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During the electrocatalytic CO, reduction reaction, the faradaic
efficiency of products seriously deviates from 100% due to the
misjudgment of outlet flow, especially at industrial-level large
current density. In this work, several modified equations and inter-
nal standard methods are recommended to calibrate the thermal
mass flowmeter and establish benchmarks for CO, reduction per-
formance assessment.

The electrocatalytic CO, reduction reaction (CO,RR) is a potential
strategy to achieve carbon neutrality."”® The industrial applica-
tions of CO,RR require target products with high selectivity and
large current density.” ! Over the past few decades, great efforts
have been devoted to developing efficient catalysts and devices,
especially for improving the current density and faradaic effi-
ciency (FE) of multi-carbon (C,,) products."*"” As a result,
industrial-level large current density (>500 mA cm ") for the
CO,RR in flow cell systems has been widely reported.'®*>* How-
ever, several parameters in evaluating the FE at such high current
density are commonly overlooked, resulting in the total FE
deviating from 100%, and thus unreliable assessment of CO,RR
performance.®>*2’

During the CO,RR under industrial-level current density in a
flow cell, the conversion of CO, to the product and hydrogen
evolution reaction lead to obvious changes of the gas flow rate
at the outlet.>®*° Real-time monitoring of the outlet flow rate is
necessary for accurate FE calculation.*"** Thermal mass flow-
meters, which are not affected by gas pressure and tempera-
ture, have been widely used to measure gas mass flow rate with
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high accuracy.*® Unluckily, gas components with different

thermodynamic properties generally lead to large deviations
between the actual flow rate and the indicated flow rate. In
order to accurately measure the flow rate, the thermal mass
flowmeter must be calibrated according to the components of
the gas. Therefore, developing a simple method to accurately
measure the gas flow rate at the outlet is the basis for reliable
FE calculation of the gas products.

In this work, we propose a series of methods to calibrate the
FE, including (1) using a suitable range of flowmeter to mea-
sure the gas flow rate; (2) deducing the revised equations to
calibrate the gas flow rate; (3) applying a gas internal standard
method to measure the outlet flow rate. Our experimental
results show that the above methods can correct the misesti-
mation of the products to 100% FE.

Fig. 1 exhibits the schematic diagram of the CO, electro-
reduction process in a flow cell device, which mainly consists of
a gas chamber, a cathode chamber, and an anode chamber.**?°
The products will migrate between different chambers at high
current density. Gas products will accumulate at the surface of
the catalyst layer at high current density, and be washed away
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Fig. 1 Schematic diagram of the CO, electroreduction process in a flow
cell device. From left to right are gas chamber, cathode chamber, and
anode chamber, respectively. The black, red, and blue spheres represent
carbon, oxygen, and hydrogen atoms, respectively. The brown spheres in
the GDE represent the catalyst layer, and the blue arrows represent the
flow direction.
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by the flowing cathode electrolyte. Most important of all, the
products and the absorption of CO, by the electrolyte can cause
changes of the outlet flow rate (Fig. S1, ESIf), which is an
important parameter for calculating the FE of gas products.

Eqn (1) is used to calculate the FE of gas products detailed
derivation of the process in the ESI, eqn (S1)—(S5).

_ N,’PZ/C,‘F

FE, 1
' IRT ™

According to eqn (1), the outlet flow v directly affects the
calculation of FE. Accurate measurement of gas outlet flow is
the basis of FE calculation and CO,RR performance evaluation.
At present, the thermal mass flowmeter is the most used device
for real-time monitoring of outlet flow.

As shown in Fig. 2a, the thermal mass flowmeter measures
the flow rate of gas by capillary heat transfer and temperature
difference calorimetry. Specifically, the flow rate value is
obtained by heating the flowing gas, transferring the heat
downstream, and then measuring the temperature difference
between the upstream and downstream. Although the thermal
mass flowmeter will not be affected by temperature and pres-
sure, the measurement of mixed gases with different thermo-
dynamic properties will cause large errors.

In order to reduce the error, many aspects must be consid-
ered. Firstly, the accuracy is often closely related to the full
range of the flowmeter. A large error occurs when using a large-
range flowmeter to measure a small flow rate. As shown in
Fig. 2b, when the actual flow rate is less than 10 scem, the use
of a flowmeter with the range of 50 or 100 sccm (standard cubic
centimeter per minute) produces an error far greater than that
of a flowmeter with a range of 10 scem (Fig. S2, ESIT). Secondly,
for gas mixtures, it is not easy to calibrate flowmeters with a
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Fig. 2 (a) Schematic diagram of the temperature profile of CO,, H,, and
CO,/H, mixture gas at the same flow rate in thermal mass flowmeters. The
arrows represent the direction of gas flow. (b) Measurement errors of
thermal mass flowmeters with different ranges for low flow rate of gas. (c)
Conversion coefficients of thermal mass flowmeters for different gases. (d)
The flow errors of the mixture gases of H, and CO, with different ratios,
measured by a CO, calibrated thermal mass flowmeter.
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certain conversion coefficient (Fig. 2c). According to the prin-
ciple of the thermal mass flowmeter, the flow rate of mixed
gases with different components can be converted by different
conversion coefficients separately, and then the total flow rate
can be summarized. In this case, the proportion of different
gases must be known. However, the proportion of the gas
mixture changes in real-time during the CO,RR, and it is
impossible to calibrate the flow rate with a fixed coefficient.
Fortunately, the proportion of the gas mixture can be measured
by gas chromatography (GC) in real-time. On this basis, we
derived eqn (2) to correct the error of the indicated flow rate in
the thermal mass flowmeter.

Vindicated
Vactual = (2)
106 > ¢
3 Ci Bco, " ;
106 B, 109

where v,cq is the calculated actual flow rate (scem), Vingicated 1S
the flow rate displayed by the thermal mass flowmeter (sccm),
C; is the concentration of component i (except CO,) measured
by GC (ppm), and Bco, and B; are the conversion coefficients of
CO, and component i. (Detailed derivation of the process can
be found in the ESL{ eqn (S6)—(510)).

To verify the applicability of eqn (2), we compared the
calculation error by eqn (2) and the actual experimental error.
As shown in Fig. S3 (ESIt), the known flow rates of CO, and H,
are mixed into the thermal mass flowmeter (calibrated by CO,)
to obtain the displayed flow rate, while the actual flow rate is
measured by the soap film flowmeter. The flow errors of the
mixture gases of H, and CO, with different ratios are shown in
Fig. 2d (red dots).

The theoretical errors calculated by the above equation are
shown as the black dotted line. These results show that eqn (2)
can correct the measurement error caused by the real-time
change of the gas mixture measured by the thermal mass
flowmeter.

Furthermore, we used eqn (2) to predict the flow rate error of
the thermal mass flowmeter. The different proportions of gas
products were mixed with the CO, gas, and the thermal mass
flowmeter was calibrated with CO, gas (Fig. 3a). The results
show that as the concentration of H, or CO increases, the flow
rate of the gas mixture will significantly be underestimated by
up to 26.7%. In contrast, if the gas product C,H, increases, the
flow rate will be overestimated by up to 21.3%. The conversion
coefficient of CH, (0.785) is closer to that of CO, (0.74), while
the flow rate will be underestimated by up to 5.7% as the
proportion of CH, increases.

At a low CO, supply flow rate, the impact of flowmeter errors
will be further amplified. At present, in order to pursue high
single-pass carbon efficiency in acidic electrolytes, the CO,RR is
often measured at a low flow rate (below 10 sccm). The lower
the CO, flow rate, the higher the concentration of the products,
and then the greater the error. In Fig. 3b, the catalyst with
CO,RR performance of FEgo = 95%, FEy, = 5% is taken as an
example. With increasing current, the relative concentration of
CO and H, in the mixture of CO, gas increases, and then the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) The error of the flowmeter with different proportions of single
gas product mixed with CO, gas. (b) The error of the flowmeter with
different CO, supply flow and different current in FEco = 95%, FEH2 =5%
product mixture gases. (c) The error of the flowmeter with the different
CO; supply flow and different current in FECZH4 = 60%, FECH4 = 20%,
FEco = 10%, FEn, = 10% product mixture gases. All the thermal mass
flowmeters were calibrated with CO, gas. (d) The schematic diagram of
the device for calculating outlet flow by the internal (CsHg) standard
method. (e) The FE calculated by the inlet flow rate (black) and outlet flow
rate measured by the internal standard method (red).

error of the flowmeter (calibrated by CO,) increases. When the
flow rate is reduced to 2 sccm and the current is increased to
200 mA, the CO, conversion rate is close to 100%. The mixed
gases at the outlet are 95% CO and 5% H, (no CO, gas), and the
flow rate will be underestimated by 26%. Under the same
current, the higher CO, supply flow rate makes the product
(CO and H,) concentration lower, which indicates that most of
the gas at the outlet is CO,, and the error of the flowmeter will
be greatly reduced. When the flow rate reaches 20 sccm, even if
the current reaches 1000 mA, the error of the flow rate at the
outlet is less than 10%.

Furthermore, we considered the case of more complex
products in the CO,RR. The catalyst with CO,RR performance
of FE¢ 1, = 60%, FEcy, = 20%, FEco = 10%, FEy = 10% is taken
as an example. Since the error effect of C,H, is opposite to CHy,
H, and CO on the CO, calibrated flowmeter, they will compen-
sate each other, and the total error of the thermal mass
flowmeter will be alleviated. As shown in Fig. 3¢, when the flow
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rate is reduced to 2 sccm and the current rises to 1400 mA, the
error of the flow rate at the outlet is more than 16%. In brief, it
is important to acknowledge the outlet flow error at high
current and low CO, supply flow rate, and we should utilize a
revised formula to calibrate the mass flowmeter’s results.

In addition, the instrumental measurement limitations of
GC must be considered when detecting the gas products with
high concentrations. Most GCs are designed to measure pro-
ducts at specific concentrations, while there are large devia-
tions for other concentration ranges. For unknown gas
products with high concentrations, a standard curve calibration
at new high concentrations is required. Moreover, when the
flow rate is too low, the large dead volume between the flow
cell and the GC presents an obstacle to accurately measure
the product concentration. Fortunately, the internal standard
method can solve these problems perfectly. By adding a stan-
dard carrier gas with known non-product substance to the gas
product outlet, not only can the low flow rate of gas products be
smoothly transported into the GC for measurement (Fig. 3d), but
also the actual flow rate can be calculated by the GC-detected
concentration value of the non-product substance. The principle
is that the stable standard carrier gas is diluted by the gas
product, the concentration of the standard carrier gas changes
with the product flow rate (detailed derivation of the process
shown in the ESIt eqn (S11)-(S13)):

Cx0

Vactual = ? Vx (3)

where: Vcwuar iS the calculated flow rate of the mixture of
product and carrier gas (sccm); v, is the flow rate of the
standard carrier gas (scem); ¢y is the known concentration of
the standard carrier gas (ppm); c, is the measured value of the
concentration of the standard carrier gas by GC (ppm).

In addition, the internal standard method can also effec-
tively eliminate GC concentration error caused by gas pressure
change (the details are shown in the ESIf). Using a typical
catalyst whose CO,RR products are CO and H,, the internal
standard experiment (Fig. 3e) shows that the FE will be closer to
100%. While the FE gradually deviates from 100% with a
gradual increase of the current by directly using the inlet flow
rate for calculation.

In this work, we focus on the issue that the FE of CO,RR
products seriously deviates from 100% at high current density.
The outlet flow rate of the gas product and the dead volume of
the liquid pipeline are critical. Firstly, the principle of thermal
mass flowmeter is analyzed, the test error of mixed gases is
summarized, and the gas flow rate is corrected by the modified
equations. Furthermore, the internal standard method is intro-
duced to accurately calibrate the flow rate, and solve the measure-
ment problem of low flow rate and high-concentration products.
This is particularly important for the measurement of single-pass
carbon efficiency. In general, the FE of all products can be
accurately measured by the above modified methods, which
provides a reliable scheme for accurate evaluation of products
under industrial-level current density.
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