmol) per mil-
ligram of COF during a 24-hour period (TON =
3901, TONEA ≈ 48,000), with high Faradaic effi-
ciency (91%). The increased TONEA over COF-366-
Co indicated that lattice expansion allowed for
more efficient exposure of the electroactive sites
to the reactants.
In addition to framework expansion, we also

sought to optimize catalyst performance by intro-
ducing building-block heterogeneity through a
multivariate strategy (33), as we hypothesized
that not all electroactive cobalt porphyrin sites in
the material fully participated in electrocatalysis,
owing to the low aqueous solubility of carbon
dioxide. Specifically, we reasoned that using iso-
structural metalloporphyrin units that are cata-
lytically inactive for carbon dioxide reduction
(fig. S76) to dilute electroactive cobalt porphyrin
active sites within the extended lattice could in-
crease the proportion of the active sites exposed
to the reactant and thereby improve the turnover
frequency on a per-cobalt basis. Copper porphy-
rin was chosen for this study, as the correspond-
ing COF-367-Cu had the highest surface area
among all analogous COF-367-M (M=Ni, Zn,H2)
synthesized. The resulting bimetallic COF-367
derivatives, termed COF-367-Co(10%) and COF-
367-Co(1%), were prepared; the numbers in the
parentheses indicate the proportion of cobalt in
all metal sites (Fig. 1). Inductively coupled plasma
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Fig. 2. Structural characterization of COF-366-Co
and COF-367-Co. (A) SEM image of COF-366-Co. (B) Experimental (red line) and simulated (blue line) PXRD patterns of COF-366-Co. a.u., arbitrary units.
(C) Nitrogen adsorption isotherm for COF-366-Co. P, pressure of the system; P0, saturation pressure. (D) SEM image of COF-367-Co. (E) Experimental (red
line) and simulated (blue line) PXRD patterns of COF-367-Co. (F) Nitrogen adsorption isotherm for COF-367-Co.
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(ICP) analyses confirmed that the final chemical
composition of the COFs obtained reflected the
initial ratio of the two metalloporphyrin start-
ing materials that we used (supplementary ma-
terials section S1.1). The TOF per electroactive
cobalt site for carbon monoxide production in
these multivariate Co/Cu COF-367 catalysts
showed a substantial improvement with each
10-fold dilution of cobalt loading. The average

TOF per active cobalt for the first 4 hours of
reaction was measured as follows: COF-367-Co,
165 hour–1 (TOFEA ≈ 1900); COF-367-Co(10%),
360 hour–1 (TOFEA ≈ 4400); and COF-367-Co(1%),
764 hour–1 (TOFEA ≈ 9400) (Fig. 3C). The TOFEA
values were roughly estimated, assuming that all
three frameworks had comparable percentages
of electroactive sites (8%). Although the low
cobalt concentration in COF-367-Co(10%) and

COF-367-Co(1%) hampered the accurate deter-
mination of the surface concentration of elec-
trochemically accessible cobalt sites by CV, the
bimetallic frameworks had nearly identical pore
sizes, interlayer distances, and surface areas to
the parent COF-367-Co on the basis of PXRD
and nitrogen adsorptionmeasurements (figs. S25
and S32 to S43), which suggests that such an
assumptionmay be valid. Owing to themoderate
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Fig. 3. Electrochemical and spectroelectro-
chemical characterizations and carbon dioxide
reduction performance of the COFs. (A) Cyclic
voltammograms of COF-366-Co and COF-367-Co
in carbon dioxide–saturatedmedium (blue and red
solid lines, respectively) or nitrogen-saturated me-
dium (blue and red dotted lines, respectively).The
black solid line shows background (bare carbon
electrode)CVresponses in carbon dioxide–saturated
medium. The medium was pH 7.2 aqueous po-
tassium phosphate buffer (0.2 M) with additives:
0.5 M KHCO3 under carbon dioxide atmosphere to
maintain a neutral pH, or 0.5 M NaClO4 under nitro-
gen atmosphere to match the ionic strength. (B)
Long-term bulk electrolyses at –0.67 V (versus RHE), showing the volume of
carbon monoxide produced by COF-367-Co (red solid triangles), COF-366-Co
(blue solid circles), or Co(TAP) (black solid squares) and the volume of hy-
drogen produced byCOF-367-Co (red open triangles), COF-366-Co (blue open
circles), or Co(TAP) (black open squares). (C) Bulk electrolyses of bimetallic
COFs at –0.67 V (versus RHE), showing TON of carbon monoxide production
by COF-367-Co(1%) (red solid triangles), COF-367-Co(10%) (blue solid circles),
COF-367-Co (orange solid squares), or COF-367-Cu (purple solid inverted tri-
angle; TON with respect to the amount of copper porphyrin). Two separate ex-
perimental runs were conducted for each time point, with the line showing the
averageof themeasurements. (D) Long-termbulkelectrolysis ofCOF-367-Co(1%)
at –0.67 V (versus RHE). (E) Tafel plots of electrolysis using COF-367-Co (red
solid circles), COF-366-Co (blue solid triangles), or Co(TAP) (black solid

diamonds), showing only the linear, low–current density regime where the re-
action rate is not limitedbymass transport. (F) X-rayabsorption spectra ofCOF-
367-Co (orange line), COF-367-Co(10%) (blue line), and Co(TAP) (black line).
The inset shows the pre-edge regime of the same spectra. (G) Spectroelec-
trochemical data using in situ UV-Vis, showing the steady-state relative absorb-
ance at different applied potentials (0.23 to–0.57VversusRHE)with reference to
that at 0.33V. (H) Time dependence of the relativeUV-Vis absorbance at 640-nm
wavelength at –0.57 V, with respect to the steady-state UV-Vis absorbance at
640 nm at 0.33 V. Potential is applied at 4 s. Linear regression yielded the
apparent diffusion coefficient (Dapp) according to a modified Cottrell equation:

DAbsorption ¼ 2AmaxD
1=2
appt

1=2

dp1=2 (fig. S81) (47).Here,Amax is themaximumabsorption

of the thin films at 640 nm, d is the overall thickness of the thin films, and t is time.
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proton reduction ability of the copper porphyrin
sites in the hybrid organic framework, the TOF
increased as the Co/Cu ratio decreased, at the
expense of Faradaic efficiency for carbon mon-
oxideproduction [FECO=70% forCOF-367-Co(10%)
and 40% for COF-367-Co(1%)]. In a long-term
electrolysis experiment (Fig. 3D), COF-367-Co
(1%) displayed a TON of > 24,000 (TONEA ≈
296,000), which indicates that it is one of the
most efficient electrochemical carbon dioxide
reduction catalysts reported to date (3, 4). The
observed activity enhancements for the bime-
tallic COFs are due to their multivariate nature;
indeed, the analogous physical mixture of COF-
367-Co and COF-367-Cu in a 1:9 ratio produced
far less carbon dioxide reduction activity com-
pared with COF-367-Co(10%) (table S17).
In addition to challenges posed by the low

aqueous solubility and limited diffusion of CO2

within the COF, only a small portion (4 to 8%) of
the cobalt centers in the COF material deposited
in this manner proved to be electroactive, presum-
ably because of the limited electrochemical con-
tact between the COF powder and the electrode
(41). As such, we explored the possibility of grow-
ing COF directly onto the surface of an electrode
substrate in the formof oriented thin films (42–44).
Layers of COF sheets could be successfully syn-
thesized directly on glassy carbon, fluorine-doped
tinoxide (FTO), andsiliconoxide.Grazing-incidence
wide-angle x-ray scattering (GIWAXS) patterns
showed the formation of highly crystalline COF
thin films (figs. S48 to S51) (45). With the use of
ICP, the concentration of COF on the substrate
surface was determined to be 1.3 × 10−5 mmol Co
per square centimeter, corresponding to a thick-
ness of ~350 nm,which is consistent with images
obtained by cross-sectional SEM (figs. S54 and
S55). The charge transport through the COF-366-
Co thin films was characterized using spectro-
electrochemistry. Under an applied potential
more negative than –0.37 V in nitrogen- or car-
bon dioxide–saturated pH 7 aqueous buffer, the
UV-Vis spectrum of the FTO-supported COF
underwent changes attributable to Co(II)/Co(I)
reduction (Fig. 3G and figs. S78 to S82). Using
the steady-state spectroscopic response to the
reduction potentials in combination with the
Nernst equation, the redox potential (E1/2) could
be estimated to be more negative than –0.52 V
(fig. S83), in agreement with the CV measure-
ments (E1/2≈ –0.67 V) (46). The time-dependence
of the UV-Vis response of a COF-coated FTO
electrode to an applied potential of –0.57 V was
studied in a CO2-saturated KHCO3 solution (Fig.
3G), and a fit of the data to a modified Cottrell
equation afforded an apparent diffusion coeffi-
cient of 2 × 10−12 cm2/s (fig. S81), a value substan-
tially higher than that obtained with analogous
metal-organic framework (MOF) thin films bear-
ing cobalt porphyrin units (47). Using the silicon
oxide–hosted sample, wemeasured the direct cur-
rent conductivity of COF-366-Co to be ~10−6 S/cm,
which is also higher than that of theMOF (figs. S84
and S85). In addition to a presumably increased
portion of electroactive cobalt sites, the favorable
charge-transport properties led to a higher cata-

lytic efficiency. Under the same electrolysis con-
ditions, COF-366-Co thin films on glassy carbon
exhibited a TOF of 665 hour−1, a value seven times
as high as that of the same material deposited
on a carbon fabric, with a high current density of
45 mA/mg and a Faradaic efficiency of 86%.
Electrokinetics experiments indicated that cova-

lently linking cobalt porphyrin active sites within
a COF influences the mechanistic pathways for
carbon dioxide reduction. For the systems em-
ploying COF-366-Co, COF-367-Co, and COF-367-
Co(10%), Tafel plots of the logarithm of current
density [log(jCO)] versus the overpotential (h)
display comparable slopes between 470 and
550 mV/dec (where 1 dec is one order of mag-
nitude) in the linear, lower–current density regime
(–0.57 to –0.87 V). This result differs considerably
fromwhat is observed for the molecular Co(TAP)
analog (270mV/dec) (Fig. 3E and figs. S65 to S68).
This difference suggests that, when embedded in
a structurally and electronically extended frame-
work, cobalt porphyrin catalyzes carbon dioxide
reduction by a different mechanism than that
which pertains with the simple molecular an-
alog. In addition, both the COF and Co(TAP)
catalysts showed a first-order rate dependence
on the partial pressure of carbon dioxide (fig.
S87) and no rate dependence on the pH (figs. S88
and S89), indicating that the rate-limiting chem-
ical step involves the participation of one mole-
cule of carbon dioxide and no proton.
Finally, we applied x-ray absorption spectros-

copy (XAS) as a probe to evaluate how the sur-
rounding COF influenced the electronic structures
of incorporated catalytic cobalt porphyrin units
and, in turn, the associated carbon dioxide re-
duction mechanism (48, 49). Comparison of the
cobalt K-edge XAS spectra of Co(TAP), COF-367-
Co, and COF-367-Co(10%) (Fig. 3F) reveals a sim-
ilar line size, shape, and position, consistent with
a formal Co(II) oxidation state for all samples.
When a reduction potential (–0.67 V) was applied
to COF-367-Co under a carbon dioxide atmo-
sphere, the K-edge revealed a line-shape change
consistent with the partial reduction of Co(II)
to Co(I) (fig. S96). The two COF catalysts also
exhibited an additional pre-edge feature not
present in the molecular Co(TAP) analog (Fig.
3F, inset); this difference shows that the COF
environment could directly modulate the elec-
tronic properties of molecular centers coupled
into the extended lattice (50, 51). This feature,
unique to the COFs, was also observed when the
catalysts were subjected to open-circuit or elec-
trolysis (–0.67 V) potentials in a bicarbonate
buffer (figs. S92 to S95). The communication
between the metal and COF lattice could furnish
a cobalt center with a more delocalized electronic
structure, a network-solid analog to noninnocent
ligand behavior in molecular systems (35).
Incorporating tunable molecular units within

an extended COF thus gives rise to electrocata-
lysts that display advantageous features of both
molecular andheterogeneous systemsandpromote
carbon dioxide reduction to carbon monoxide
with exceptionally high activity and selectivity
compared with existing systems (table S21). We

anticipate that these hybrid molecular-material
platforms will be applicable to a broad range of
catalytic applications, particularly those that re-
quire sustainable electrical and/or solar input
and aqueous compatibility.
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GEOPHYSICS

Stress orientations in subduction
zones and the strength of subduction
megathrust faults
Jeanne L. Hardebeck

Subduction zone megathrust faults produce most of the world’s largest earthquakes.
Although the physical properties of these faults are difficult to observe directly, their
frictional strength can be estimated indirectly by constraining the orientations of
the stresses that act on them. A global investigation of stress orientations in subduction
zones finds that the maximum compressive stress axis plunges systematically trenchward,
consistently making an angle of 45° to 60° with respect to the subduction megathrust
fault. These angles indicate that the megathrust fault is not substantially weaker than its
surroundings. Together with several other lines of evidence, this implies that subduction
zone megathrusts are weak faults in a low-stress environment. The deforming outer
accretionary wedge may decouple the stress state along the megathrust from the
constraints of the free surface.

S
ubduction zones pose a considerable hazard
as the main source of great earthquakes
(magnitude ≥8). Relative to other fault
types, subduction zone megathrust faults
may also have unique physical properties,

due to the sediments and fluids that are en-
trained by the subducting oceanic plate (1). The
presence of fluids, particularly at high fluid
pressures, can weaken faults substantially (2).
Direct evidence suggests that subduction zone
megathrust faults slip with low frictional resist-
ance near Earth’s surface (3). The strength of
these faults at seismogenic depths is less clear,
as they can only be studied indirectly.
The orientation of a fault with respect to the

stress field can be an indicator of the fault’s
strength. Faults optimally oriented for frictional
failure make an angle of ~30° to the maximum
compressive stress axis, s1. Nonoptimally ori-
ented faults can also be active, but faults with
typical frictional strength should not slip at a
high angle to s1 (≥60°) (4). Faults operating at
a high angle to s1 must be very weak compared
to the surrounding material to slip at relatively
low applied shear stress. Similarly, faults ori-

ented at a very low angle to s1 (<10°) must also
be weak.
The traction at Earth’s surface is zero, requir-

ing an Andersonian stress state in which one
principal stress axis is vertical (5). Most crustal
faulting is consistent with an Andersonian stress
state (6). The very shallow dip (~10°) of the upper
portion of many subduction zone megathrusts
(7) suggests that, if these faults exist within an
Andersonian stress state, they operate at a high
angle to one principal stress axis (and at a low
angle to the other two) and are therefore fric-
tionally weak. However, observations from some
subduction zone locations indicate that the stress
in these locations is not Andersonian (8–11).
I systematically investigate the stress orien-

tations in subduction zones worldwide, to de-
termine whether the stress state is generally
non-Andersonian and whether megathrust faults
are well-oriented for failure. I compile the mo-
ment tensors (12, 13) of earthquakes located
within 20 km of the subduction zone interface
(7) to represent the megathrust region, and
more shallow events to represent the upper
plate. I stack the events for each subduction
zone to invert for stress orientation (14) as a
one-dimensional function of subduction inter-
face depth. For the several subduction zones

near Japan, there are enough moment tensors
to invert for the two-dimensional spatially vary-
ing stress field as well.
The stress state in the subduction zones near

Japan is generally not Andersonian. The s1 axis
in most megathrust regions plunges systemat-
ically trenchward (opposite the direction of sub-
duction zone dip), generally plunging between
10° and 50° (Fig. 1A). A similar plunge of the
s1 axis is observed within the upper plate above
the Japan Trench, Kuril Trench, and Nankai
Trough (Fig. 1G), whereas back-arc extension
(near-vertical s1) dominates above the Ryukyu
and Izu-Bonin trenches.
Comparing the plunge of the s1 axis in the

megathrust region to the dip of the subduction
interface (7) gives the angle of s1 to themegathrust
fault (Fig. 1B). For the Kuril, Japan, and Izu-Bonin
trenches, thes1 axis is typically at an angle of 20° to
50° to the fault. For the Ryukyu Trench, the s1 axis
makes somewhat larger angles of 30° to 80° to the
fault. In the Nankai Trough, s1 is oriented at 10° to
30° to the fault in the upper 20 km,while at deeper
depths, the s1 axis is near-vertical. The plunge of
the s1 axis is stable with depth (Fig. 1C), except in
the Nankai Trough (Fig. 1D), and the subduction
megathrust is generally well oriented for failure
from the near-surface to at least 60 km depth
(Fig. 1E). The stacked Kuril, Japan, and Izu-
Bonin trenches (the subducting Pacific plate) show
a megathrust fault that is optimally oriented for
failure, at ~30° to s1, over the full depth range.
The megathrust at the Ryukyu Trench is gen-
erally well oriented for failure at <60° down to
30 kmdepth, and ismarginally oriented at ~60°
from 30 km to 60 km depth. The exception is the
Nankai Trough (Fig. 1F), which is well oriented at
~20° to s1 only in the upper 20 km. Below 30 km,
themegathrust is not oriented for reverse faulting
within the error bounds. This suggests that 30 km
is the downward limit of coupling between the
subducting and overriding plates.
For all global subduction zones studied, for al-

most all depths, the s1 axis plunges systematically
trenchward, with plunge generally between 10°
and50° (Fig. 2A). Theplunge tends todecreasewith
depth, while the subduction zone dip increases (7),
so that the angle of s1 to the subduction interface
is remarkably stable with depth (Fig. 2B). This
angle is also remarkably similar across subduction
zones, most falling within the range 45° to 60°.
The Japan and South American subduction

zones are anomalous in being more optimally
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