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Ambient-pressure synthesis of ethylene glycol
catalyzed by C60-buffered Cu/SiO2
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Bulk chemicals such as ethylene glycol (EG) can be industrially synthesized from either ethylene or
syngas, but the latter undergoes a bottleneck reaction and requires high hydrogen pressures. We show
that fullerene (exemplified by C60) can act as an electron buffer for a copper-silica catalyst (Cu/SiO2).
Hydrogenation of dimethyl oxalate over a C60-Cu/SiO2 catalyst at ambient pressure and temperatures
of 180° to 190°C had an EG yield of up to 98 ± 1%. In a kilogram-scale reaction, no deactivation of
the catalyst was seen after 1000 hours. This mild route for the final step toward EG can be combined
with the already-industrialized ambient reaction from syngas to the intermediate of dimethyl oxalate.

E
thylene glycol (EG) is commonly used as
antifreeze and feedstock for polyethylene
terephthalate used in bottles and packag-
ing (1). In contrast to the production of
petroleum-derived EG (2), EG can also be

produced from syngas (CO and, more recently,
CO2 mixed with H2) (3, 4). Direct hydrogena-
tion of syngas toward EG requires high pres-
sure (>100 bar) at 230°C but has a low yield
(theoretically 57% and experimentally <7%)
resulting from thermodynamic limitation of
Gibbs free energy and side reactions (5, 6). Two-
step strategies starting from syngas through
intermediate species such as dimethyl oxalate
(DMO) are suitable for EG production (Fig. 1A
and fig. S1) (7–10). The coupling of CO with
methanol to make DMO has been safely in-
dustrialized with a Pd catalyst approaching its
thermodynamic yield limit at ambient pres-
sure (11–13). However, conversion of DMO to
EG still requires elevated hydrogen (H2) pres-
sure (typically 20 to 30 bar) and temperature
(200°C). High-pressure reactions with H2 com-
pressors present environmental and safety
risks that could be addressed with efficient
catalysts running at near-ambient pressure
conditions (4).
A copper-chromium catalyst was originally

applied in the DMO-to-EG reaction but was
detrimental to human health and the environ-
ment, primarily owing to the toxicity of chro-
mium. In addition, high H2 pressure (30 bar)
was required (14). Alternatively, a copper-silica
(Cu/SiO2) catalyst that selectively hydrogen-

ates the DMO-to-EG reaction may be used
(15–18); however, Cu/SiO2 suffers from insuf-
ficient activity at low pressure as well as poor
stability (7, 9, 14, 17). Efforts have been prima-
rily directed toward promoting the Cu/SiO2

catalyst by adding promoters such as B, Zn,
and Au to tailor the electronic density of Cu
species or enhance metal-support interactions
(16, 19–22). However, these element-modified
catalysts readily deteriorated in structure and
did not performwell at lowH2 pressure (7, 23).
These kinds of elemental promoters increase
the density of electron-deficient copper by ir-
reversibly accepting electrons from copper. In
contrast to elemental promoters, molecular
promoters such as C60 and C70—in addition to
accepting electrons from copper—can also give
electron feedback to the electron-deficient
copper to render useful redox properties during
the catalytic process. Electronic modification
by C60 is practical in photovoltaics, but the
buffering effect of C60 is rarely reported in
catalysis (24, 25).
We used C60 as an electronic buffer to bal-

ance the electronic density of active Cu species
and overcome the restrictions imposed on
conventional Cu catalysts. As shown in Fig. 1,
B and C, the conventional Cu/SiO2 catalyst
without C60 had a low EG yield of 9.6%, but
DMO could be almost completely converted
to EG with a yield of 98 ± 1% with the C60-
buffered Cu/SiO2 catalyst (C60-Cu/SiO2) at
ambient H2 pressure. No substantial limita-
tions in mass and heat transfer were observed
in the reaction system at gauge pressure (the
pressure above outside ambient) of 1 bar that
merely supplies the necessary driving force for
substrate diffusion. The catalytic parameters
are listed in table S1, and the H2 pressure for
the reaction is equal to gauge pressure plus
ambient pressure (the same expression is used
throughout this article). An H2/DMO ratio
greater than a stoichiometry ratio is common-
ly used in industry for a number of purposes,
such as removal of excess heat to facilitate

the exothermal DMO hydrogenation (DG =
–31.07 kJ mol–1). After accelerating the reac-
tion conditions by increasing the weight
liquid hourly space velocity (WLHSV) from
0.6 g(DMO) g(Catalyst)

−1 hour−1 (simplified as
h−1 in the following text) at 1 bar to 8.4 hours−1

at 30 bar, C60-Cu/SiO2 maintained high DMO
conversion and EG selectivity, whereas at the
high WLHSV of 8.4 hours−1, the activity of the
pristine Cu/SiO2 catalyst dropped to only a
trace yield of EG, and the incomplete hydro-
genation product methyl glycolate (MG) was
observed (figs. S2 and S3 and table S2).
Lower hydrogenation pressure increased the

EG selectivity over the C60-Cu/SiO2 catalyst,
which was 96.2% at 30 bar but 98.0% at 1 bar,
and although 20 by-products formed at 30 bar,
only 2 by-products were observed at 1 bar (fig.
S4). The EG yield at 1 bar is close to the equi-
librium limit (98.7%, fig. S5). The apparent
activation barrier Ea of C60-Cu/SiO2 is much
lower than that of Cu-SiO2 by ~54 kJmol–1 (Fig.
1D). The introduction of C60 apparently allows
the Cu catalyst to activate substrates more
efficiently (table S3) (14–19), and by contrast to
thoseworking in high pressures (>20 bar) ofH2

previously reported for the DMO-to-EG proc-
ess, even in homogeneous pathways (26–28).
A scale-up experiment (Fig. 1E and fig. S6)

with 12.0 g of C60-Cu/SiO2was conducted under
typical reaction conditions with H2/DMO =
100 (v/v) and WLHSV = 0.6 hours−1. The ex-
ternalmass diffusion cannot beneglectedunder
ambient pressure as the Mears’ criterion is
>0.15 (table S1). The H2 pressure was thus set
at 3 bar to ensure sufficient substrate diffu-
sion, and as compensation to the pressure, the
H2/DMO ratio was reduced from 200 (v/v) in
the initial microscale experiments to 100 (v/v)
in the scale-up experiment. For the first 32 hours
in the scale-up DMO-to-EG experiment, the
temperature was set at 190°C according to
the microscale test. However, overhydrogen-
ated by-products (ethanol and butanediols)
were produced. The following temperature
was set at 182°C with a fluctuation of ±8°C
to sustain a high EG yield of >98% up to
1000 hours (Fig. 1E). As extrapolated along
the statistics lines of DMO conversion (up to
100%) and EG selectivity (>98%), no decreased
yield was observed even after 1000 hours. The
spent catalyst can be reused and shows almost
no aggregation for the Cu nanoparticles (NPs)
therein (fig. S7).
Transmission electron microscopy (TEM),

scanning transmission electron microscopy-
electron diffraction (STEM-EDX), and line-scan
electron energy loss spectroscopy (EELS) were
used to establish the morphologic structures
of the as-prepared Cu/SiO2 and C60-Cu/SiO2

catalysts, as well as identify distributions of
Cu and C60 in the catalysts (Fig. 2 and figs. S6
and S8 to S10). The samples contained dis-
persed Cu NPs with sizes ranging from 2 to
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Fig. 1. Catalytical performance of Cu/SiO2 and C60-Cu/SiO2 (C60, 10 wt %;
Cu, 20 wt %). (A) Scheme of the two-step approaches for the synthesis
of EG from syngas through DMO hydrogenation. (B) Catalytic performance
of Cu/SiO2 improved by C60 at 1 bar, H2/DMO = 200 (v/v, volume ratio),
temperature 190°C, WLHSV 0.6 h−1. (C) Two-dimensional contour snapshot
of catalytic activity over xC60-yCu-zSiO2 (x + y + z = 1) with different

formulations at 1 bar, H2/DMO = 200 (v/v), temperature 190°C, WLHSV
0.6 h−1. (D) Comparison of activation energy with Cu/SiO2 and C60-Cu/SiO2

catalysts. (E) Stability tests in DMO hydrogenation with C60-Cu/SiO2 (scaled
up to 12.0 g with the C60-Cu/SiO2 catalyst) at 3 bar, H2/DMO = 100 (v/v),
WLHSV 0.6 h−1. Insets: catalyst powder (left), pellets (middle), and EG/
methanol products (right).

Table 1. Catalytical performance of Cu/SiO2 and C60-Cu/SiO2 for hydrogenation. C60 and Cu, 10 and 20 wt %, respectively. P, pressure; T, temperature;
DI, performance improvement by C60 on the basis of the increment of yield.

Entry Substrate Product P/bar T/°C WLHSV/h−1 Catalyst Yield/% Selec./% DI/%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

1 Ethyl acetate Ethanol 1 190 0.60 Cu/SiO2 NIL NIL ∞
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

C60-Cu/SiO2 90.1 100.0
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

2 Diethyl oxalate Ethanol 1 240 0.60 Cu/SiO2 47.7 47.7 80
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

C60-Cu/SiO2 85.9 85.9
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

3 Diethyl malonate 1,3-propanediol 30 190 0.60 Cu/SiO2 8.8 21.4 620
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

C60-Cu/SiO2 63.1 74.2
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

4 Dimethyl succinate butyrolactone 1 230 0.60 Cu/SiO2 53.4 100.0 71
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

C60-Cu/SiO2 91.6 94.9
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

5 Dimethyl maleate butyrolactone 1 240 0.60 Cu/SiO2 72.6 100.0 32
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

C60-Cu/SiO2 95.8 95.8
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

6 Methyl lactate 1,2-propanediol 1 180 0.18 Cu/SiO2 39.0 39.0 113
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

C60-Cu/SiO2 83.2 83.2
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

7 Methyl pyruvate Methyl lactate 1 150 0.18 Cu/SiO2 35.3 67.5 171
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

C60-Cu/SiO2 95.5 95.5
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

8 Methyl pyruvate 1,2-propanediol 1 180 0.18 Cu/SiO2 6.3 8.4 1060
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..

C60-Cu/SiO2 72.7 72.7
. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..
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5 (nm). N2O chemisorption in connectionwith
H2 pulse reduction was adopted to measure
the exposed Cu surface area and dispersion
(table S2). The Cu surface areas of Cu/SiO2

and C60-Cu/SiO2 obtained are similar to each
other (31 versus 34 m2/g), consistent with ob-
servations of similar particle sizes (2.9 versus
3 nm) with TEM.
Thermogravimetric analysis in figs. S11 and

S12 indicated that 90% of the C60 was suc-
cessfully introduced for a loading of 10 wt %

for C60-Cu/SiO2. Enlarged images of the NPs
show C60 molecules anchoring on the surface
of Cu NPs (Fig. 2, B and D, and fig. S9B). To
estimate the distribution of C60 across the cat-
alyst, the derivative of the thermogravimetric
curve (fig. S12) was analyzed and the peak was
deconvoluted at 380° to 540°C, attributed to
C60 on the Cu surface. The data indicate that
most of the C60 is loaded on the Cu surface
(66% for C60-Cu/SiO2 with 10 wt % C60) rather
than on SiO2.

X-ray diffraction patterns (XRD) of C60-Cu/
SiO2 show diffraction peaks that can be as-
signed to C60 at 2q = 10.8°, 17.7°, and 20.8°,
corresponding to the (111), (220), and (311)
planes, respectively. Additionally, the increasing
intensities with progressive addition of C60 are
shown in Fig. 2F and fig. S8 (29). Notably, the
addition of C60 seems to preserve the Cu NPs
surface structure because the physical param-
eters of metallic loading, NP size, pore struc-
ture, and specific surface area did not change

Zheng et al., Science 376, 288–292 (2022) 15 April 2022 3 of 5

Fig. 2. Geometrical and electronic structural characterizations of C60-Cu/
SiO2 (C60, 10 wt %; Cu, 20 wt %). (A) Represented high-resolution TEM image
of C60-Cu/SiO2. Inset: Fast Fourier Transform diffraction pattern of the square
area. 2.133 and 2.088 Å are the lattice distances of Cu2O and Cu species,
respectively. (B) Color snapshot of the square in (A) showing a plausible C60
molecule sitting on a Cu NP. (C) Overlap of Cu and C elemental mapping on an
SiO2 matrix from EDX mapping; distribution of Cu is shown by cyan points and

C species are shown by red points on the SiO2 carrier (white frameworks).
(D) Selected Cu nanoparticle. (E) Line EELS profiles in corresponding lines in (D).
(F) XRD patterns of the C60-Cu/SiO2 catalyst after calcination, reduction, and
hydrogenation reactions. (G) ssNMR of 13C for C60-Cu/SiO2. (H) Fourier-
transformed magnitudes of the experimental Cu k-edge EXAFS spectra.
(I) Normalized Cu k-edge XANES spectra. (J) First derivative of Cu k-edge
XANES spectra over Cu/SiO2, C60-Cu/SiO2, CuO, Cu2O, and Cu foil.
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(table S2). Indeed, C60 is too big to intercalate
into Cu lattice sites but appears to adsorb on
the surface of Cu NPs through host-guest in-
teractions. A line scan EELS profile through a
Cu NP (Fig. 2, D and E) shows that the typical
features of the surface species are carbona-
ceous and consistent with the spherical shape
and subnanometer size of C60 adsorbed on Cu
NPs. More microscopic images, as well as
EELS profiles, are shown in the supplemen-
tary materials (figs. S9, B and C, and S10).
H2-temperature–programmed reduction (fig.
S13) showed peaks shifting toward higher tem-
peratures with the progressive addition of C60,
indicating that C60 can inhibit decorated Cu
species from reduction.
To probe the chemical environment of the

catalysts, solid-state NMR (ssNMR), x-ray
absorption fine structure (XAFS), and x-ray
absorption near-edge structure (XANES) char-
acterizations were conducted for the catalysts
as well as reference samples. As shown in Fig.
2G, only a sharp peak at 143.4 parts permillion
(ppm) attributed to sp2-C of fullerene was
observed in the ssNMR spectrum without
sp3-C signal (20 to 100 ppm) that would be
associated with chemisorption of C60 on the
Cu NPs. Fourier transform of extended XAFS
spectra for C60-Cu/SiO2 (Fig. 2H and fig. S14)
showed a peak at ~1.7 Å that we assigned to
electron-deficient Cu species bonding with
oxygen (30) or C60, in addition to those cor-
responding to the Cu–Cu bond. Carbonaceous
species were dispersed well with Cu in an
interplay fashion by forming d–p interactions
(fig. S15). The appearance of Cu–C scattering
in C60-Cu/SiO2 implies possible interaction
between C60 and Cu (table S4). Wavelet trans-
form of XAFS spectra was indicated in fig. S15.
Additionally, C60-Cu/SiO2 has two more lobes
at (k, R) = (1.4, 2.2) and (4.0, 1.5), which could
be attributed to the scatterings of Cu–C and
Cu–O interaction, respectively. The former can
be derived from d–p interactions between
Cu and C60, in accordance with the NMR
without covalent bonding between the Cu
and C. The possibility of observed coordinated
d–p interactions between a Cu cluster and C60
has literature support from a previous crystal-
lographic study (31).
XANES spectra in Fig. 2I show that the

edge of C60-Cu/SiO2 falls between those of Cu
foil and Cu2O, demonstrating that Cu is multi-
valent. Similarly, first-derivative XANES (Fig.
2J) spectra showed a signature of Cu0 and Cu+

species for C60-Cu/SiO2, which was consistent
with the result of Fourier transforms of the Cu
k-edge XAFS oscillation in Fig. 2H. Cu0 is the
dominant species for the as-reduced Cu/SiO2,
whereas Cu+ increases in C60-buffered Cu/SiO2,
as evidenced by Auger electron spectroscopy
(fig. S16).
To understand the catalytic role of the three

constituents (namely C60, Cu, and SiO2) on

hydrogenation reactions, 20 samples of the
C60-Cu/SiO2 catalysts with variable contents of
C60, Cu, and SiO2 were synthesized and eval-
uated for the DMO-to-EG process at 1 bar and
190°C with 200 H2/DMO and 0.6 hours−1

WLHSV. As shown in the contour map (Fig.
1C) with EG yield varying as a function of
chemical formulation, the highest activity was
obtained for fractions between 0.2 to 0.4 for
Cu, 0.6 to 0.8 for SiO2, and 0.05 to 0.25 for C60.
CorrespondingDMOconversion and EG selec-
tivity have similar high activity compositions
(fig. S2, B and C). Discussion of the catalytic
roles of C60, Cu, and SiO2 is detailed in fig. S2
and in the supplementary text. These results
imply that Cu is the primary active species for
the heterogeneous hydrogenation of DMO and
that the catalytic reactivity is sensitive to the
addition of C60.
For hydrogenation reactions in Cu-based cat-

alysts, the dissociation of H2 typically occurs
on Cu metallic sites (20, 23). We simulated
the activation of H2 on a crystalline Cu(111)
surface and its combination with C60 by den-
sity functional theory (DFT). As shown in fig.
S17, the introduction of C60 leads to local elec-
tronic redistribution and enhances the local

charge density as electrons transfer from Cu
to H atom(s) and C60 molecules. Meanwhile,
the energy barrier for H2 activation is lower
because H2 obtains more free electrons when
coupling with C60–Cu versus Cu alone. Tem-
perature program desorption of H2 coupled
withmass spectrometry (H2-TPD-MS) has been
conducted to investigate the H2–sorption ca-
pacity of the catalysts. As shown in fig. S18, all
of the samples show desorption peaks at two
regions (60° to 160°C and 300° to 600°C), cor-
responding to physical and chemical adsorp-
tion ofH2, respectively. Clearly, the introduction
of C60 substantially promotes the chemical ad-
sorption of H2 as a significantly larger peak at
300° to 600°C. In addition, the bond length of
Cu–H is shortened from2.668 Å to 2.436 Å (Fig.
3A) when C60 is accommodated onto the Cu
surface, indicating the enhancement of H2 ad-
sorption. The activation of DMO begins with
the nucleophilic attack of adsorbedH atoms to
the electron-deficient carbon of the ester group;
further, promotion of H2 activation on the Cu
surface by C60 can further facilitate the acti-
vation of DMO on the Cu surface (15).
The theoretical models for C60-Cu and C60

−-
CuO systemswere built to analyze the electron
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Fig. 3. Electron transfer in a Cu-based catalyst mediated by C60. (A) Comparison of H2 activation with
C60-Cu/SiO2 and Cu/SiO2 catalysts. TS and INT represent transition state and intermediate, respectively.
The green and orange balls represent H and Cu, respectively. The distance between the Cu surface and H2 is
shortened from 2.668 to 2.436 Å when C60 is accommodated. (B) Cyclic voltammogram of Cu/SiO2 (upper);
C60-Cu/SiO2 (middle); and C60 (bottom) at 0.05 V s−1 in propylene carbonate solution containing 0.1 M
tetrabutylammonium hexafluorophosphate and 0.016% v/v acetonitrile (segment of four–fifths cycle). All
potentials were reported versus the redox couple of the internal ferrocene/ferrocenium (Fc/Fc+) standard.
The potential sweep starts at open circuit potential toward a cathodic direction; C60, 10 wt %; Cu, 20 wt %.
(C) Calculation results of Bader charges for C60-Cu and C60

−-CuO surface interaction systems. The red and orange
balls represent O and Cu atoms, respectively. ET represents electron transfer. The plus and minus represent the
degree of the Bader charge. The overall Bader charge is 0 and 1 for C60-Cu and C60

−-CuO, respectively. The green
and blue areas with isosurface contours denote electron accumulation and electron depletion, respectively.
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transfers between C60 and Cu0, C60
− and Cu2+.

As shown in Fig. 3C, in the C60-Cu system the
Bader charge of Cu (−0.50) is more negative
than that of C60 (+0.50), implying electron
transfer (ET1) from Cu to C60. By contrast, the
Bader charge of CuO (+0.69) is higher than
that of C60

− (+0.31) in the C60
−-CuO system,

indicating electron transfer from C60
− to CuO

(ET2). Therefore, C60 species are beneficial for
stabilizing Cu+.
To mimic electron transfer in dynamic re-

dox processes of DMOhydrogenation over Cu-
based catalystsmediated by C60, we used cyclic
voltammetry (CV) to transfer electrons to and
from the catalyst. Fig. 3B shows the typical
CV process of the Cu-based catalysts with or
without C60 at a scan rate of 0.05 V s−1 in an
electrolyte containing tetrabutylammonium
hexafluorophosphate and propylene carbon-
ate. Two pronounced anodic peaks around
−0.2 and +0.3 V were observed for Cu/SiO2 in
the positive scan corresponding to the single-
electron oxidation of Cu0-to-Cu+ and Cu+-to-
Cu2+ respectively. Correspondingly, two peaks
in the negative scan around +0.2 and −0.6 V
can be assigned to the reversible single-electron
reduction of Cu2+-to-Cu+ and Cu+-to-Cu0, as
detailed in Fig. 3B and fig. S19, A and B. By
contrast, pure C60 in the solid state under-
goes four redox peaks between −0.5 and −1.6 V
(fig. S19C), which are two-step, one-electron–
transfer reaction processes as reported previ-
ously (32).
For C60-Cu/SiO2, the peaks associated with

single-electron oxidation of Cu0-to-Cu+ and
single-electron reduction of Cu2+-to-Cu+ were
completely absent, which we attributed to
modulation of electron transfer by C60. As
supported by theoretical calculations for elec-
tron transfer between C60 and Cu surfaces
(ET1, Fig. 3C), the electron lost from Cu0 does
not transfer to the electrode surface but is in-
stead captured by C60, and the current change
is undetected in the external circuit. Similarly,
the electrons from C60

− can transfer back to
Cu2+ (ET2, Fig. 3C), which reduced Cu2+ to Cu+

without drawing electrons from the external
circuit. Thus, C60 species, C60 and C60

−, can act
as a single-electron acceptor from Cu0 or donate
a single electron to Cu2+, stabilizing Cu+ and
preventing transformation toward Cu0 or Cu2+.
For C60-Cu/SiO2, there was one anodic peak

around +0.4 V in the positive scan and one
cathodic peak around –0.8 V in addition to the
peaks of C60. On the basis of a series of elec-
trochemical studies (fig. S19, D and E), we
concluded that these two peaks could be as-
signed to oxidation of Cu+-to-Cu2+ and reduc-
tion of Cu+-to-Cu0. Both peaks had weaker
intensities and emerged at the voltages with
higher positive or negative shifts than those of
the pristine Cu/SiO2, implying that it is more
difficult to oxidize or reduce Cu+ species with
adsorbed C60. Such a conclusion, regarding C60

acting as an electron buffer and creating a
more stable environment for electron-deficient
Cu species, is further supported by CV tests
and DFT calculations on a molecular model
of Cu24O24Si8R8 [R = (2,6-(i-C3H7)2C6H3)N
(SiMe3)] with a basic unit of Cu+−O−Si (fig.
S20) (33).
The improvement of C60 as an electron buf-

fer to Cu/SiO2 catalyst was further inves-
tigated for other hydrogenation reactions. As
shown in Table 1, Cu/SiO2 catalysts always
show inferior activity compared with C60-Cu/
SiO2. For example, no activity was observed
over the Cu/SiO2 catalyst during hydrogen-
ation of ethyl acetate to ethanol, but the C60-
Cu/SiO2 catalyst exhibited an ethanol yield of
90.1%. For 1,2-propanediol synthesis frommethyl
pyruvate, the improvement was more than an
order of magnitude (6.3% versus 72.7%).
We note that most of the substrates in

Table 1 can be derived from biomass, and se-
lective hydrogenation is one of themost viable
ways to use biomass. With C60-Cu/SiO2, the
performance can be substantially improved,
even under ambient pressure. In addition, C60

was recovered quantitatively from the cat-
alysts (table S5). The recovered C60was further
confirmed using mass spectrometry (fig S21),
indicating C60 was stable throughout the ther-
mal process from calcination, reduction, and
hydrogenation reactions. We have further ex-
plored the C60-Cu/SiO2 catalyst for electro-
chemical reduction of CO2. The introduction
of C60 to Cu/SiO2 enhanced the faradaic ef-
ficiency of CO, and stability as shown in fig.
S22. The excellent electrocatalytic reduction
from CO2 to CO endows the present work
meaningful more to extend the CO2-to-EG pro-
cess overall at atmospheric pressure. Thus, the
ambient-pressure hydrogenation of DMO cata-
lyzed by C60-Cu/SiO2 reported could be applied
to other thermo- and electrocatalytic reactions.
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Ambient-pressure synthesis of ethylene glycol catalyzed by C60-buffered Cu/SiO2
Jianwei Zheng, Lele Huang, Cun-Hao Cui, Zuo-Chang Chen, Xu-Feng Liu, Xinping Duan, Xin-Yi Cao, Tong-Zong Yang,
Hongping Zhu, Kang Shi, Peng Du, Si-Wei Ying, Chang-Feng Zhu, Yuan-Gen Yao, Guo-Cong Guo, Youzhu Yuan, Su-
Yuan Xie, and Lan-Sun Zheng
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Promoting copper catalysts with C60
Ethylene glycol, a commodity chemical used as a feedstock and antifreeze agent, is synthesized industrially from
dimethyl oxalate (DMO) by hydrogenation over precious-metal palladium catalysts at high pressures (typically 20 bars).
Copper-chromium catalysts supported on silica as an alternative have required even high pressures. Zheng et al. show
the addition of fullerene (C60) onto copper-silica allows DMO hydrogenation to be performed at ambient pressures
with high yield (98%) and without deactivation after 1000 hours (see the Perspective by Gravel and Doris). The use of
C60 to stabilize electron-deficient copper species that enhance hydrogen adsorption could likely be applied to other
hydrogenation reactions catalyzed by copper. —PDS
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